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ARTICLE INFO ABSTRACT

Editor: Dr Spyros Fountas The goal of irrigation for wine grape grown in arid or semiarid regions is to sustain vine survival and to optimize

berry attributes for quality wine production. Precision irrigation of wine grape is impeded by the lack of a smart,

Keywords: decision support system (DSS) to remotely monitor vine water status. The objectives of this study were to:
Irrigation develop and field test an Internet of Things (IoT) DSS system for precision irrigation of wine grape. The IoT
Wine grape

system was comprised of a suite of in situ sensors used to monitor real-time weather conditions, grapevine canopy
temperature, soil moisture, and irrigation amount. Sensor data were collected and stored on a field deployed data
logger that calculated a daily thermal Crop Water Stress Index (CWSI) for grapevine using a neural network
model with real-time sensor data model inputs. The data logger also hosted, via a cellular modem, webpages
showing a running, 12-day history of daily CWSI, fraction of available soil moisture (fASW), irrigation amount,
and other sensor data. The webpages were accessible to vineyard managers via cell phone or computer. The CWSI
based IoT DDS system was installed at two small acreage, commercial estate vineyards in southwestern Idaho
USA over four growing seasons. At each vineyard site, the DSS was used daily by the vineyard irrigation manager
to schedule irrigation events. Neither vineyard manager used any other quantitative vine water status monitoring
tool for irrigation management decisions. The midday leaf water potential (LWP) of grapevines was routinely
measured by research project personnel. Data collected over the study period at each vineyard showed a sig-
nificant (p < 0.001) correlation with LWP and fASW, providing evidence that, under the conditions of this study,
the daily CWSI based IoT provided automated, remote monitoring of vine water status. Both vineyard managers
reported daily use of the DSS for irrigation scheduling decisions. Over the four-year study, each vineyard
manager was able to maintain consistent seasonal average CWSI daily values and irrigation application amounts,
despite yearly differences in climatic conditions. The results of this study demonstrate that a CWSI based IoT DSS
can be used for precision irrigation of wine grape in a commercial vineyard under semiarid growing conditions.
The CWSI based IoT DSS used a unique combination of neural network modeling, edge computing, and IoT for
real-time vine water stress monitoring for precision irrigation.

Crop water stress index
Edge computing
Decision support system
Internet of Things

1. Introduction

Irrigation management of most field crops aims to avoid plant water
stress and maximize yield by supplying water to fully meet crop
evapotranspiration (ET.). However, in wine grape (Vitis vinifera L.), fruit
quality attributes are prioritized over yield as a production goal, and
development of the berry and vine canopy are related to vine water
status throughout the growing season [1,2]. For example, mild vine
water stress between veraison (berry softening) and harvest is desirable

to prevent berry splitting or dilution of flavors or sugars and to slow
canopy growth in preparation for winter dormancy. Inducing vine water
stress through deficit irrigation has also been shown to increase vine
water use efficiency [3-5].

Water resources in the western U.S. are experiencing unprecedented
competitive demand from irrigated agriculture, growing urban pop-
ulations, and environmental and ecosystem restoration. Groundwater
levels in many areas have steadily decreased from historic levels and
ground water use is approaching an unsustainable level. In addition, the
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western US is experiencing the worst megadrought since 800 CE [6]
leading to historically low water levels in many of the regions water
reservoirs. Warmer winter temperatures due to climate change are
predicted to reduce future mountain snowpack, which is the source of
early irrigation developments in much of the western U.S. The growing
demand on surface and groundwater resources combined with climate
change necessitates increased water resource stewardship and crop
water productivity to meet food and fiber needs of a growing population.

Wine grape production in semiarid regions of the pacific north-
western U.S. is well established but relies on irrigation during the
growing season for vine growth, survival, and economically viable yield.
Optimum management of irrigation requires routine direct or indirect
monitoring of vine water status [7]. Indirect methods for accessing plant
water status include soil water content or soil water potential mea-
surement and atmospheric-based methods [7,8]. Soil water monitoring
is a widely accepted tool for estimating crop water needs for field crops
but in the case of vineyards there are several disadvantages. These
include spatial variability in soil characteristics and 3-dimensional soil
wetting patterns from drip irrigation leading to the need to install
several sensors, which complicates information management and in-
creases cost. Additionally, there is a lack of established thresholds for
determining vine water status and severity [7]. Atmospheric based
methods include Bowen ratio energy balance and eddy covariance to
determine ET. and infer plant water status by comparing measured ET,
to estimated non-water stressed ET.. These techniques require expensive
sensors, skilled technical knowledge, and large uniform upwind fetch,
especially for eddy covariance, which make them unsuited for small
commercial vineyard water management purposes [7]. A more detailed
discussion of indirect methods is provided by Rienth and Scholasch [8].

Direct (plant-based) methods for determining plant water status rely
on measurements of physical plant variables. Unlike indirect methods,
plant-based methods use the plant as a biosensor in a soil-plant-
atmosphere continuum. Conventional direct methods include leaf or
stem water potential, visual observation, stomatal conductance or
photosynthesis, sap flow, trunk diameter and leaf turgor pressure [7,9].
Midday stem or leaf water potential (LWP) is the most commonly
accepted direct measurement of vine water status [10] and critical upper
and lower water stress thresholds have been established [7], making it
an effective tool for deficit irrigation management. The primary disad-
vantages of LWP are the limited time of day for measurement, the need
for repeated measurements due to plant variability, and a need for
several equipped and trained personnel to cover a vineyard. Visual
observation is based on the visual growth characteristics of the apical
meristem or apex of vines, tendrils, and leaf orientation of numerous
vines [1,8]. The drawbacks of this method include low sensitivity to
moderate water stress, time lag between water stress and visual obser-
vation, and the cost of trained personnel to cover a vineyard. Stomatal
conductance measures the ease of passage of CO, or water vapor
through the stomata and is a good indicator of plant response to water
stress because it changes with atmospheric demand and soil water sta-
tus. It has been shown to indicate the degree of vine water stress but
varies with timing of measurement and leaf canopy location [7]. The
primary disadvantages are the cost of the equipment, constant need for
calibration, technical skill to operate. Sap flow, trunk diameter and leaf
turgor are direct measures that have been shown to be indictors of plant
water stress. However, they have not been widely adopted in regional
commercial vineyards but have the advantage of being automated,
which facilitates integration into a deficit irrigation management pro-
gram. Detailed descriptions of other direct methods and their respective
advantages and disadvantages are provided by [7-9].

