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Abstract

Work on water stress detection at tree and orchard levels using a high-spatial airborne thermal sensor is presented, showing its connection with
yield and some fruit quality indicators in olive and peach commercial orchards under different irrigation regimes. Two airborne campaigns were
conducted with the Airborne Hyperspectral Scanner (AHS) over olive and peach orchards located in Córdoba, southern Spain. The AHS sensor
was flown at three different times on 25 July 2004 and 16 July 2005, collecting 2 m spatial resolution imagery in 80 spectral bands in the 0.43–
12.5 μm spectral range. Thermal bands were assessed for the retrieval of land surface temperature using the split-window algorithm and TES
(Temperature-Emissivity-Separation) method, separating pure crowns from shadows and sunlit soil pixels using the reflectance bands. Stem water
potential and stomatal conductance were measured on selected trees at the time of airborne flights over the orchards. Tree fruit yield and quality
parameters such as oil, weight and water content (for the olive trees), and fruit volume and weight (for the peach trees) were obtained at harvest
and through laboratory analysis. Relationships between airborne-estimated crown temperature minus air temperature and stem water potential
yielded r2=0.5 (12:30 GMT) at the olive tree level, and r2=0.81 (9:00 GMT) at the treatment level in peach trees. These results demonstrate that
water stress can be detected at the crown level even under the usual water management conditions of commercial orchards. Regressions of yield
and fruit quality against remote sensing estimates of crown temperature as an indicator of water stress, yielded r2=0.95 (olive fruit water content)
and r2=0.94 (peach fruit mean diameter). These results suggest that high-spatial remote sensing thermal imagery has potential as an indicator of
some fruit quality parameters for crop field segmentation and irrigation management purposes. A simulation study using ASTER spectral bands
and aggregated pixels for stress detection as a function of irrigation level was conducted in order to study the applicability of medium resolution
thermal sensors for the global monitoring of open-canopy tree crops. The determination coefficients obtained between the ASTER-simulated
canopy temperature minus air temperature and stem water potential yielded r2=0.58 (12:30 GMT) for olive trees, suggesting the potential for
extrapolating these methods to ASTER satellite for global monitoring of open tree canopies.
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1. Introduction

Water stress develops in crops when evaporative loss
exceeds the supply of water from the soil (Slatyer, 1967). As
a result of the decline in plant water status many physiological
processes are affected, such as leaf expansion and other plant
functions (Hsiao, 1973). Most crops are very sensitive to water
deficits, and their yield may be negatively affected even by
short-term water deficits (Hsiao et al., 1976).
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Leaf water potential (LWP) is commonly used to characterize
plant water status, (Hsiao, 1990) but, in remote sensing studies, leaf
water content is commonly used. Leafwater content ismeasured as
the amount of water per unit leaf area, and several published
studies demonstrate its successful estimation using remote sensing
indices such as a water band index (WBI) (Peñuelas et al., 1993,
1997), moisture stress index (MSI) (Rock et al., 1986) or the
normalized difference water index (NDWI) (Gao, 1996) among
others. These indices are developed from near infrared (NIR) and
shortwave infrared (SWIR) liquid water absorption bands. These
studies have been conducted using spectroradiometers as a basis
for future field-scale and aircraft/satellite-based measurements
(Harris et al., 2005), using airborne sensors such as the Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS) (Serrano et al.,
2000), and at global scales with the Moderate Resolution Imaging
Spectroradiometer (MODIS) reflectance spectra and radiative
transfer simulation models (Zarco-Tejada et al., 2003). Maps of
leaf and canopy water content are important for agriculture and
forestry (Gao & Goetz, 1995), drought assessments (Peñuelas
et al., 1993), and susceptibility to fire (Ustin et al., 1998).

Although water content in vegetation canopies can be as-
sessed by remote sensing, leaf water potential is a more precise
indicator of the plant water status for predicting effects of water
deficits on crop yields because small changes in the relative
water content of leaf tissues corresponds to large changes in leaf
water potential (Acevedo et al., 1979; Kramer & Boyer, 1995).
Changes in leaf water content that may be easily detectable
normally occur at advanced stages of dehydration, being there-
fore a parameter of limited interest for predicting crop water
status for situations where high crop productivity levels are
sought. Even though there is interest in obtaining leaf water
potential information, it is often suggested that pre-dawn mea-
surements of leaf water potential are the most accurate estimate
soil moisture status (Cowan, 1965; Slatyer, 1967) but the
inconvenience and narrowness of time window makes this
measurement impractical. The dynamics of the daily course of
leaf water potential (LWP) makes it difficult to determine the
appropriate time of measurement; however, LWP in sunny days
is relatively constant for several hours around solar noon, the
time when it reaches its minimum value (Kramer & Boyer,
1995). Shackel et al. (1997) have found that stem water po-
tential (SWP) is more reliable than leaf water potential as an
indicator of plant water status in a number of tree crops. At any
rate, the labour involved, together with the limitations outlined
above, limits the number of water potential observations that
can be made (Stimson et al., 2005). When the plant is stressed
and transpiration decreases, the crop canopy temperature tends
to rise appreciably because of the reduction in evaporative
cooling. This is the basis for the approach of sensing crop stress
by monitoring canopy temperature with thermal infrared
radiation (Idso et al., 1981; Jackson et al., 1981, 1977) pro-
posing the crop water stress index (CWSI). This technique has
been widely studied and developed mainly at ground level using
hand-held thermal infrared thermometers (Idso et al., 1978;
Jackson & Pinter, 1981; Jackson et al., 1977) and, more
recently, using thermal scanners (Wanjura et al., 2004) and
thermal cameras (Cohen et al., 2005; Leinonen & Jones, 2004).
Some studies have focused in the combination of vegetation
indices and surface temperature, proposing the water deficit index
(WDI) (Moran et al., 1994) for satellite image studies. Recent
studies use the relationship between vegetation indices and
surface temperature at regional scales for assessment of vegetation
condition and water stress using satellite imagery (Jang et al.,
2006). At the airborne level, recent work has shown the detection
of water stress at in a closed cotton canopy (Detar et al., 2006).

