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Presidentõs Message 

 
Dear Membership, 
 
I am excited to be serving you as the first woman USCID President, but I 
have big shoes to fill after Brian Wahlinôs tenure as President.  USCID 
has stepped over the COVID challenges and is back on track planning 
for its 2024 conference in Sacramento October 1st-4th. The conference 
joint chairpersons, Sam Shaefer, Randy Hopkins and Eduardo Bautista, 
are in full swing creating a conference that you will not want to miss! 
Save the date and join us! 
  
Please also consider being part of the Conference Planning Committee 
to help organize the tours, select speakers, presentations, and papers to 
make this yearôs conference applicable to your interest and education 
requirements as well as to promote the USCID mission to provide 
opportunities to share cutting edge ideas and technology in this ever 
changing world.  If you are interested in joining this or another committee, 
please email our Executive Director Jane Townsend, and she will put you 
in touch with the conference chairs. 

Continued on page 2 

The Call for Papers announcement is attached to the end of this newsletter and posted at 
www.uscid.org/events. The conference committee will offer a half-day tour to kick-start the 

conference and a full-day tour to complement the conference activity. We hope you can join us 
in Sacramento for whole or part of the conference activities allowing time for networking and 

catching up with colleagues! 

https://www.uscid.org/events
https://www.uscid.org/events
http://www.uscid.org/events
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Besides the first woman president of USCID, I am a fourth generation US farmer (and 
longer than that if you count my German and Scottish ancestors), and a fourth 
generation US lawyer.  I like to say that I am more into farming and ranching than 
law, but I think I balance out the two with a law practice in water law and property 
issues in Nevada.  I grew up on a row crop farm in eastern Oregon and learned how 
to set siphon tubes before I could read!  If you see me at a conference, please reach 
out and say hello. I enjoy learning about people and hearing their stories. 
  
I am honored to serve you as President and I am always open to receiving your ideas 
and feedback related to all things USCID. I am looking forward to working to bridge 
the gap between our members and other water organizations and hope to have a 
wonderful 2024 conference in learning about Implementing Sustainable Water 
Management. 
  
 Therese Ure Stix, President 
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measurements of Tc and plant transpiration estimates to 
accurately detect and differentiate intra-parcel water stress 
in almond trees. To overcome the spatio-temporal 
limitations of orbiting thermal infrared sensors in 
measuring tree canopy temperature, total ETa is used as 
an input, combined with potential evapotranspiration 
estimates. This approach allows for the spatialization of 
CWSI estimates and operational monitoring of water 
stress at larger scales using remote sensing techniques. 
 
A cutting-edge initiative is introduced to adapt the 
aerodynamic temperature modeling to the almonds for a 
more accurate estimate of the ETa in this crop by including 
a turbulence mixing-row resistance that attempts to 
incorporate the interactions between wind direction and 
orientation of crop rows. 
 
INTRODUCTION 
According to the Intergovernmental Panel on Climate 
Change (IPCC, 2022), increasing water use efficiency in 
irrigated agriculture is crucial due to anticipated water 
scarcity. In recent years, the global cultivated area of 
almond trees has significantly expanded, with Spain and 
the United States leading in almond production. However, 
traditional non-irrigated orchards still dominate the 
cultivated area in Spain, despite a substantial increase in 
irrigated almond orchards. This study focuses on the 
region of Castilla-La Mancha in Spain, where the almond 
cultivated area has grown rapidly, with only a small 
percentage being irrigated. 
 Continued on next page  

In Spain and other water-scarce regions, drip-irrigated 
almond plantations often adopt sustained or regulated 
deficit irrigation strategies, resulting in suboptimal water 
supply compared to the crop's evapotranspiration 
requirements. Consequently, accurate monitoring of 
almond tree water status is essential to determine actual 
evapotranspiration (ETa) and optimize irrigation 
scheduling. The Crop Water Stress Index (CWSI), a widely 
used indicator based on thermal information, has been 
employed in fruit tree and vine crops in Mediterranean 
agroecosystems. Recent advancements have explored the 
use of Unmanned Aerial Systems (UAS) for estimating 
water stress coefficients at a field scale. 
 