Plant canopy temperature increases when solar radiation is absorbed
and cools when water is evaporated (transpiration) within the leaf
structure. A water-stressed plant canopy will reduce transpiration and
have a higher temperature than a non-stressed canopy [11,12]. This
physical plant response to water stress makes canopy temperature
measurement a viable direct method for assessing plant water status.
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Infrared radiometers have been used to measure plant canopy temper-
ature under research field conditions to estimate evapotranspiration and
drought stress in many crops [13-15], including grape [16-21]. Infrared
thermometry is nondestructive, can be measured continuously, can be
stationary or mounted on mobile platforms for spatial and temporal
monitoring [9,20-22], and can be less expensive [23] than soil water
sensing. Canopy temperature is related to plant water status, but it also
depends upon solar radiation (Rs), air temperature (Ta), humidity (RH),
and wind speed (WS) among other things.

A method of using canopy temperature to calculate a CWSI for irri-
gation scheduling was proposed over 40 years ago by Idso et al. [15] and
Jackson et al. [14]. The CWSI normalizes measured canopy temperature
relative to reference threshold canopy temperatures for a well-watered
vine (Try) and a water stressed, non-transpiring vine (Tyy) under iden-
tical weather conditions, resulting in an empirical CWSI value between,
0 (no water stress) and 1 (maximum water stress). Unfortunately, the
need for Ty, and Ty, reference temperatures under identical weather
conditions has limited the use of a CWSI to research scale studies and
precluded its adoption on a commercial scale [9]. Alternatives to actual
measurement of crop reference temperatures have been investigated,
such as artificial wet and dry surfaces [16,24-29] and physical and
empirical models [14,26,30-33] to predict reference temperatures. The
required maintenance of an artificial surface has limited use on a com-
mercial scale, leaving physical or empirical models as the most logical
choice. King et al. [33] used measured temperatures of non-water
stressed wine grape canopies to develop data driven models (neural
network, regression) to estimate Ty;. The models were used to calculate
CWSI values for research plots of Malbec grapes vines that were differ-
entially irrigated to induce differing severities of vine water stress [19]
and validated by comparing, over a 5-year period, CWSI values with
LWP and fASW. The CWSI calculated using model predicted reference
temperatures was well correlated with LWP (R? = 0.54) and fASW (R? =
0.71). When CWSI values were used to trigger 28 mm irrigation events,
CWSI values increased, LWP became more negative, seasonal water
application decreased, and grape cluster weight decreased. These results
demonstrated that a CWSI could be used as an effective irrigation
scheduling tool for wine grape.

Irrigation scheduling based on canopy temperature has not been
adopted on a commercial scale by vineyard irrigation mangers in
semiarid regions of northwestern U.S. as evident by the lack of com-
mercial systems supporting the application. The objectives of this study
were to: develop a CWSI based IoT DSS for precision irrigation of wine
grape under semiarid conditions; field test the CWSI based IoT DSS in
two, small acreage commercial estate vineyards over four growing
seasons; validate the IoT derived CWSI values by statistical correlation
with LWP and fASW at each vineyard site; and evaluate vineyard
manager annual consistency in irrigation scheduling. Vineyard irriga-
tion managers were allowed to freely decide if they wanted to use the
CWSI based IoS DSS for irrigation scheduling. Consistency of plant water
stress and irrigation application across multiple years was used to gage
success of the CWSI based IoT DDS system for irrigation scheduling as
implemented by the vineyard manager.

2. Methods and materials
2.1. Field study site characteristics

This study was conducted on two small (< 7 ha) family owned and
operated commercial vineyards in southwestern Idaho USA over a four-
year period (2017-2020). Both operations were estate vineyards in that
they have associated wineries that produce branded commercial wines.
The vineyard sites were located within 30 km of each other but differed
in their soil characteristics and soil water holding capacities. The soil at
vineyard-A (V-A) was a Greenleaf-Owyhee silt loam (fine-silty, mixed,
superactive, mesic Xeric Calciargids) characterized as very deep well
drained with moderately slow permeability and an available water
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capacity of 0.2 cm ™! (USDA Web Soil Survey). Vineyard-B (V-B) was
located adjacent to an ancient volcanic vent that had been subjected to
limited volcanic rock mining. The vineyard site was reclaimed using
surrounding soil and original overburden to cover exposed rock result-
ing in a highly disturbed soil profile. The natural soils at the site were
Turbyfill fine sandy loam (coarse-loamy, mixed, superactive, calcareous,
mesic Xeric Torriorthents) and Jacquith loamy fine sand (Sandy, mixed,
mesic Xereptic Haplodurids), both of which are moderately deep and
well drained in their natural state with moderately rapid permeability.
Available water capacity of the Turbyfill fine sandy loam and Jacquith
loamy fine sand were 0.12 and 0.07 cm ™}, respectively (USDA Web Soil
Survey).

Vines in both vineyards were grown with double trunks on a verti-
cally shoot positioned, two-wire trellis system with moveable catch
wires. The vines were trained to bilateral cordons and spur-pruned
annually to approximately 16 buds m™' of cordon. Row by vine
spacing was 2.7 m x 1.8 m at V-A and 2.7 m x 1.5 m at V-B.

Irrigation at both sites was applied using drip irrigation tubing sus-
pended about 30 cm above ground in the vine row. Drip emitter spacing
was 76 cm with a flow rate of 3.8 L hr™! at V-A and 61 cm with a flow
rate of 1.9 L hr™! at V-B. The wine grape cultivar evaluated at V-A was
Chardonnay (2017-2020) and the cultivars at V-B were Malbec
(2017-2019) and Cabernet Sauvignon (2020).