Despite the potential usefulness of remote sensing for
thermal detection in vegetation canopies, studies where thermal
imagery is used for water stress detection are limited, in par-
ticular for open canopies such as tree crops. There is a lack of
sensors onboard satellite platforms with optimal spatial reso-
lution to monitor orchard crops at the tree scale (i.e. ideally 0.5
to 2 m spatial resolution in the thermal region). Even in the case
of high-spatial resolution imagery collected from airborne
sensors, shadows and direct soil influences involve problems in
the canopy temperature retrieval due to the canopy heteroge-
neity characteristic in orchard canopies. Nevertheless, recent
studies on surface temperature estimation with high-spatial
resolution remote sensing imagery have proved that this tech-
nology is available for obtaining accurate measurements of
surface temperature. Different methods can be used to retrieve
land surface temperature from thermal infrared data provided by
only one or two thermal bands, as for example the single-
channel methods or the split-window technique. Land surface
temperature and emissivity can be also obtained from multi-
spectral thermal data using the Temperature and Emissivity
Separation (TES) algorithm (Gillespie et al., 1998). A detailed
review of methods can be found in Sobrino et al. (2002), Dash
et al. (2002) and Kerr et al. (2004). The feasibility of these
methods for retrieving land surface temperature from ten
thermal-infrared bands of the Airborne Hyperspectral Scanner
(AHS) is assessed in Sobrino et al. (2006). In this study root
mean square errors of 1.4 K were obtained for olive tree canopy
temperature. In addition, Sepulcre-Cantó et al. (2006) demon-
strated in olive orchards that the AHS high-spatial resolution
imagery enabled the study of spatial and temporal thermal
effects of water stress at tree and orchard levels.

It has been long known that water stress affects not only fruit
yield but also, fruit quality (Fereres et al., 2003; Uriu &Magness,
1967). In the case of olive and peach trees, Moriana et al. (2003)
and Girona et al. (2003) have shown the effects of sub-optimal
irrigation on fruit yields. Deficit irrigation research in orchard
crops aims at saving irrigation water, while increasing or
maintaining income, even if yield is affected (reviewed by Fereres
& Soriano, in press). To implement deficit irrigation strategies,
precise detection and monitoring of water stress is essential. Thus,
the detection of small thermal differences (0.5 to 2K), if associated
with water-deficit stress levels in orchard crops at the tree level,
could be a very useful detection and monitoring technique to
manage deficit irrigation. The work presented here focuses on the
detection of tree-crown temperature differences as affected by
water stress in a commercial peach orchard under several deficit
irrigation levels. Previous studies were conducted under more
severe water stress conditions that effected large differences in
olive canopy temperature (Sepulcre-Cantó et al., 2006). The work



Table 1
Irrigation treatments applied over each the study site in 2004 and in 2005 campaigns

Study site Treatment
label

Doses
applied

Period of application

Olive trees
(thermal validation)

R 100%
ET

From mid-June to mid-October

S1 25%
ET

From mid-June to mid-October

S2 43%
ET

From mid-June to the first week
of July and from the first week
of September to mid-October

Not
irrigated

From the first week of July to the
first week of September

Olive trees
(yield and quality
measurements)

I 100%
ET

From mid-June to mid-October

II 50%
ET

From the first week of July to
mid-September

100%
ET

From mid-June to the first week
of July and from mid-September
to mid-October

III 25%
ET

From the first week of August
until mid-September

100%
ET

From mid-June to the fist week
of August and from mid-
September to mid-October

IV 100%
ET

From mid-June to mid-July and
from mid-September to mid-
October

Not
irrigated

From mid-July to mid-
September

Peach trees A Non
irrigated

From the fist week of May to the
fist week of July and from mid-
August to mid-September

200%
ET

From the last week of June to
mid-July⁎

100%
ET

From half July to mid-August.

B 67%
ET

From the first week of may to
mid-September

C 100%
ET

From the first week of may to
mid-September

D 133%
ET

From the first week of may to
mid-September.

⁎Beginning of the Stage III of fruit growth (Mitchell & Chalmers, 1982).

Fig. 1. (a) Image of the peach orchard acquired on 16 July 2005 with the
Airborne Hyperspectral Scanner (AHS). The study area used is shown under a
yellow square. (b) A close up of the study area where the squares represent the
experimental plots of trees under the same irrigation treatment. The band used
for the false colour images were: band 2 (λ=475 nm) for blue colour, band 9
(λ=685 nm) for red colour, and band 12 (λ=0.775 nm) for green colour.
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here aims at detecting small differences in canopy temperatures
under both extreme and commercial orchard irrigation conditions,
and to assess their potential for tree-level water stress detection in
relation to olive and peach fruit yield and quality. We present also
work on the potential for extrapolating these methods to ASTER
satellite for monitoring orchard canopies at larger scales.

2. Materials and methods

2.1. Study sites

The ground truth datasets and aircraft images were acquired
in two different orchards (an experimental olive orchard and a
commercial peach orchard) located in Córdoba, southern Spain
(37° 48′ N, 4° 48′W) in summer 2004 and 2005. The climate of
the area is Mediterranean with an average annual rainfall of
650 mm, concentrated from autumn to spring, and a reference
annual evapotranspiration (ETo) of 1390 mm. The olive orchard
(Olea europaea L cv. ‘Arbequino’) used for the experiment has
an extension of 4 ha, and was planted in 1997 in a 7 m×3.5 m
pattern (408 trees ha−1). The mean crown size of the olive trees
was 50 m3 (approximately with a spherical crown shape) with
6 m of height. Drip irrigation method was used for supplying
accurate water doses at tree level. The water stress study and
thermal imagery validation was conducted over an area of 6 rows
of 18 olive trees (2646 m2) where three drip irrigation treatments
were randomly applied (Table 1). A detailed description of
blocks size and irrigation treatments in this experimental orchard
can be found in Sepulcre-Cantó et al. (2006). Yield and olive
fruit quality measurements were conducted over an area of 15
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rows of 24 olive trees (360 trees; 8820 m2) where four drip
irrigation treatments were applied (Table 1). These irrigation
treatments were designed as part of deficit irrigation trials
conducted in the orchard.