This work evaluates three approaches to estimate CWSI in 
almond orchards. The first approach utilizes ground 
measurements of canopy temperature (Tc) at the tree 
level, the second approach estimates transpiration using 
UAS flights at the field scale, and the third approach 
combines surface energy balance modeling with satellite 
data at a regional scale. Three almond orchard sites in the 
province of Albacete, Spain, were selected for this study. 
A well-watered control field provided a baseline for non-
water stress conditions, while the other orchards applied 
three different irrigation treatments in a randomized block 
design. Canopy temperature measurements were taken 
using a multispectral thermal infrared radiometer, and 
transpiration estimates were derived from VNIR/TIR 

http://geiconsultants.com/
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Monitoring the Water Status of Almond Orchards In A Water-Scarce Area in 
Southeast Spain 

 
Juan Manuel S§nchez

1
, Jos® Luis Chavez

2
, Edson Costa-Filho

3
, Jos® Gonz§lez-Piqueras

4
, Francisco 

Montoya
5
, and Ram·n L·pez-Urrea

6
  

ABSTRACT 
The expansion of irrigated almond orchards in water-scarce 
areas of southeast Spain highlights the need for improved 
monitoring of crop water status to optimize irrigation 
efficiency. This study focuses on evaluating the Crop Water 
Stress Index (CWSI) as an indicator for monitoring water 
stress in almond trees. A comprehensive analysis is 
conducted using field measurements, unmanned aerial 
system (UAS) mapping, and satellite imagery. 
 
The study presents partial results from the 2020 campaign, 
which is part of an ongoing experiment involving multiple 

almond fields in the semiarid province of Albacete, 
southeast Spain. Various formulations of the CWSI 
are tested, combining ground canopy temperature 
(Tc) measurements, UAS estimates of plant 
transpiration, and eddy-covariance measurements of 
actual evapotranspiration (ETa), to identify the most 
suitable methodology based on the scale of interest. 
 
The findings reveal a strong agreement between the 
CWSI estimates and concurrent water potential 
measurements throughout the season in all fields. 
This confirms the potential of both UAS 

Continued on next page  
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(Visible and Near-Infrared/Thermal Infrared) flights 
based on NDVI (Normalized Difference Vegetation 
Index) and LST (Land Surface Temperature) 
information. 
 
Although there have been advancements in thermal 
downscaling, available satellite imagery data on land 
surface temperature remain too coarse to monitor CWSI 
accurately in typical almond orchards based solely on 
canopy temperature or transpiration information. 
Therefore, the formulation of CWSI based on total field 
ET was also tested using eddy-covariance 
measurements and time series of satellite images in a 
third experimental almond orchard. 
 
Stem Water Potential (SWP) measurements were 
collected across the three almond orchards and served 
as reference information for assessing the calculated 
CWSI from different approaches and scales. 
 
In summary, this study addresses the need for improved 
water stress monitoring in almond orchards. It evaluates 
multiple approaches to estimate CWSI using ground and 
aerial measurements, as well as satellite data, in order 
to optimize irrigation practices and enhance water use 
efficiency in almond cultivation. 
 
METHODOLOGY 
 
Study Site and Measurements 
This work focused on three study sites located in the 
province of Albacete, Spain (Fig. 1). Three almond 
orchards (Prunus dulcis (Mill.) D.A. Webb) were selected 
for monitoring between 2019 and 2021 as part of a 
research project investigating the water use efficiency of 

 

Continued on next page  

this crop. The study area experiences a Mediterranean 
semi-arid climate characterized by low annual rainfall and 
high cumulative grass reference evapotranspiration (ETo; 
Allen et al., 1998). The annual rainfall is approximately 350 
mm, while the cumulative ETo reaches around 1300 mm. 
Dry seasons occur in both the warm summers and cold 
winters, while wet seasons are observed during the milder 
temperatures of spring and autumn. 
 