2.2. Field measurements and instrumentation hardware and software

Canopy temperature was measured using wired infrared radiometers
(SI-121, Apogee Instruments, Logan, Utah) with a 36° field of view. The
radiometers were placed along a single vine row to prevent potential
damage to sensor cables from vineyard equipment. In each vineyard,
two (2017, 2018, 2019) or four (2020) radiometers were installed per
cultivar. Radiometer cable lengths were 30 m allowing a maximum
distance of 60 m between radiometers within a vine row. The radiom-
eters were installed on vines with representative canopy size and posi-
tioned approximately 15 to 30 cm above fully expanded leaves located
at the top of the vine canopy. Radiometers were pointed northeasterly at
approximately 45° from nadir, with the sensor view aimed at the center
of solar noon sunlit leaves. The temperature sensing area of vine canopy
was approximately 10 to 20 cm in diameter and received full sunlight
exposure during midday. The possibility of background bare soil visi-
bility was limited by multiple leaf layers within the canopy below the
measured canopy location. The infrared radiometer sensor view was
periodically adjusted as necessary to ensure that the field of view
concentrated on sunlit leaves near the top of the canopy. The infrared
radiometers were installed after fruit set, usually mid to late June. Solar
radiation (Rs) (SP-110 pyranometer, Apogee Instruments, Logan, UT),
air temperature (Ta), relative humidity (RH) (HMP50 temperature and
humidity probe, Campbell Scientific, Logan, UT), and wind speed (WS)
(034B, Met One Instruments, Grants Pass, Ore.) were measured in each
vineyard at a height of 2.5 m. Canopy temperature and weather pa-
rameters were measured every minute and recorded as 15 min averages
on a datalogger (CR6, Campbell Scientific, Logan, UT). The weather
sensors and data logger were installed in the same vine row and located
midway between the infrared temperature sensors. The equipment was
removed at harvest, usually mid to late September. A 1.2 m soil moisture
sensor (Drill and Drop, SenTek Sensor Technologies, Stepney, SA) was
installed in the vine row within 3 m of the data logger and within 20 cm
of an irrigation drip line emitter. Soil moisture was recorded every 30
min measured at 10 cm depth increments to a depth of 1.2 m. In 2017
and 2018, a tipping bucket rain gage (RainWise, Boothwyn, PA) was
placed under an drip line irrigation emitter to record cumulative irri-
gation application amount. The rain gage was connected to the data
logger and total emitter water application was recorded in 15 min and
24 hr increments. In 2019 and 2020 a flow meter (36MP.75RG.1,
Netafim Irrigation, Inc., Fresno, CA) was installed in the irrigation drip
line and connected to the data logger. Flow rate was recorded in 15 min
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increments.

The field data logger was equipped with a machine-to-machine
cellular modem (RavenXTA CDMA or RV50 Sierra wireless AirLink,
Campbell Scientific Inc., Logan, UT) to provide real-time access to the
sensor data using commercial software. Study personnel accessed sensor
data using datalogger management software (LoggerNet 4.5, Campbell
Scientific Inc., Logan, UT). Vineyard managers were provided real-time
sensor data access through a website. The website was hosted on the
field data logger. Data logger webpage publishing software (RTCM Pro
Development 4.3.3.6, Campbell Scientific Inc., Logan, UT) was used to
design and publish the webpage on the data logger. The website was
accessible using either a personal computer or a smart phone. The
website provided graphical pages with running 12-day histories of daily
CWSI, soil water content at each depth increment, fASW, daily irrigation
depth, and latest 15-min averaged weather data, each on a separate
webpage. The website was available between the hours of 6:00 to 22:00
MDT. The cell phone modem was powered down overnight to conserve
battery power and to reset the modem in case of intruder hacking and
malware. The data logger battery was charged using a 20 W solar panel.

Midday LWP was measured at 7-to-10-day intervals in both vine-
yards in each year of the study to verify vine water status and to
investigate its correlation with daily CWSI. LWP was measured between
13:00 and 15:00 MDT on two fully expanded, sunlit leaves from vines
adjacent to each installed infrared radiometer using a pressure chamber
(model 610, PMS Instrument Co., Albany, OR) as described by Levin
et al. [10,34].

2.3. Calculated webpage values

Information shown on webpages hosted by the field data logger was
based on several calculations performed by datalogger software using
measured sensor values. The calculated values included daily CWSI,
fASW, and daily irrigation depth. Daily CWSI was calculated as the
average 15-min CWSI between 13:00 and 15:00 MST, which corre-
sponded to —1 to +1.5 hr of solar noon. The 15-min CWSI was calculated
using the empirical equation developed by Idso et al. [15] as:

(Tc - TLL)

CWSI = ———~
(Tyr — Tur)

®

where T, is measured canopy temperature of fully sunlit leaves ( °C). The

Ty reference temperature ( °C) was estimated using cultivar specific

neural network models [32]. Inputs to the neural network models were

15-minute averaged values of measured Rg, T,, RH and WS. The Ty,

reference temperature ( °C) was estimated using the energy

balance-based equation of [14] as:
RVI

Ty — T, =
pe,

@

where r, is aerodynamic resistance (s m’l), R, is net radiation (W m’z),
¢p is heat capacity of air (J kg-1 °C-1), and p is density of air (kg m~3).
Aerodynamic resistance was estimated using the approach of [30] as
described by [33] using the same cultivar specific data sets for
well-watered wine grapes in southwestern Idaho. Values used for r, were
16.8 s m~! for Malbec and 21 s m™! for Chardonnay and Cabernet
Sauvignon. Net radiation was estimated as R, = 0.9Rs — 60 [33].
The fASW for a given soil profile depth was calculated as:

5 (9 =0pp1)

fasw = = 0tn)

3
where 6; is measured volumetric soil water content for depth i, Bpyp; is
estimated volumetric soil water content at permanent wilting point for
depth i, 6 is estimated volumetric soil water content at field capacity at
depth i, and n is the number of 10 cm soil water content measurement
depths considered. Field capacity for each soil depth was estimated as
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the maximum soil water content measured 24 h after an irrigation event
or soil water content at the beginning of the season for depths below the
irrigation wetting front. Permanent wilting point (PWP) for each soil
depth was estimated as 50% of field capacity (FC) or minimum soil
water content measured. Values for 6g; and 8pyp; were continually
adjusted during the beginning of the season as soil water content mea-
surements were collected. Three values of fASW were presented in the
webpage: 0 to 60 cm, 0 to 90 cm, and 0 to 120 cm. Values shown in the
webpages were expressed in English units as they were designed for use
by vineyard managers located in the U.S.