The second study site is in a commercial peach orchard
(Prunus persica L., cv. ‘Baby Gold’) with an extension of 3 ha,
grown on a loam soil. The orchard was planted in 1993 with
trees at 5 m×3.25 m with rows oriented in the N–S direction.
The mean crown size of the peach trees (approximately with a
spherical shape) was 25 m3 with 4 m of height. Each exper-
imental plot had 12 trees, out of which only the central two trees
were monitored. The soil had a cover crop that was mowed
frequently. Four drip irrigation treatments (Table 1) replicated
four times were applied within an area of 6 rows of 32 peach
trees each (3120 m2) (Fig. 1).

2.2. Field data collection

During the summer of 2004 and 2005, olive tree temperature
was monitored. Infrared sensors covering the 6.5–14 μm range
(model IRTS-P, Apogee, Utah, USA) were placed over 10 trees
comprising the three irrigation treatments (Sepulcre-Cantó
et al., 2006), recording the mean temperature at 5-minute
intervals in 3 dataloggers (model CR10X, Campbell Sci., UT,
USA). A thermal camera (Snapshot, Infrared Solutions Inc.,
MN, USA) was used to acquire thermal images from olive trees
under different irrigation treatments at 15:00 GMT during
summer 2004. In addition, a hand-held thermal radiometer
(model Raynger II, Raytek, California, USA) with a single
broadband covering the range 8-14 μmwas used to measure tree
temperatures at 12:00 GMT from olive trees (in summer 2004
and 2005), and from peach trees (in summer 2005). Air tem-
perature (Ta) was continuously measured in the field with a
Vaisala Weather Transmitter (model WXT510, Vaisala Oy,
Helsinki, Finland) installed in the olive orchard at 1 m over a
control tree (6 m above ground). In the peach orchard, air
temperature values were obtained from an automated meteoro-
logical station located at 1 km from the orchard.

A pressure bomb (PWSC Model 3000, Soilmoisture Equip-
ment Corp., California, USA) was used to measure stem water
potential (SWP; Shackel et al., 1997) from 11 olive trees covering
the 3 irrigation treatments, measuring weekly at 12:00 GMT.
Similarly, SWP from the peach trees was measured weekly at
12:00GMT. Thiswas done for all 32 trees covering the 4 irrigation
treatments. In addition, stomatal conductance (Gl) in the olive
orchard was measured once a week at 10:00 GMT from 3 trees
with a leaf steady-state porometer (model PMR-4, PP Systems,
Hitchin Herts, Great Britain). These measurements (SWP and Gl)
were conducted from July to October in 2004 and 2005.

2.3. Remote sensing airborne campaigns

Two airborne campaigns were conducted by the Spanish
Aerospace Institute (INTA) with the Airborne Hyperspectral
Scanner (AHS) (developed by Sensytech Inc., currently Argon
St Inc., USA). Flights over the olive orchard were made on 25
July 2004 and on 16 July 2005 at 7:30, 9:30 and 12:30 GMT, in
order to study changes in water stress over the course of the day
as function of the irrigation treatments applied. Flights over the
peach orchard were made at 9:00 GMT in 2004, and at 9:00 and
13:00 GMT in 2005.

The AHS sensor has 80 spectral bands in the 0.43 μm to
12.5 μm spectral range. The 80 bands are distributed in 4 ports
(VIS/NIR, SWIR, MWIR and TIR). The sensor has a 90° FOV
and a 2.5 mrad instantaneous field of view (IFOV). The aircraft
flew at 1000 m altitude above ground level (AGL), obtaining
6000×2000m2 images at 2 m spatial resolution. The flight paths
were kept in the solar plane and designed so that the study
orchard was in the centre of the images. Imagery was processed
applying geometric, radiometric and atmospheric corrections.
Image atmospheric correction was done using the MODTRAN-
4 radiative transfer code (Berk et al., 1999) and in situ
radiosoundings launched at 7:00 and 12:00 GMT on 16 July
2005. A full description of the AHS bands calibration and the
radiometric and the atmospheric correction process can be found
in Sobrino et al. (2006).

In the 2005 campaign, a detailed study on water potential as a
function of time was conducted, measuring stem water potential
from 18 trees and stomatal conductance from 12 trees
simultaneous to the three overflight times over the olive orchard.
During both 2004 and 2005 campaigns, SWP of the peach trees
was measured four days previous to the airborne acquisitions.

2.4. Airborne temperature retrieval and ASTER simulation

Land surface temperature (LST) was retrieved from AHS
thermal infrared data acquired in 2004 and 2005 using the split-
window algorithm described in Sepulcre-Cantó et al. (2006):

Ts ¼ T75 þ 0:4850ðT75−T79Þ þ 0:0068ðT75−T79Þ2
þ 0:0798þ ð47:15−10:80W Þð1−eÞ
þ ð−49:05þ 21:53W ÞDe

ð1Þ

where Ts is the LST (in K), T75 and T79 are the at-sensor
brightness temperatures (K) of the AHS thermal bands 75
(10.069 μm) and 79 (12.347 μm), ε=(ε75+ε79) /2 and Δε=
(ε75−ε79) are the mean effective emissivity and the emissivity
difference, and W is the total atmospheric water vapour content
(g cm−2). In addition, the TES algorithm adapted to AHS data
(Sobrino et al., 2006) was also applied to the imagery acquired
in 2005, because this method requires an accurate atmospheric
correction and atmospheric soundings that were launched near
to the AHS overpass only in 2005. According to the results
presented in Sepulcre-Cantó et al. (2006) and Sobrino et al.
(2006), LST can be retrieved from AHS data with root mean
square errors (RMSE) lower than 1.5 K.