In this work, three study sites were chosen to investigate 
the water use efficiency of almond orchards in Albacete, 
Spain. The first site (Site 1: 38Ü29ô3ôô N, 1Ü47ô9ôô W, 550 m 
a.s.l.) consisted of a 12.6-ha commercial almond orchard 
managed under pristine conditions since its establishment 
in March 2018. The orchard had a tree spacing of 6x5 m2 
and used the Penta variety grafted onto the GF-677 
rootstock. The irrigation applied throughout the growing 
season met 100% of the crop water requirements. A 
weather station equipped with thermal infrared 
thermometers (IRT) was installed to continuously monitor 
the canopy temperature of the almond trees (Fig. 1). 
 
The second study site (Site 2: 39Ü3ô16ôô N, 2Ü5ô29ôô W, 730 
m a.s.l.) was located in the "Las Tiesas" experimental farm 
in Albacete. It consisted of a 10.3-ha mature commercial 
almond orchard planted in 2015, with the Lauranne variety 
grafted onto the GF-677 rootstock. The orchard was 
arranged in a 7x6 m2 grid on a loam soil. The orchard was 
divided into three irrigation-water treatments in a 
randomized block design with eight replicates per 
treatment. Each elemental plot consisted of 20 trees 
arranged in four rows with five trees per row. Surface drip 
irrigation was used, with two laterals per tree row and 24 
emitters (4 l h-1) per tree. The irrigation treatments aimed 
to meet different percentages of the crop water 
requirements throughout the growing season. The non-
deficit treatment (ND) received full irrigation according to 
the crop water requirements. The moderate regulated 
deficit irrigation treatment (MD) supplied 50% of the ND 
treatment during the kernel-filling stage, while 100% of the 
crop water requirements was provided during the 
remaining stages. The severe regulated deficit irrigation 
treatment (SD) provided 30% of the crop water 
requirements during the kernel-filling stage, 70% during 
stages II and IV, and 100% during stage I. For the 2020 
experimental campaign in Site 2, four UAS flights were 
conducted using a DJI-M600 system with a Micasense 
RedEdge-FLIR Tau2 tandem payload. A spatial resolution 
of 10 cm was achieved, and high-resolution multispectral 
thermal radiometer CIMEL CE312-2 was used for ground 
measurements of canopy temperature. Three trees per 
treatment were monitored, and transects of 12 samples 
were taken to account for sunlit and shaded portions of the 
trees. 
 
The third study site (Site 3: 39Á15Ë58ËË N, 1Á56Ë23ËË W) 
consisted of a 10.6-ha commercial mature almond orchard Figure 1. Location of the study area in SE Spain, and pictures of 

the three almond orchards monitored in this work: Tarazona de la 
Mancha (upper row), Las Tiesas (medium row), Hell²n (lower row)  
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in Tarazona de la Mancha. The orchard used the Penta 
variety grafted onto the GF-677 rootstock. Similar to Site 
1, this orchard was managed with irrigation meeting 100% 
of the crop water requirements throughout the growing 
season. A flux tower was installed in 2020 to measure the 
surface energy balance components and meteorological 
variables. The turbulent fluxes were measured using an 
eddy-covariance (EC) system comprising a sonic 
anemometer and an open-path infrared gas analyzer. This 
site has been recently reinforced with a comprehensive 
aerodynamic profile tower registering data of air 
temperature/humidity and wind speed at 4 different levels 
(3 m, 4.5 m, 6 m, and 7.5 m).  
 
Each study site had a weather station to record 
meteorological variables every 15 minutes. The midday 
SWP was measured using a Scholander pressure 
chamber, and shaded leaves from each elementary plot 
were sampled for the SWP measurements. 
 