Daily irrigation depth was calculated as the volume of water applied
between 0:00 and 24:00 MDT divided by the drip irrigation lateral
length represented and vine row spacing. In the case of rain gauges, the
volume of water measured by the rain gage was divided by the emitter
spacing and vine row spacing. In the case of flow meters, the daily
volume of water applied was calculated by summing the flow rate in
each 15 min interval multiplied by the time interval. The volume of
water was divided by lateral length downstream of the flow meter and
vine row spacing. The calculated irrigation depth was presented in the
English unit of inches.

2.4. Irrigation DSS vineyard manager accessible webpages

The irrigation DSS was comprised of six separate webpages that
displayed daily CWSI values (Fig. 1), soil moisture at depth of O to 60 cm
(0 - 24 in) (Fig. 2), soil moisture at a depth of 70 to 120 cm (28 - 48 in)
(Fig. 3), fASW at three soil depths (Fig. 4), irrigation amount (Fig. 5),
and weather (Fig. 6). The webpages showing CWSI, soil water content
(%) and fASW displayed data as a running 12-day history. Each webpage
had a top menu showing all available webpages. CWSI values were
graphed independently for each infrared radiometer and as the average
value of all radiometers. An example of the main webpage at site V-B for
13 August through 25 August 2020 is shown in Fig. 1. Soil volumetric
water content (%) was graphed independently at depth increments of
10 cm (4 inches) (Figs. 2,3). fASW (Fig. 4) was graphed independently
for soil depths 0 to 60 cm (0 - 24 in), 0 to 90 cm (1 - 36 in), and 0 - 120
cm (0 - 48 in). Daily irrigation amounts (Fig. 5) represent water applied
between 0:00 and 24:00 MDT. Figs. 1-5 show data for V-B from 13
August through 23 August 2020. Weather conditions in each vineyard
(Fig. 6) were displayed as the most current 15-min average value for T,,
RH, WS, and wind direction. For ease of use, the values for T, and RH
were displayed graphically as well as numerically.

Daily CWSI
—Sensor 1 ——Sensor 2 ——Sensor 3
— Sensor 4 —Average CWSI ‘
1
0.8
» 0.6
5 A\
0.2
%8/13 08/15 08/17 08/19 08/21 08/23
Date

Fig. 1. Example main webpage showing daily crop water stress index (CWSI)
for a 12-day period during 2020 at V-B.
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Fig. 2. Example webpage showing volumetric soil water content for 10 to 60
cm (4 to 24 inch) depths for a 12-day period during 2020 at V-B.

Dol QWSI | Sol Moisture 0 24 nches Percent nigation | Weather

Soil Moisture 28 - 48 inches

= —28 inch

> : —32 inch

S 25 | 36 inch

*q,;: —40 inch

P 44 inch
20

S - | -48inch

§ 15 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[\

H

3 10

(2]

08/13 08/15 08/17 08/19 08/21 08/23
Date

Fig. 3. Example webpage showing volumetric soil water content for 70 to 120
cm (28 to 48 inch) depths for a 12-day period during 2020 at V-B.

2.5. Data analysis

Linear and multiple regression were conducted using Microsoft Excel
data analysis tools. Graphical, linear, and multiple linear regression and
variance analysis were used to quantify and evaluate relationships be-
tween variables. Regression line significance was evaluated using
ANOVA (p < 0.05). Neural network model development was performed
using the MATLAB Neural Network Toolbox (MathWorks, Natick, Mass.)
[33]. Graphs were generated using Sigmaplot 14 (Systat Software, San
Jose, CA).

3. Results
3.1. Climatic conditions

Climatic conditions during the four-year study relative to 20-yr
(1996-2016) averages are summarized in Table 1. The climatic condi-
tions during the four study years were generally within one standard
deviation of the 20-yr mean with a few exceptions. Alfalfa-based refer-
ence evapotranspiration was greatest in 2018 and exceeded the 20-yr
mean by more than one standard deviation. The combination of high
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Fig. 4. Example webpage showing estimated fraction of available soil water for
three soil profile depths for a 12-day period during 2020 at V-B; 0 to 60 cm (0 to
14 inch), 0 to 90 cm (0 to 36 inch), and 0 to 120 cm (O to 48 inch).

Daly CWS1 |__Sol Molstwe 024 inches | __Soll Water Content 2644 nches

Irrigation Depth Applied

Percent Tota Avaloble Soi Viter_Irigation | Weaiher

=== =
N oW » o,

Depth (inches)

o
o

08/13 08/15 08/17 08/19 08/21 08/23

Fig. 5. Example webpage showing daily irrigation applied over a 12-day period
during 2020 at V-B.

Doy oSt |l Moture 024 ncher Forcent igator
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1 00 T 1 00 . Wind Speeﬂ’:nd Direction - meters/sec.

[
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1 .
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55 I
40

40 I
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QO
574%

Fig. 6. Example of webpage displaying the latest 15-minute average measured
values of air temperature, relative humidity, and windspeed and direction.