In order to study the feasibility of using medium resolution
satellite sensors such as ASTER (90 m spatial resolution) for
water stress detection in open-tree canopies, a degradation of
the spatial resolution was conducted to assess the effects of
crown-shadow–soil temperature aggregation on 90 m pixels, as
well as the spectral characteristics of the ASTER sensor on-
board TERRA satellite. The ASTER sensor has 5 thermal bands
in the 8–12 μm spectral region from 10 to 14, with spectral



Fig. 2. Differences between canopy (Tc) and air (Ta) temperature (K) for the
different irrigation treatments obtained with a hand-held infrared thermometer at
12:00 GMT from olive trees: (a) in the 2004 summer campaign and (b) in the
2005 summer campaign.
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ranges of 8.125–8.475, 8.475–8.825, 8.925–9.275, 10.25–
10.95 and 10.95–11.65 μm (Abrams, 2000; Yamaguchi et al.,
1998). The scaling study was conducted using the radiative
transfer equation applied to the thermal infrared spectral region
and to a certain sensor band (i):

Lsensor;i ¼ ½eiBiðTsÞ þ ð1−eiÞLAi �si þ Lzi ð2Þ
where Lsensor is the radiance measured by the sensor, ε; and Ts
are the surface emissivity and temperature respectively, τ is the
atmospheric transmissivity, L↑ is the up-welling path radiance,
L↓ is the down-welling sky irradiance divided by π, and Bi(Ts) is
the channel radiance which would be measured if the surface
was a blackbody (ε=1) at temperature Ts, defined by the Planck
law (Eq. (3)).

BiðTsÞ ¼ C1

k5i exp C2
kiTs

� �
−1

h i ð3Þ

with C1=1.19104×10
8 W μm4 m−2 sr−1, C2=14387.7 μm K,

and λi the effective wavelength (in μm) defined as in Eq. (4):

ki ¼
Rl
0 kfiðkÞdkRl
0 fiðkÞdk ð4Þ

in which fi(λ) is the spectral response of the sensor in channel i.
Eq. (2) was used to simulate the at-sensor radiance (Lsensor)

for each ASTER thermal band. For this purpose, the land
surface temperature (Ts) and emissivity (ε) obtained from the
AHS data at 2 m spatial resolution sensor was used. Simulated
ASTER emissivities were estimated using linear relationships
between ASTER and AHS band emissivities, which were
obtained from a dataset of emissivity spectra extracted from the
ASTER spectral library (http://speclib.jpl.nasa.gov). The atmo-
spheric parameters (τ, L↑, L↓) were obtained from the
atmospheric soundings and the MODTRAN-4, using the filter
functions of the ASTER bands. Then, the simulated ASTER at-
sensor radiance at 2 m spatial resolution was aggregated to
simulate pixels of 15×20 m2 spatial resolution comprising 12
trees under the same irrigation treatment. This simulation study,
using the same ASTER spectral bands and aggregated pixels for
stress detection as function of irrigation level, would assess the
Table 2
Stem water potential (SWP) and stomatal conductance (Gl) measured at the
beginning of the irrigation period (first of May for the peach trees, and at the end
of June for the olive trees), and the values measured in the period of maximum
stress (to mid September)

Irrigation
treatments

Beginning of the
irrigation period

Period of maximum
water stress

SWP
(MPa)

Gl
(mm s−1)

SWP
(MPa)

Gl
(mm s−1)

Olive trees S1 (1/4 ET) −1.4 4.7 −3.5 1.5
S2 (1/4 ET) −1.1 13.7 −3.1 3.0
R (ET) −0.9 13.0 −1.2 5.0

Peach trees A (2/3 ET) −0.35 – −1.7 –
B (2/3 ET) −0.35 – −1.5 –
C (ET) −0.35 – −1.2 –
D (4/3 ET) −0.35 – −0.8 –
applicability of medium resolution thermal sensors for the
global monitoring of open-canopy tree crops.

2.5. Yield and fruit quality parameters data

The harvest of the olive trees was conducted using a me-
chanical shaker. All the olives harvested from each tree were
weighed for to obtain olive yield (fresh weight, kg tree−1), and a
representative sample of 2 kgwas selected for the analysis. The oil
content in the fresh fruit (oil weight per fresh weight, g g−1) was
determined by nuclear magnetic resonance (Hidalgo & Zamora,
2003), and oil yield (kg tree−1) was calculated as the product of
olive yield by oil content in the fresh fruit. Fruit water content was
obtained drying a sub-sample in an oven until constant weight,
and oil content was standardized with respect to the dry weight.

In the peach orchard, trees were harvested manually in three
times to optimise ripening. All the fruits of the 32 monitored
trees were counted and weighted in the field at each harvest, and
all the fruit diameters were measured. Total peach yield, fresh
fruit weight and fruit diameter were determined. The total
soluble solids content (TSS) of each monitored peach tree was
obtained at each harvest in a representative sample of ten fruits,
using a digital calibrated refractometer (model ATC-1E, Atago

http://speclib.jpl.nasa.gov


Fig. 3. Differences between canopy (Tc) and air (Ta) temperature (K) for the
different irrigation treatments obtained with a hand-held infrared thermometer at
12:00 GMT from peach trees in the 2005 summer campaign. Irrigation period
ended on 13 September (day 256, dashed line).
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C., Tokio, Japan). The final values of fruit weight, fruit diameter
and total soluble solids content were the weighted average for
the three harvests.
Fig. 4. Yearly Tc–Ta (K) differences at 14:00 GMT for the different olive irrigation t
top of the olive trees. a) From July to December 2004, b) data for the summer 2004
3. Results and discussion

3.1. Field measurements for water stress detection

The stem water potential (SWP) and stomatal conductance
(Gl) measurements in the olive orchard reflected the treatment
differences inwater supply in 2005 (Table 2). The values obtained
for SWP and Gl were lower in the trees under deficit irrigation
treatments, showing an increment in the differences between
treatments as the season went on. These results agreed with those
obtained during the previous year, on the summer 2004 campaign
(Sepulcre-Cantó et al., 2006). In the peach orchard in 2005, SWP
exhibited trends that were similar to those observed in the olive
orchard (Table 2), although the SWP values were much higher in
peach than in olive trees. The same occurred in 2004 when
measurements varied from −0.35 MPa for all treatments at the
beginning of the irrigation season to −0.8 MPa for D treatment
and −0.9 MPa for C (farm) treatment, and −1.3 MPa for B and A
treatments at the moment of maximum water stress (end of the
irrigation).