Figure 2 illustrates the evolution of SWP measurements in 
the three treatments of Site 2 during the 2020 campaign. 
 
Methods 
The data collected from Site 1 were utilized to establish 
the (Tc-Ta)LL line in the CWSI, as originally described by 
Jackson et al. (1981) and Idso et al. (1981): 
 

      (1) 
 
The initial concept of this technique relied on the 
instantaneous measurement of canopy temperature using 
infrared thermometers. By applying Equation (1) to the 

ground-based canopy temperature (Tc) data collected at 
Site 2, we obtained an initial estimation of the CWSI for 
the three irrigation-water treatments at the individual tree 
level. However, this method is constrained by the 
availability of accurate ground-based measurements of Tc. 
 
The next step involved deriving CWSI from remotely 
sensed data captured by UAS at a field scale. 
Traditionally, CWSI has been defined as the ratio of actual 
evapotranspiration (ETa) to potential evapotranspiration 
(ETp) (Equation 2). However, a more precise definition 
can be achieved by considering only the transpiration 
component (T) (Equation 3). 
 

      (2) 
 

      (3) 
 
The utilization of Equation (3) relies on a comprehensive 
understanding of differentiating the evaporation and 
transpiration components of actual evapotranspiration 
(ETa). UAS flights offer the necessary spatial resolution to 
meet this requirement. By processing the data obtained 
from the Micasense/FLIR Tau2 sensors, variables such as 
NDVI and LST were derived. These variables were then 
employed as inputs in the Simplified Two-Source Surface 
Energy Balance model (STSEB, S§nchez et al., 2021) to 
estimate crop transpiration (T). Additionally, the traditional 
dual crop-coefficients methodology (Allen et al., 1998, 
Pereira et al., 2021), assisted by remote sensing, was 
utilized to estimate potential transpiration (Tp). 
 
However, estimating isolated transpiration solely from 
satellite remote sensing remains a challenge and requires 
further research to enable operational applications on a 
large scale. Consequently, the potential of using Equation 
(2) to estimate the CWSI at a regional scale was explored. 
Surface energy balance modeling, coupled with medium-
high spatial resolution imagery, can provide ETa values at 
the field scale, thereby covering larger areas or regions 
(Anderson et al., 2012, Bisquert et al., 2016, Guzinski et 
al., 2020). In this study, data from the eddy-covariance 
tower in Site 3 were employed to obtain representative 
ETa values for the almond orchard. ETp values were 
estimated using the crop-coefficient methodology with 
assistance from NDVI data obtained from satellite 
observations (S§nchez et al., 2021). Sentinel-2 A/B data 
were utilized, providing a data series of this vegetation 
index with high spatial and temporal resolution. 
 
A parallel effort, in an attempt to improve the accuracy in 
ETa estimation, is focused on the adaptation of the 
Aerodynamic Temperature and Energy Balance (OSSEB) 

Figure 2. Evolution of the average values of SWP for the 3 irriga-
tion treatments in Site 2: Non deficit (ND), Medium deficit (MD) and 
Severe Deficit (SD). Superposed red arrows indicate the UAS flight 
dates. Error bars correspond to the standard deviation of the 8 

subplots per irrigation treatment   
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model (Costa-Filho et al., 2021) to the UAS inputs 
gathered in the almond orchard. Preliminary results 
show the necessity to better parametrize this 
aerodynamic temperature. A new porosity parameter is 
being explored, defined as the ratio between the canopy 
volume cumulated in a certain wind direction versus the 
total average cubic volume. This porosity is a dynamic 
parameter and must account for the wind direction and 
footprint for the turbulent fluxes at a specific time. The 
methodology outlined by Maimaitijiang et al. (2019) was 
adopted and an application protocol was defined to 
determine crop structure and derive the porosity of the 
almond orchard.  
 