1 meter/sec = 2.2 mph

mean air temperature and daily solar radiation, and low mean relative
humidity and April through September precipitation resulted in the high
reference evapotranspiration in 2018. October through March
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Table 1

Climatic conditions at weather station (PMAI, www.usbr.gov/pn/agrimet/)
nearest (within 30 km) to study sites. Mean daily air temperature, relative hu-
midity, and solar radiation, cumulative precipitation, alfalfa-based reference
evapotranspiration, days air temperature > 35 °C, and growing degree days
between 1 April through 30 September, and cumulative precipitation between 1
October and 31 March and 1 April to 30 September in each study year. The 20-yr
averages (1996-2016) and standard deviations are also shown.

Parameters 2017 2018 2019 2020 1996-2016
Mean =+ Std
Dev
Mean air temperature ( °C) 18.9 19.0 18.3 18.1 18.4 £ 0.8
Days air temperature > 35 °C 39 33 27 23 29 £11
Mean relative humidity (%) 52.1 47.8 55.3 52.5 50.5 &+ 3.3
Mean daily solar radiation (MJ ~ 23.2 24.3 23.5 23.7 23.9+0.8
m2d1)
Alfalfa-based reference 1192 1264 1164 1172 1158 + 67
evapotranspiration (mm)
Precipitation Oct — Mar (mm) 239 102 168 121 128 + 40
Precipitation Apr — Sept (mm) 77 50 142 201 80 + 30
Growing-degree days ( °C)? 1639 1683 1584 1601 1595 + 99

4Growing-degree days were calculated from daily maximum and minimum
temperature with no upper limit and a base temperature of 10 °C.

precipitation was greatest in 2017 and exceeded one standard deviation
of the 20-yr mean. April through September precipitation in 2019 and
2020 exceeded one standard deviation of the 20-yr mean. Growing-
degree days was greatest in 2018, coinciding with highest mean daily
air temperature and high reference evapotranspiration.

3.2. Relationship between measures of vine water stress

Linear relationships between plant water stress measures fASW,
LWP, and CWSI at each vineyard for the four study years combined are
summarized in Fig. 7. All the linear relationships between the water
stress measures were statistically significant (p < 0.001). The linear
relationships between fASW versus LWP and daily CWSI versus LWP had
similar R? values for both vineyards. The linear relationship between
fASW and CWSI at V-B had a much greater R? than for V-A (0.58vs 0.32).
Variability in the fASW vs CWSI data was similar between the vineyards,
but daily CWSI spanned a greater range at V-B resulting in a greater R,
The greatest data variability occurred between daily CWSI and LWP for
both vineyards. The greater variability is likely due to CWSI and LWP
responding differently to Ta, RS, RH and WS.

3.3. Relationship between seasonal CWSI and seasonal irrigation amounts

The seasonal average values for daily CWSI and the cumulative
amount of irrigation applied between 1 July and 15 September in each
study year at each vineyard are shown in Table 2. The seasonal average
daily CWSI values for each vineyard were largely consistent over the
four-year study. Seasonal daily CWSI values were higher for V-B as the
vineyard manager preferred higher plant water stress than the manager
of V-A. The higher daily CWSI value at V-B was also higher because it
would rapidly increase a couple days after an irrigation event due to the
low water holding capacity of the sandy soil.

4. Discussion
4.1. Irrigation DSS vineyard manager accessible webpages

An example of the irrigation DSS running 12-day history and weather
webpage is presented for V-B for 13 to 23 August 2020 (Figs. 1-6). An
irrigation event, starting the evening of 18 August 2020, increased soil
water content to a depth of 60 cm (24 inches) (Fig. 2) and decreased the
daily CWSI to near zero (Fig. 1). An irrigation event starting on the
evening of 23 August increased soil water content to a depth 70 cm (28
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Table 2
Average daily crop water stress index (CWSI) and cumulative irrigation appli-
cation between 1 July and 15 September at each study site and study year.

Study Site Parameter Year
2017 2018 2019 2020
Vineyard-A Daily CWSI 0.25 0.23 0.31 0.28
Irrigation (mm) 66 130 117 122
Vineyard-B Daily CWSI 0.38 0.44 0.41 0.36
Irrigation (mm) 143 115 134 128

inches) (Fig. 3) and decreased the daily CWSI to near zero (Fig. 1). The
estimated fASW increased on 18 August and 23 August (Fig. 4) as soil
water contents increased (Fig 2) due to irrigation events. Prior to irri-
gation on 18 Aug, daily CWSI was greater than 0.6 (Fig. 1), while fASW
for the 0 to 120 cm soil profile was about 0.3 and increased to greater
than 0.8 following irrigation on 23 Aug. Midday on 25 August daily
CWSI was near zero while fASW was about 0.78. An overnight irrigation

0.8
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event started on 18 August is depicted as two irrigations since it spanned
two days (Fig. 5). The first irrigation event applied about 10 mm (0.4
inch) and the second irrigation event applied about 21 mm (0.8 inch),
which collectively decreased daily CWSI from 0.6 to near zero (Fig. 1)
and increased fASW from 0.3 to 0.8 (Fig. 4).

The observed variability among radiometers on the irrigation DSS
webpage for daily CWSI values (Fig. 1), was likely attributed to high
spatial variability in soil profile characteristics. Limiting historical data
on the irrigation DSS webpage to a running 12-day period was to opti-
mize time efficiency of the user web browsing experience. The infield
data logger that hosted the irrigation DSS webpages had limited
computing capacity, so limiting the historical data time frame to a
running 12-days offered a reasonable compromise between data view-
ability on a cell phone and time to transfer the data to the user webpage
interface device. A running 12-day historical record was sufficient to
establish trends in CWSI or soil water availability useful in making
irrigation management decisions. The vineyard managers in this study
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Fig. 8. Average daily CWS], fraction of available soil water (fASW) in O to 120 cm soil profile, midday leaf water potential (LWP), precipitation, and irrigation during
the 2020 growing season at V-B.
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only wanted to know if they need to irrigation today and were largely
uninterested in historical CWSI values. The 12-day historical length can
be increased if deemed necessary by uploading the data to the cloud and
using cloud based graphical software to display the same information for
the full growing season.