The difference between canopy (Tc) and air (Ta) temperature
obtained for the different irrigation treatments using the hand-
reatments. Tc and Ta were measured with the infrared thermal sensors placed on
, c) from January to December 2005, and d) data for summer 2005.



Fig. 5. Thermal images of: a) a deficit irrigation olive tree canopy and b) a well
watered olive tree canopy.

Table 3
Stem water potential, and mean olive crown temperature measured with the
hand-held thermometer and obtained from the thermal camera imagery, with its
standard deviation values (SD), obtained from olive trees on 4 October 2004

Treatment Stem
water
potential
(MPa)

Olive crown temperature (°C)

Infrared radiometer Thermal image Image SD

R −1.19 34.4 33.0 1.2
S2 −1.69 34.4 34.0 1.2
S1 −2.84 35.7 35.1 1.3
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held infrared thermometer are shown in Fig. 2 for olive trees and
in Fig. 3 for peach trees. In both cases, olive and peach trees,
Tc–Ta differences consistently varied with the applied irrigation
treatments. The tree Tc–Ta values were greater under deficit
irrigation than in the well irrigated treatments. Treatment
differences were less in the case of the peach trees because the
level of water stress imposed in a commercial orchard was much
less than that applied in the olive experiment, as indicated by the
SWP values (Table 2). The Tc–Ta values obtained for the olive
trees at half of September were 7.2 K for S1 and S2 treatment,
and 6.4 K for R treatment in 2004; and 5.8 K for S1 treatment,
6.1 K for S2 treatment, and 5.2 K for R treatment in 2005
(Fig. 2a, b). Peach-tree temperature measured with the hand-
held thermal sensor during the 2005 summer campaign (Fig. 3)
showed differences between Tc–Ta of 4.4 K for treatment A and
4.3 for treatment B trees at half of September, while Tc–Ta
yielded 3.3 K for trees under the farm schedule (treatment C)
and 2.5 K for trees under D treatment (4/3 ET).

Top-of-the-canopy and air temperature were monitored
continuously with infrared sensors and a Vaisala throughout
the years 2004 and 2005 on olive trees. The maximum tem-
perature differences between treatments were observed at 14:00
GMT, although the Tc–Ta values for the different irrigation
treatments were lower than those obtained at 12:00 GMT. The
Tc–Ta time series at 14:00 GMT are presented in Fig. 4 for July
to December 2004, and for January to December 2005. Dif-
ferences between treatments can be observed from June to
November, detecting the recovery after the first autumn rainfall
in November 2004 and 2005. Tc–Ta yielded 4 K for trees under
deficit irrigation treatment S1 in the period of maximum stress
(from August to October), while Tc–Ta yielded 2 K for trees
under R treatment in 2004 and in 2005.

In addition, field measurements with a thermal camera were
conducted in summer 2004, acquiring thermal images of the
olive crowns under different irrigation treatments (Fig. 5).
Differences between crown temperatures as a function of the
applied water deficits were detected, furthermore demonstrating
a greater thermal homogeneity for the crown temperature in
well-watered trees. The canopy temperature variability was
proposed by Clawson and Blad (1982) to signal the onset of
plant water stress in corn but there are not studies applying this
methodology to trees. Thermal images acquired with the thermal
camera were compared with the hand-held infrared radiometer
and with infrared sensors placed on top of the tree to asses the
validity of the crown-thermal imagery measurements as an
indicator of the mean crown temperature for the tree. The values
compared were the mean lateral temperature of the crown
obtained from the thermal imagery with the mean top of the
crown temperature measured with the infrared sensors and the
lateral point-measurement of the crown temperature made with
the thermal gun, all the instruments measuring at the same time.
The images of the trees under deficit irrigation treatments
showed higher temperatures than images of well irrigated trees
(Table 3). The mean crown temperature per treatment obtained
from the thermal camera imagery on 4 October 2004 for trees
under deficit irrigation treatment S1 was 35.1 °C (standard
deviation of 1.3 °C) for a measured SWP of −2.8MPa, while the
mean crown temperature obtained for trees under irrigation
treatment R was 33.0 °C (standard deviation of 1.2 °C) for a
measured SWP of −1.2 MPa (Table 3). Fig. 6 (a,b) show the
relationships between the temperature obtained with the thermal
camera imagery, and the temperature measured with the hand-
held thermometer (r2 =0.44) (Fig. 6a) and with the infrared
sensors placed on top of the trees (r2 =0.59) (Fig. 6b) on 4
October 2004. The relationships obtained in the field between
stem water potential and the crown temperature obtained from



Fig. 6. Relationship between crown temperatures obtained from the thermal camera imagery, and measured with: a) the hand-held thermometer and b) with the infrared
sensors placed on top of the olive trees, in the olive orchard on 4 October 2004. c) Relationship between temperature obtained from the thermal camera imagery and
stem water potential (SWP). d) Relationship between stem water potential (SWP) and the standard deviation of the canopy temperature obtained from the thermal
camera imagery.
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the thermal camera imagery (Fig. 6c) demonstrate the successful
use of the thermal camera imagery as indicator of water stress at
the tree level. Moreover, the standard deviation of the crown
temperature obtained with the camera imagery indicates the
level of heterogeneity for the crown canopy temperature as
function of the water stress level. This is consistent with the
determination coefficient of r2 =0.48 obtained between standard
deviation of the imagery and stem water potential (Fig. 6d).
Table 4
Temperature (Tc) and differences between canopy and air temperature (Tc–Ta) for
different times on 25 July 2004 and on 16 July 2005. S1 and S2 are two deficit irri

Year Time
(GMT)

Tc (K)