RESULTS AND DISCUSSIONS 
For establishing the baseline in Equation (1), data from 
the well-watered almond orchard at Site 1 were utilized. 
Canopy temperature and air temperature/humidity 
records taken every 15 minutes between 10:00 and 
12:00 UTC were employed. The differences between 
canopy and air temperatures (Tc-Ta) were plotted 
against the vapor pressure deficit (VPD), as shown in 
Figure 3a. 
 
Ground measurements of canopy temperature (Tc) 
using the CIMEL IRT in Site 2 were subjected to 
Equation (1). Figure 3b illustrates a strong correlation 
between the measured SWP and the estimated CWSI. 
The water potential values ranged from -0.8 MPa 
(indicating no stress) to -2.5 MPa (representing tree 
defoliation). This result demonstrates the potential of 
using ground-based infrared thermometry 
measurements to monitor the water status of almond 
orchards at the individual tree level. 
 

Continued on next page  

Figure 4 provides an example of the NDVI and LST 
maps derived from a UAS flight conducted at Site 2. The 
variations observed among the water treatments are a 
consequence of differences in VNIR reflectivities and 
TIR radiances captured by the multispectral and thermal 
camera, respectively. The STSEB approach, applied to 
the UAS flights, facilitated the extraction of canopy 
transpiration (T) as a component of water loss. However, 
it should be noted that T alone does not serve as an 
indicator of plant water status. To estimate the potential 
transpiration values (T) and calculate the CWSI using 
Equation (3), the relationship Kcb=Kcb(NDVI) derived by 
S§nchez et al. (2021) from a previous experiment was 
used. The example in Figure 4 clearly exhibits distinct 
differences in CWSI among the water treatments. There 
is a reasonable relationship between CWSI estimates 
and SWP measurements. However, the scatter 
increases compared to the results in Figure 3b due to 
the larger variability in surface conditions. It is important 
to note that each point in the plot in Figure 4 represents 
the average value obtained from eight different 4x5 tree 
locations. 
 
In an effort to develop an operational stress index based 
on satellite imagery, the concept of CWSI using 
Equation (2) was evaluated at Site 3. The eddy-
covariance measurements of latent heat flux were 
converted to actual evapotranspiration (ETa), 
representing a large area surrounding the flux tower 
within the almond orchard at this site. The relationship 
Kc=Kc(NDVI) established by S§nchez et al. (2021) was 
employed to estimate potential evapotranspiration (ETp) 
values and subsequently calculate the CWSI using 
Equation (2). Figure 5 plots the evolution of both ETa 

Figure 3. (a) Differences between canopy and air temperatures (Tc-Ta) versus the water vapor pressure deficit (VPD) in Site 1. Linear 
regression establishes the (Tc-Ta)LL for the CWSI estimates using IRT measurements. (b) Linear regression between the measure-
ments of SWP and estimated CWSI from field IRT radiometer. Data correspond to 4 different dates and the 3 irrigation treatments in 

Site 2: Non deficit (ND), Medium deficit (MD), and Severe deficit (SD).  

όŀύ όōύ 
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Continued on next page  

and ETp during the 2020 campaign, together with 
resulting CWSI and measured SWP values.  
 
Throughout the season, the almond trees at Site 3 were 
maintained under well-watered conditions, as indicated by 
the SWP values remaining above -1.0 MPa. The resulting 
CWSI values correspondingly remained below 0.2, which 
is indicative of non-stressed conditions in Site 3 during 
this particular season. This finding aligns with the SWP 
measurements, demonstrating the feasibility of utilizing 
CWSI derived from satellite imagery to assess the water 
status of almond orchards at this site in an operational 
manner. 

Figure 6 shows an example of canopy height 
measurements and derived porosity parameter for a 
specific UAS flight in Site 3. Note porosity ranges 30% in 
this example, depending on the wind direction, and must 
be then accounted in further parametrizations of the 
aerodynamic temperature in the OSSEB formulation to 
improve ETa accuracy. 
 