4.2. Relationship between measures of vine water status and irrigation

A seasonal graph of the irrigation DSS data for V-B in 2020 shows an
interconnected response among the measured and estimated DSS pa-
rameters (Fig. 8). Values for daily CWSI and midday leaf water potential
shown in Fig. 8 are averages of the measured values and fASW is for the
0 to 120 soil profile. Prior to initiation of measurements on 13 June,
there was above average precipitation in 2020 (Table 1). The prior
precipitation is evident by the status of well-watered vines on 13 June
(Fig. 8). Daily CWSI was low, fASW was > 0.55 and LWP was less
negative. A rainfall event on 29 June was associated with a decrease in
the daily CWSI, an increase in fASW and a less negative LWP. Prior to the
irrigation event on 20 July, the daily CWSI steadily increased coincident
with a more negative LWP. The small irrigation event on 8 July had
minimal influence on daily CWSI or LWP potential as fASW remained
below 0.55. Irrigation events prior to 17 August reduced CWSI and made
LWP less negative for only a few days and fASW remained ( 0.55 for most
of the duration. The seasonally highest CWSI values and most negative
LWP values occurred between 28 July and 24 August. The irrigation
event on 23 August and precipitation events on 17 and 24 August
decreased CWSI to near zero, increased fASW to ) 0.55 and LWP became
less negative, all of which indicated a short period of increase in vine
water status. Between 24 August and the next irrigation event on 1
September, the CWSI increased, fASW decreased, and LWP became more
negative. The relatively large (> 25 mm) irrigation event on 3
September decreased daily CWSI to ( 0.2, increased fASW to ) 0.8, and
LWP became less negative. The last irrigation on 11 September reduced
daily CWSI to near zero, increased fASW to nearly 0.9 and increased
LWP to > —0.9 MPa.

The fASW is a common method used to express crop water stress for
field crops. Wine grape is well-watered when fASW is greater than 0.55
[35]. The corresponding seasonal responses of fASW, midday LWP, and
the daily CWSI to irrigation and precipitation events (Fig. 8) supports
the usefulness and accuracy of daily CWSI for real-time irrigation
management of wine grape irrespective of soil characteristics that may
influence these values.

4.3. Comparison of vine water stress measures between vineyards

The slopes of linear relationships between the fASW versus LWP or
daily CWSI differed between vineyards (Fig. 7). This may be partially
due to differences in soil textures and permeability between the vine-
yards. V-A had a silt loam soil with low to moderate permeability while
V-B had a sandy soil with high permeability. Water applied by the drip
irrigation emitter likely resulted in different wetting patterns between
vineyards with a deeper wetting pattern and less lateral spreading at V-
B. There was likely limited soil water availability outside the immediate
area of the emitter wetting pattern at V-B due to the low water holding
capacity of the sandy soil. The soil water sensor was installed within 20
cm of an emitter and may have provided a better measurement of total
soil water at V-B than V-A. The greater water holding capacity of the silt
loam soil at V-A likely resulted in much more stored soil water from non-
growing season precipitation, limiting the range in fASW over the
growing season. However, the range in LWP were similar between
vineyards. The low permeability of the soil at V-A may have restricted
movement of soil water to the roots. Lastly the soil at V-A exhibited silica
cementation ranging from 45 to 60 cm deep during soil sensor instal-
lation that may have restricted root growth. Ample soil water was
measured below 60 cm in the root zone (data not shown) but very little
extraction occurred during the growing season supporting the suspicion
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of limited root presence below 60 cm. The presence of ample soil water
below 60 cm limited the range in fASW over the growing season and if it
was largely unavailable to the vines would result in high daily CWSI and
low LWP values despite fASW > 0.55.

Despite a significant linear relationship between daily CWSI and
midday LWP for both vineyards (Fig. 7), there is considerable variability
in the relationships, which precludes use of CWSI as a direct surrogate
for LWP. A quadratic relationship between CWSI and LWP averaged over
four wine grape cultivars was reported by [21], which depicted a similar
degree of variability. [36] reported LWP ranging from —0.51 to —1.15
MPa for well-watered grapevines in California with LWP linearly related
to vapor pressure deficit (VPD) and Ta. They also reported a linear
relationship between LWP and VPD for water stressed vines, but with
reduced dependence on VPD compared to well-watered vines. The re-
sults of this study are consistent with the findings of [36] as the rela-
tionship between CWSI and LWP (Fig. 7) could be represented by a
piece-wise linear relationship with CWSI =~ 0 for LWP > —1.15 MPa.
Solar radiation also influences LWP and LWP measurements should be
collected on cloudless days [36]. The LWP values reported in this study
were made over a wide range of VPD and on days with variable clouds.
Additionally, some LWP values reported in this study were not collected
on the same vine used for canopy temperature measurement, another
source of variability in the relationship between CWSI and LWP. Overall,
the presence of water stress detected by LWP measurement was also
indicted by daily CWSI as calculated in this study, demonstrating that
CWE I can be effectively used as an irrigation management tool for wine
grape. The vineyard managers in this study were successful in using
daily CWSI to achieve similar levels of plant water stress over multiple
years, despite yearly differences in evaporative demand and growing
season precipitation. The primary advantage of using CWSI as an irri-
gation management tool is the ability to automate data collection for
daily monitoring of water stress with minimal labor.