S1 S2

2004 7:30 303.5±0.1 303.5±0.4
9:30 309.8±0.3 309.7±0.5
12:30 315.4±0.6 315.0±0.3

2005 7:30 299.9±0.2 299.7±0.5
9:30 306.1±0.5 306.0±1.0
12:30 317.1±0.5 317.0±1.0
3.2. Detection of irrigation levels in olive and peach orchards
from airborne thermal imagery

Temperature values per irrigation treatments obtained from
airborneAHS imagery at 2m spatial resolution for 2004 and 2005
campaigns are presented in Table 4 for olive trees and in Table 5
for peach tress. Airborne remote sensing-derived estimates for Tc
and Tc–Ta for each orchard tree and irrigation treatment are
olive irrigation treatments, obtained by means of the airborne AHS sensor at 3
gation treatments and R indicates the well irrigated treatment

Tc–Ta (K)

R S1 S2 R

303.0±0.2 1.1±0.1 1.1±0.4 0.6±0.2
309.0±0.2 1.7±0.3 1.6±0.5 0.9±0.2
314.4±0.4 3.3±0.6 2.9±0.3 2.3±0.4
299.1±0.2 1.8±0.2 1.7±0.5 1.1±0.2
304.6±0.6 3.5±0.5 3.3±1.0 2.1±0.6
315.2±0.7 4.1±0.5 4.0±1.0 2.3±0.7



Table 5
Temperature differences (Tc–Ta) obtained between canopy (Tc) and air temperature for the different irrigation treatments (A, B, C and D) in peach, obtained by means
of the AHS sensor at different overflight times on 25 July 2004 and on 16 July 2005

Year Time
(GMT)

Tc (K) Tc–Ta (K)

A B C D A B C D

2004 9:00 307.4±0.2 307.6±0.4 307.4±0.3 307.1±0.7 0.7±0.2 1.1±0.4 1.3±0.3 1.0±0.7
2005 9:00 301.6±0.2 302.2±0.3 301.7±0.3 301.4±0.4 2.1±0.2 2.6±0.3 2.1±0.3 1.9±0.4

13:00 312.0±1.0 313.0±1.0 312.4±0.9 312.0±1.0 3.0±1.0 4.0±1.0 3.6±0.9 3.0±1.0
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consistent with the measurements conducted in the field. The
olive trees under well irrigated treatments showed lower
temperature values than trees under deficit irrigation treatments,
for the three overflight times (Table 4). Differences between
deficit and well irrigated treatments yielded 1 K and 2 K at 12:30
Fig. 7. Relationships between Tc–Ta (K) obtained with the AHS imagery and stoma
7:30 GMT, c) at 9:30 GMT, and e) at 12:30 GMT; and for plots comprising 12 trees ac
and f) at 12:30 GMT.
GMT in 2004 and 2005, respectively. Tc–Ta yielded 3 K and 4 K
for the trees under deficit irrigation treatment S1 at 12:30 GMT in
2004 and 2005, respectively, while trees under well irrigated
treatment maintained 2 K difference (Table 4). Similarly, for the
peach orchard temperature differences between extreme irrigation
tal conductance (Gl) for olive trees. The relationship is for individual trees: a) at
ross 3 crop lines under the same irrigation level: b) at 7:30 GMT, d) at 9:30 GMT,
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treatments (B and D) yielded 1 K at 13:00 GMT in 2005, and Tc–
Ta was 4 K for the B treatment and 3 K for D treatment (Table 5).
These results demonstrate that airborne thermal imagery at high-
spatial resolution is able to detect differences in tree crown
temperature associated with irrigation levels, even within the
range of variation of commercial irrigation doses applied in the
peach orchard.

The assessment of the relationship between remote sensing-
estimated crown tree temperature and field-measured stomatal
conductance (Gl) and stem water potential (SWP) was spe-
cifically conducted on the olive tree orchard in the 2005 cam-
Fig. 8. Relationships between Tc–Ta obtained with the AHS imagery and stem wate
c) at 9:30 GMT, and e) at 12:30 GMT and for plots comprising 12 trees across 3 crop
12:30 GMT.
paign at each of the three overflight times (water potential and
conductance were measured on trees at each flight time). Fig. 7
shows the relationships between crown Tc–Ta, with Tc obtained
with the airborne AHS thermal imagery, and the Gl measured in
the field at 7:30 GMT (a, b), 9:30 GMT (c, d), and 12:30 GMT
(e, f). The assessment was conducted for individual trees
(Fig. 7a, c, e) and for experimental plots (12 trees) under the
same irrigation treatment (Fig. 7b, d, f). Results yielded deter-
mination coefficients r2 =0.59 (7:30 GMT), r2 =0.57 (9:30
GMT), and r2 =0.60 (12:30 GMT) for individual trees; and
determination coefficients of r2 =0.87 (7:30 GMT), r2 =0.83
r potential (SWP) measured in olive trees. For individual trees: a) at 7:30 GMT,
lines under the same irrigation level: b) at 7:30 GMT, d) at 9:30 GMT, and f) at
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(9:30 GMT), and r2 =0.77 (12:30 GMT) for plots. Moreover,
Fig. 8 shows the relationships obtained between SWP and Tc–
Ta at each flight time. Determination coefficients yielded
r2 =0.35 (7:30 GMT), r2 =0.4 (9:30 GMT), and r2 =0.49 (12:30
GMT) for individual trees; and r2 =0.39 (7:30 GMT), r2 =0.51
(9:30 GMT) and r2 =0.52 (12:30 GMT) for plots of 12 trees
under the same irrigation treatment.

Analogously, Fig. 9 displays the results for the peach orchard,
showing the relationships obtained between SWP and airborne
remote sensing Tc–Ta estimated from the AHS imagery for
individual trees (Fig. 9a, c, e) and for each irrigation treatment
(Fig. 9b, d, f) for 2004 (a, b) and 2005 (c, d, e, f) campaigns.
Results indicated the successful detection of water stress induced
from orchard irrigation levels by airborne thermal imagery,
Fig. 9. Relationships between Tc–Ta values for peach trees estimated from the AHS
obtained in 2004, c) at 9:00 GMT obtained in 2005, and e) at 13:00 GMT obtained in
GMT obtained in 2005, and f) 13:00 GMT obtained in 2005.
obtaining determination coefficients between SWP and Tc–Ta
of r2 =0.81 (9:00 GMT) in 2004, and r2 =0.75 (9:00 GMT) in
2005, for irrigation treatments. These results are consistent with
those obtained for olive trees showing the capability of detecting
orchard water stress as function of canopy temperature, even in
the case of the peach orchard irrigated under commercial levels.
The largest temperature differences among irrigation treatments
for olive trees were obtained at 12:30 GMT image.