CONCLUSIONS 
The results presented in this study highlight the potential 
of using the Crop Water Stress Index (CWSI) derived from 
remote sensing techniques to monitor the water status of 
almond orchards. The choice of the appropriate 

Figure 4. Flowchart for the estimation of CWSI based 
on the transpiration values. Maps of NDVI and LST 
were obtained from the cameras Micasense and FLIR 
Tau2, respectively, on board the UAS. Potential 
transpiration was calculated from the relation Kcb=Kcb 
(NDVI). Actual transpiration (T) was derived by 
applying the STSEB model. Plot shows the linear 
regression between the field measurements of SWP 
and the average values of CWSI for each 
experimental plot and the four different dates.  

Figure 5. Evolution of the eddy-covariance measurements of 
actual daily evapotranspiration, ETa, superposed to the potential 

evapotranspiration, ETp, estimated from the relation Kc=Kc (NDVI) 
in Site 3. CWSI values obtained from Eq. (2) are also plotted, 

together with the ground measured SWP.  

Figure 6. UAS RGB flight in 
Site 3, with extraction of the 
canopy height at selected points 
(left), and derived porosity rose 
(right).  
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formulation of the index depends on the scale of 
application and the available instruments, data, and tools. 
At the individual tree level, accurate ground 
measurements of canopy temperature using hand-held or 
fixed infrared thermometers provide the best estimates of 
water status, exhibiting a correlation (r2) greater than 0.6 
with stem water potential (SWP) measurements. UAS 
flights offer a valuable means of scaling up the monitoring 
of almond orchards, effectively capturing the water status 
of trees at a field scale. Further studies will expand the 
dataset of UAS flights, encompassing various almond 
varieties. 
 
To apply the monitoring process at a larger scale and 
meet the requirements of stakeholders such as irrigation 
districts or water authorities, a combination of surface 
energy balance modeling and satellite imagery appears to 
be a suitable solution for spatializing the water status of 
almond orchards at a regional scale. Although certain 
limitations still exist, primarily related to the availability of 
satellite thermal images in terms of spatial and temporal 
coverage, this technique shows promise for monitoring 
water stress and will be further explored in future projects 
and experiments. 
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Comment: Why Become Active in the International Commission on Irrigation 
and Drainage (ICID)? 

 
Frank Dimick 

There are really two responses to that question.  The 
first is to increase your knowledge of worldwide water 
issues and the second is to help others gain additional 
knowledge of water use and management.   
 
As an expert in water use and management, you work 
on a daily basis with problems and issues related to 
making sure that the life sustaining substance is 
available to the various demands placed on it when 
and where it is needed.  The ICID organization 
provides a platform whereby you are able to draw upon 
other experts in the world doing the same thing you are 
doing.  However, they may have a totally different 
solution to the problems you face than you might have 
due to their unique circumstances.  Their solutions 
might become your solutions.  Learning from water 
experts outside your normal realm of information 
providers can enhance your abilities to resolve your 
problems.  Other countries are using methods of water 
management, such as rain harvesting, that are not 
widely used here in the United States.  Their expertise 
in their methods of water management might benefit 
you in a peculiar circumstance. 

The second reason you might benefit from activity 
in the ICID is the personal satisfaction you have as 
you share your knowledge and expertise with 
others throughout the world.  Members of the 
USCID are blessed with a wide and extensive 
knowledge of water management and solutions of 
the issues surrounding water management.  
Sharing that information with other water experts 
around the world through the various platforms of 
ICID can be a rewarding experience. In the process 
you become friends with those people in various 
countries who deal with the same type of problems 
you do.   
 
As an added benefit, becoming active in ICID gives 
you an excuse to travel to world if you want to.  
However, much of the ICID internal workings are 
done via the internet so most of the time you donôt 
even have to leave the comfort of you home or 
office.   
 
Take a look at the ICID website and see what they 
are doing.  

http://www.water-law.com/
http://www.icid.org
http://www.jacobs.com/

