The linear relationship between fASW and daily CWSI exhibited less
variability than the linear relationship between fASW and midday LWP
(Fig. 7), especially for V-B. Thus, CWSI was a more direct indicator of
available soil water than LWP. For V-B, when fASW was > 0.55, indi-
cating well-watered vines, CWSI was ( 0.1 supporting the rational than
CWSI should approach zero for well-watered vines and approach one for
severely watered stressed vines as the linear relationship depicts.
However, for V-A a fASW value of 0.55 corresponds to a CWSI value )
0.5, which clearly does not follow the rational of CWSI, indicating an
error in estimating fASW. As forementioned, this discrepancy is likely
due to the effective root zone of the vines less than the 120 cm depth
used to compute fASW. The estimates of FC and PWP of the soil at V-A
could also be in error, which could lead to overestimation of fASW. If
estimates of the fASW at V-A were reduced by 25%, a fASW value of 0.55
would correspond to a CWSI value < 0.1, like V-B and a CWSI value of
0.6 would correspond to a fASW of 0.37. The unrealistic over estimation
of fAWC at V-A based on measured midday LWP and calculated daily
CWSI highlights the difficulty in accurately quantifying the fASW using
a single soil moisture profile measurement with drip irrigated crops.
Drip irrigation results in a 3-dimensional wetting pattern that makes
reliable estimation of root zone available soil water difficult at best. As
an example, [37] reported that nine neutron probe measurements in one
quadrant of a vine root zone, to a depth of 3 m, was necessary to quantify
soil water content of drip-irrigated grape vines. The difficulty in quan-
tifying fASW in drip irrigated vineyards highlights the advantage of
using plant-based methods for assessing vine water status such as CWSI
provided the reference temperatures Ty and Typ can be reliably
estimated.

4.4. Seasonal CWSI and seasonal irrigation amounts between vineyard
managers

Neither vineyard manager in this study used any type of quantitative
plant or soil water monitoring techniques to aid in irrigation
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management decisions prior to the installation of the CWSI based IoT
irrigation DSS. Prior to this study, the irrigation managers at both
vineyards made irrigation decisions based upon intuition, previous
experience, and crop appearance [1]; so, there was a reasonable
expectation that the vineyard managers would actively use the CWSI
based IoT irrigation DSS. At the beginning of the first study year, the
vineyard managers were briefed on the concept of CWSI for monitoring
plant water status and were given the guideline that a daily CWSI value
of 0.3 corresponded to approximately a 70% ET rate relative to a
well-watered, 100% ET. Beyond that initial guidance on how to interpret
the daily CWSI value, the vineyard managers independently accessed
the irrigation DSS webpages and made irrigation management decisions
without input from research project personnel. At the end of the first
study year both vineyard managers reported that they routinely
accessed the irrigation DSS webpages for daily CWSI and fASW and used
the information to support irrigation management decisions. In each of
the remaining three years of the study, both vineyard managers, at their
discretion, continued to access the irrigation DSS webpages and use the
daily CWSI to facilitate irrigation management decisions.

Seasonal average daily CWSI values (Table 2) were higher for V-B as
the vineyard manager preferred higher plant water stress than the
manager of V-A. The higher daily CWSI value at V-B was also higher
because it would rapidly increase a couple days after an irrigation event
due to the low water holding capacity of the sandy soil. Cumulative
irrigation water application was surprisingly similar across vineyards,
particularly for years 2018 through 2020, despite differences in soil
water holding capacity and vineyard managers. Cumulative irrigation
was low in the first year of the study at V-A due to above average non-
growing season precipitation and higher water holding capacity of the
silt loam soil. The narrow range in seasonal average daily CWSI (0.23 to
0.31 for V-A, and 0.36 to 0.44 for V-B) and cumulative irrigation (1.14 to
134 mm) in 2018 through 2020 suggests that vineyard managers
effectively used the CWSI based IoT irrigation DSS to develop and
maintain a consistent deficit irrigation management program.

4.5. Irrigation decision support system limitations

The data-driven models used in this study provided reliable estimates
of Ty and Ty, in real-time for the semiarid climatic conditions of the
study site, which was representative of the irrigated wine producing
locations in the pacific northwestern U.S. The climatic conditions under
which these data-driven models were developed were representative of
the conditions in this study. However, the models may not perform as
well in other regions with weather conditions outside the database range
for model development. For example, in areas where daily windspeeds
exceed 5 m sec”'. Wind speeds higher than 5 m sec™! were not included
in the database used for model development and grapevines are known
to reduce stomatal conductance under high winds [38,39]. A wind
induced reduction in stomatal conductance would result in an increase
in canopy temperature independent of plant water stress and, since the
data-driven model estimate of T;;, would be too low, the calculated CWSI
value would be elevated. Canopy temperature data for well-watered
vines under high wind conditions would need to be included in the
data set used to calibrate the neural network model for estimating Ty, in
windy semiarid regions.

There are climatic conditions that can result in a calculated CWSI
value of less than zero or greater than one. Wet canopy conditions
typically result in measured canopy temperature that is less than the Ty,
predicted by the data driven model. This results in a negative CWSI
value regardless of soil water availability. The original development of
the CWSI concept by [15] was limited to clear sunny conditions. How-
ever, the data driven model for predicting Ty, that was used in this study
uses a database of well-watered vine canopy temperatures that were
measured under variable cloudy conditions. The data driven model can
therefore predict Ty for variably cloudy conditions. While the
data-driven model used for predicting Tyy, is valid for solar radiation <
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100 W m’z, Ty predicted using Eq. (2) for low levels of solar radiation
can be approximately equal to Ty, resulting in CWSI values less than zero
or greater than 1. In this study, solar radiation less than 200 W m 2 often
resulted in CWSI values less than zero. [40] also found solar radiation
greater than 200 W m~2 was necessary to reliably use canopy temper-
ature measurement for irrigation scheduling. In this study, daily CWSI
was limited to a maximum of one and a minimum of zero in software to
avert illogical values. The effect of wet canopy and low solar radiation
on calculation of daily CWSI is evident in Fig. 8 on 18 and 24 August
when a value of zero was assigned to daily CWSI during rainfall events.
Limiting daily CWSI value to zero due to low solar radiation or wet
canopy has little practical impact on use of CWSI for irrigation man-
agement as vine water stress is low under these circumstances due to low
evaporative demand. When calculated CWSI is greater than one due to
low solar radiation, limiting the value of one is more problematic as this
results in a very erroneous representation of vine water stress that could
lead to an unnecessary irrigation event.