In order to study the feasibility of using medium resolution
satellite sensors such as ASTER for water stress detection in
open-tree canopies, a simulation of the ASTER sensor char-
acteristics was conducted. The results of simulating the spectral
characteristics of the ASTER sensor, aggregating crown, soil
and shadow components at the treatment level (15×20 m2
imagery and stem water potential (SWP), for individual trees: a) at 9:00 GMT
2005; and for irrigation treatments: b) at 9:00 GMT obtained in 2004, d) at 9:00
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spatial resolution due to the experimental design) are showed in
the Fig. 10. Fig. 10 (a, c, and e) show the relationship between
the land surface temperatures for treatment blocks of 15×20 m2

obtained by the AHS sensor and simulated for the spectral
characteristics of the ASTER sensor. The determination
coefficients obtained were higher than r2 =0.90 at the three
overflight times, yielding RMSE lower than 1 K (RMSE=0.04
at 9:30, RMSE=0.98 at 11:30 and RMSE=0.06 at 12:30
Fig. 10. Relationship between surface temperature of the 15×20 m2 irrigation treatm
characteristics: a) at 7:30 GMT, c) at 9:30 GMTand e) at 12:30 GMT. Relationships b
b) at 7:30 GMT, d) at 9:30 GMT, and f) at 12:30 GMT.
GMT). Fig. 10 (b, d, f) show the relationship obtained between
the ASTER simulated canopy minus air temperature and SWP
aggregated for the trees under the treatment block. The deter-
mination coefficients obtained were: r2 =0.54 (7:30 GMT) and
r2 =0.58 (12:30 GMT). As compared with results obtained from
AHS for treatment blocks between Tc–Ta and SWP (Fig. 8b, f),
the determination coefficients were maintained in the ASTER
simulation when the pixels were aggregated of pure crowns, soil
ent blocks, obtained with the AHS sensor and simulated for the ASTER sensor
etween Tc–Ta simulated for the ASTER characteristics and stem water potential:



Fig. 11. Maps of the Tc–Ta difference of the peach orchard for the two overflight
times in 2005: a) at 9:00 GMT, and b) at 13:00 GMT.
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and shadows. These results suggest a potential application of
these methods for water stress detection in open crop canopies
with medium resolution sensors, showing that the small tem-
perature differences as function of water stressed are not
removed due to the soil and shadow effects in these open
canopies. Although there was a mean temperature difference
between vegetation (tree crowns) and sunlit soil of 11 K at 9:30
and 23 K at 12:30 (Table 6), the background temperature within
each experimental plot was similar for all treatment plots due to
the uniformity of the orchard soil and its management.

Finally, maps of the Tc–Ta difference were obtained for the
peach tree orchard at two overflight times in 2005 (Fig. 11). The
spatial distribution of the effects of the water stress in the canopy
temperature in the orchard can be observed, as well as the
temporal variation over the course of the day. It can be noticed
how while most of the canopy did not surpass 2 K for Tc–Ta at
9:00 GMT, most of the canopy exceeded 5 K at 13:00 GMT.
These maps of the spatial distribution of the water stress as
function of canopy temperature in orchards may be very useful
in the irrigation management using remote sensing imagery.

3.3. Remote sensing thermal imagery as an indicator of crop
yield and fruit quality

The successful detection of water stress as function of
irrigation levels in both the experimental olive field and the
commercial peach orchard enabled the assessment of the orchard
spatial variability and mapping of potential indicators of yield
and some quality parameters. If irrigation doses affect some fruit
quality parameters, remote-sensing estimates of thermal crown
status should provide a tool for mapping within-field areas of
potential homogeneous quality parameters at the tree scale. Such
assessment was conducted with field-measured yield and fruit
quality parameters from both olive and peach orchards.

Table 7 shows the determination coefficients obtained
between remote sensing imagery Tc–Ta and yield and quality
parameters in olive, such as olive yield, oil content (over dry
fruit weight), fruit water content, oil yield and fruit fresh weight,
in 2004 and 2005 campaigns. These relationships were obtained
for plots of 12 trees under the same irrigation treatment (16
plots, four per treatment) and for the mean values of the
different irrigation treatments, at the three overflight times
(Table 7). Determination coefficients obtained per irrigation
treatments for some olive quality parameters suggested a
consistent relationship with water stress detected with thermal
imagery: r2 =0.95 and r2 =0.89 for fruit water content, and
r2 =0.91 and r2 =0.92 for fruit fresh weight, for 2004 and 2005
Table 6
Mean temperatures obtained for pure vegetation, sunlit soil and shadows in the
olive trees study site for each image collected on 16 July 2005

Vegetation
temperature (K)

Sunlit soil
temperature (K)

Shadow
temperature (K)

7:30 GMT 300.0±0.5 304.5±0.6 300.7±0.9
9:30 GMT 304.0±1.3 315.0±3.0 305.4±1.4
12:30 GMT 313.3±1.3 336.3±1.7 324.0±4.0
respectively. Table 7 shows worse relationships between Tc–Ta
and yield and quality parameters for 2005 season. This can be
explained by the alternate bearing habit of the olive trees, being
2005 an “off” year with 30% of the yield obtained in 2004.

Similarly, Tc–Ta difference obtained from the AHS imagery
(on 25 July 2004 and on 16 July 2005) was related with yield
and some fruit quality parameters in peach trees. The
assessment was conducted for data obtained in 2004 and 2005
(Table 8). Determination coefficients obtained per irrigation
treatments from 2004 and 2005 campaigns also suggest the
potential relationship between tree water stress detection with
thermal imagery and peach quality indicators: r2 =0.94 and
0.77 for fruit mean diameter, r2 =0.82 and 0.81 for fruit weight,
and r2 =0.90 and 0.83 for TSS content, for 2004 and 2005
respectively.



Table 7
Determination coefficients (r2) obtained for the relationships between canopy minus air temperature (Tc–Ta) and yield and some quality parameters in olive for the
plots of 12 trees under the same irrigation and for the irrigation treatments, obtained in 2004 and 2005 campaigns (significant values at pb0.05)

r2 Olive yield
(kg tree−1)

Water content (%) Oil content
(%, per dry weight)

Oil yield
(kg tree−1)

Fruit weight (g)

Tc–Ta (2004) Plots 9:30 (n=16) 0.31 0.33 – – –
Treatments 9:30 (n=4) 0.84 0.83 0.80 – –

Plots 11:30 (n=16) 0.39 0.69 – – 0.53
Treatments 11:30 (n=4) 0.77 0.95 – – 0.91

Plots 14:30 (n=16) – 0.51 – – 0.46
Treatments 14:30 (n=4) – – 0.80 – –

Tc–Ta (2005) Plots 9:30 (n=16) – – – – –
Treatments 9:30 (n=4) – – – – 0.77

Plots 11:30 (n=16) – – – – –
Treatments 11:30 (n=4) – – – – 0.92

Plots 14:30 (n=16) – – – – –
Treatments 14:30 (n=4) – 0.89 – 0.87 –

– No significant determination coefficients at pb0.05.
The imagery was taken on 25 July 2004 and 16 July 2005 at three times (9:30, 11:30 and 14:30 GMT).
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Even though it is far fetched to estimate fruit quality para-
meters from simple relationships, our results suggest that high
resolution thermal remote sensing can be used to infer some fruit
quality parameters, as function of the water stress that can be
detected at the single tree level. A single remote sensing image
collected before harvest may provide useful information about
tree water status in the orchard, and be used as an indicator for
yield and fruit quality forecasting of the trees as affected by
irrigation.

4. Summary and conclusions

This study extends the results obtained in a previous water
stress study conducted in olive trees (Sepulcre-Cantó et al.,
2006) demonstrating that: i) remote sensing detection of mild
water stress in a commercial peach orchard is feasible over
treatments under deficit irrigation; and ii) there is potential for
the application of thermal remote sensing as an indicator of
some fruit quality parameters in open-canopy orchards. Results
of the 2004 and 2005 field campaigns showed that canopy
temperature, stem water potential and stomatal conductance
varied with the irrigation treatments applied to olive and peach
trees. Infrared thermal sensors and thermal cameras were able to
detect the temperature differences induced by water stress, even
in the peach orchard, where only limited irrigation deficits were
applied to avoid yield losses. In the olive trees, Tc–Ta yielded
Table 8
Determination coefficients (r2) for the relationships between canopy minus air temper
under different irrigation treatments and for irrigation treatments obtained in 2004 a

r2 Number of fruits per tree Yield (kg

Tc–Ta (2004) Plots (n=16) 0.34 0.32
Treatments (n=4) – –

Tc–Ta (2005) Plots (n=16) – 0.33
Treatments (n=4) – –

– No significant determination coefficients at pb0.05.
The imagery was collected on 25 July 2004 and 16 July 2005 at 9:00 GMT.
6 K for trees under deficit irrigation and 5 K for trees under well
irrigated treatment, while in the peach trees, Tc–Ta yielded up to
4 K for trees under deficit irrigation and 3 K for well irrigated
trees in mid September, 2005. Field measurements with the
thermal camera showed greater thermal homogeneity for the
crown temperature in well-watered trees, obtaining a determi-
nation coefficient of r2 =0.48 between standard deviation of the
imagery and the stem water potential. Results obtained from the
AHS imagery showed at midday on 16 July 2005 differences in
Tc–Ta between fully irrigated and stressed of 2 K for olive trees
and 1 K for peach trees. These results show that AHS sensor was
able to detect thermal differences between olive and peach trees
under different deficit irrigation treatments. Determination
coefficients between crown Tc–Ta obtained with the airborne
AHS thermal imagery and olive tree stomatal conductance and
stem water potential yielded r2 =0.60 (12:30 GMT) and
r2 =0.49 (12:30 GMT) respectively, in 2005 for individual
trees. These results suggest that temperature differences ob-
served in trees under different irrigation treatments were due to
water stress. Results on the peach orchard also showed suc-
cessful detection of water stress as a function of mild water
deficits imposed by different irrigation levels that were aimed at
maintaining full commercial productivity. The determination
coefficients between Tc–Ta obtained from the AHS imagery and
stem water potential yielded r2 =0.81 (9:00 GMT). The results
between the ASTER-simulated canopy minus air temperature
ature (Tc–Ta) and yield and some quality parameters in peach, obtained for plots
nd 2005 campaigns

tree−1) Diameter (mm) Fruit weight (g) Soluble solids content (%)

0.24 – –
0.94 0.82 0.90
0.41 0.44 0.43
0.77 0.81 0.83
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and stemwater potential aggregated for the peach trees under the
treatment block yielded r2 =0.58 (12:30 GMT). These results
offer hope for applying these methods to ASTER satellite
observations for global monitoring of open crop canopies.

This study focused on the potential of thermal remote
sensing detection as a tool to quantify tree-level water stress and
its relation to yield and fruit quality in olive and peach orchards.
Determination coefficients for yield and some olive and peach
quality parameters suggested a consistent relationship with
remote sensing detected water stress, yielding r2 =0.95 (olive
fruit water content) and r2 =0.94 (peach fruit mean diameter), at
the treatment level. These results suggest that high resolution
thermal remote sensing has potential as an indicator of yield and
of some quality fruit parameters as affected by water stress that
can be detected remotely at the single tree level. Maps of Tc–Ta
could be used to assess the level of water deficits over orchards
and to predict its impact on yield and fruit quality.
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