The climatic conditions leading to errors in calculating CWSI (rain-
fall, low solar radiation) are limited to 1-to-3-days in duration in the
semiarid regions of the pacific northwestern U.S. and do not prevent
application of the CWSI based IoT irrigation DSS system in the region.
Software used to compute CWSI can be modified to detect these events
and indicate to the user that the daily CWSI is unavailable. The daily
CWSI value for the day preceding the rainfall or low solar radiation
event can be used to guide irrigation decisions as plant water stress will
decrease with rainfall or increase minimally as ET will be small under
low solar radiation conditions.

The CWSI based IoT irrigation DSS system developed and imple-
mented in this study focused on two small acreage, commercial estate
vineyards in semiarid southwestern Idaho USA. The climatic conditions
at the study sites were representative of vineyards in the semiarid irri-
gated regions of the Pacific Northwest U.S. Small acreage vineyards can
be found throughout the region and most do not have staff with irriga-
tion science training, nor can they afford to hire trained vineyard irri-
gation management professionals or services. They need affordable
irrigation scheduling tools that are easy to maintain and indicate when
to irrigate to maintain a desired level of vine water stress. The vineyard
managers at the study sites were pleased the system reliably and timely
indication of vine water stress without having to spend time collecting
soil water content measurements needed to estimate fASW or measure
leaf water potential. While this study focused on small commercial es-
tate vineyards, the IoT irrigation DSS concept is applicable to larger
commercial vineyards where it could be used to provide plant water
stress information needed to ground truth remote sensing based esti-
mates of the ratio of actual-to-reference ET such as those provided by
GRAPEX [41] or OPENET (https://openetdata.org). These remote
sensing-based estimates have a minimum spatial resolution of 30 m,
which is larger than the minimum dimension of irrigation management
blocks in many commercial estate vineyards, hence they are not
necessarily applicable to small commercial estate vineyards in the
region.

The CWSI based IoT irrigation DSS system implemented in this study
used expensive scientific grade equipment, which proved invaluable to
investigate the validity and adoptability of the system for irrigation
management in wine grapes. The infrared temperature sensors cost $700
each, the multifunctional precision data logger was $2000, and the
cellular modem with accessories was $700 totaling over $6100
excluding web page publishing software and climatic sensors. The soil
moisture sensor cost is not included as it is unnecessary for calculation of
the CWSI. The cost of the equipment used in this study is prohibitive for
small vineyards to monitor just a single location.

Vineyard manager acceptance and adoption of the CWSI based IoT
irrigation DSS system implemented in this study justifies continued
development and enhancement of the system. Future work will focus on
incorporating less expensive infrared temperature sensors coupled with
low-power, low-cost radio communications to allow wireless transfer of
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data to a base station. The base station will be connected to the internet
using a cell phone modem and used to upload canopy temperature
measurements across a vineyard to a cloud computing platform. The
cloud computing platform software will be used to host webpages like
those used in this project to allow real-time monitoring of canopy
temperature at sensor locations across a vineyard and display daily
CWESI for each canopy temperature monitoring location. These system
enhancements would increase size of the vineyard area represented by
daily CWSI measurements, encompassing multiple cultivars and irriga-
tion blocks or irrigation management zones in larger vineyards.

5. Conclusions

A CWSI based IoT irrigation DSS was developed, and field tested at
two small acreage commercial wine grape estate vineyards in south-
western Idaho. Irrigation DSS webpages, accessible to vineyard man-
agers via cell phone or computer, provided a running 12-day history of
CWSI daily values, soil moisture and current weather conditions. Data-
driven models were used to estimate reference temperatures needed to
calculate the CWSI using real-time environmental inputs for Rs, Ta, RH,
and WS. Edge computing on a solar powered, field-deployed data logger
was used to calculate the CWSI and fASW, and the data logger was used
to host webpages of the irrigation DSS. The data logger was connected to
a cellular modem located in the vineyard. The vineyard managers
routinely used the irrigation DSS webpage for the CWSI and soil mois-
ture to make irrigation management decisions. The average daily CWSI
and irrigation amounts between 1 July and 15 September were similar
between years over the four-year study for each study vineyard sug-
gesting that the CWSI based IoT irrigation DSS was effective in assisting
irrigation management decisions.

Linear relationships between daily CWSI, midday LWP, and fraction
of available soil water were significant (p < 0.001) at both study sites.
The coefficient of determination (R? = 0.58) for the linear relationship
between daily CWSI and fraction of available soil water for V-B was
better than that for midday LWP (R? = 0.38) indicating daily CWSI was
the most reliable indicator (less variable) of vine water status.

The data-driven models used to estimate Ty;, and Ty, can result in
CWSI values outside the theoretical range of 0 to 1 when the canopy is
wet from precipitation or solar radiation is <200 W m~2. These climatic
conditions are limited to 1-to-3-days in duration in the semiarid regions
of the pacific northwestern U.S. and do not prevent application of the
CWSI based IoT irrigation DSS system in the region. These climatic in-
stances can be detected by IoT irrigation DSS system software and
indicate to the user that the daily CWSI is unavailable. The daily CWSI
value for the day preceding the rainfall or low solar radiation event can
be used to indicate plant water stress since it will decrease with rainfall
or increase minimally as ET will be small under low solar radiation
conditions.

The hardware and software used to implement the CWSI based IoT
irrigation DSS in this study was very reliable but too expensive for
practical commercial application. Future work will focus on incorpo-
rating less expensive infrared temperature sensors coupled with low-
power, low-cost radio communications to allow wireless transfer of
data to a base station. The base station will be connected to the internet
using a cell phone modem and upload canopy temperature measure-
ments across a vineyard to a cloud computing platform. The cloud
computing platform software will be used to host webpages like those
used in this project to allow real-time monitoring of canopy temperature
at sensor locations across a vineyard and display daily CWSI for each
canopy temperature monitoring location.
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