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Executive Summary 
The agricultural sector is the largest user of freshwater in Australia accounting for nearly 70% of 

total consumption. Given the increasing demand for freshwater simultaneously with its scarcity, 

and the need to continually improve wine quality for a competitive export market, a second 

season of data collection was undertaken in the vintage of 2017 to assess remote sensing aerial 

imagery as a tool to quantify vine water and nitrogen (N) status across the Coonawarra region. 

In addition to the dataset collected last year, prototypes of plant-based non-contact infrared 

sensors for water stress monitoring, known as thermography towers (TT), were tested over the 

growing season in several vineyards across the region. Remote sensing was done using a manned 

fixed wing aircraft equipped with thermal, multispectral and RGB (visible) cameras in two flights 

across ~1500 ha of vineyards on 21st February and 25th March, 2017. Concurrent to each flight, 

an intensive ground truthing survey that examined plant physiological indicators of vine water 

status (stomatal conductance (gs) and midday stem water potential (Ψs or Ψmd)) and vine N status 

(tissue N concentration) were performed across ~100 ha of vineyards for the two predominant 

varieties, Cabernet Sauvignon and Shiraz.  

 

Airborne remote sensing of vine water status across the region revealed moderately positive 

correlations with gs, particularly during Flight 1 when the VPD was higher, suggesting that the 

technique could be promising for measurement of water status for irrigation scheduling, 

particularly under high VPD conditions above 2KPa which is quite typical during the irrigation 

season in Coonawarra. The relationship between gs and these thermal water stress indices was 

stronger for Shiraz than for Cabernet, possibly due to Shiraz being a relatively anisohydric 

cultivar.  

 

The TT derived thermal index (CWI) was moderately correlated with gs in both flights and was 

more consistent for Cabernet than Shiraz. Positive CWI values generally indicate well water vines; 

these values could be used with cultivar specific thresholds to schedule irrigation in the future— 

however, more research on defining these thresholds for each cultivar is required. The initial 

prototypes have revealed areas of improvement and optimisation of the sensors for increased 

robustness and ability to access data from multiple platforms. The current systems only allows 

manual data access but future designs could incorporate wireless data access through the Cloud. 

Automated and continuous sensing of crop water status has the potential to increase yield, crop 

water use efficiency, refine quality and decrease water and energy costs thereby increasing on-

farm profitability.  

 

Vine N status was predicted quite well by several remote sensing indices tested in this trial 

obtained from the multispectral camera. In particular, the index MCARI correlated well with 

tissue N in both cultivars, while OSAVI correlated strongly with the proximally sensed chlorophyll 
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index as well as yield in Shiraz. In Shiraz, NDVI was a strong predictor of WUE; higher NDVI values 

corresponded to lower WUE. These relationships may in the future allow growers to manage vine 

productivity and vineyard WUE by tracking vegetation indices such as NDVI, MCARI, and OSAVI.  

 

The aim of this funding was to evaluate the potential of aerial remote sensing and the new TT 

technology for potential long term commercial applications for use within the grape growing 

region of Coonawarra. However, the scope of this trial potentially extends into many other grape 

growing regions within Australia, and indeed across other agricultural sectors. This project will 

present for the Coonawarra community a timely, broad scale, and new innovative examination 

of vine water use efficiencies, and novel irrigation system technologies. The aim is to 

demonstrate to the community economically viable improved irrigation strategies based on real 

time actual vine needs that lead to enhanced wine quality and lower irrigation volumes.  

Furthermore, this project aligns with the vignerons vision to improving water use efficiency and 

adapting to climate change.  
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1. Introduction 
The long-term sustainability of vineyards in Australia is critically dependent on the availability of natural 

resources including freshwater for irrigation. Patterns of regional climate change are manifested as 

decreasing precipitation with erratic frequency, and increasing evapotranspiration rates driven by higher 

growing season temperatures, both day- and night-time. These trends are increasing the pressure on 

irrigators to continually seek opportunities to maximise the efficient use of freshwater. In the 

southeastern part of South Australia, which includes the Coonawarra viticultural region, recent changes 

to the Lower Limestone Coast Water Allocation Plan, coupled with the likelihood for a more variable 

climate of drought, and temperature extremes highlight the need for viticulturists to efficiently and 

sustainably manage the precious water resource. Strategic water management is also a very important 

tool for manipulating vine vigor, yield and fruit quality (Collins and Loveys 2010).  

Irrigation scheduling is complex and often involves a number of strategies. The choice of irrigation 

scheduling depends not only on the objectives of the irrigator, but also the irrigation system available 

(Jones 2004). In Coonawarra, irrigation is commonly scheduled based on interpretation of soil moisture, 

evapotranspiration, visual assessments, weather forecasts and climate outlooks. In addition, some 

vineyards measure on a weekly basis the vine water status through the use of midday stem water 

potentials and more recently, stomatal conductance, through the use of porometry. However, for the 

majority of strategies discussed, a degree of interpretation is required, particularly for soil moisture 

monitoring, and although measures of vine water status are effective and accurate detectors of vine water 

stress, these strategies lack the commercial applicability as none of the above methods are well adapted 

for automation (Jones 2004). Furthermore, with these methods, variability between results means that 

many measurements are required for reliable data and therefore, are more suited to the research 

environment (Loveys 2005). Of the 5,700 ha of vineyards in Coonawarra, drip irrigation comprises the 

majority of irrigation systems and  plays a major role in reducing the amount of water required. However 

drip irrigation requires precision to optimize WUE at the vineyard scale, and consequently new methods 

of accurate scheduling and control (Jones 2004).   

Within any given vineyard block, intra-field heterogeneity is expressed in the forms of soil water holding 

capacity, vine vigour, yield and fruit quality as a result of differences in topography, soil type, management 

practices, plant health (e.g. the presence of trunk disease), and mesoclimates.  While temporal variability 

occurs between vintages as consequence of changes in climatic conditions, like rainfall and temperature, 

and changes to management practices (Iland, et al. 2011), for example, pruning levels, canopy 

management and crop manipulation. Detailed spatial and temporal knowledge about vineyard 

performance is now commonly sourced through the use of remote sensing imagery and technology (Iland, 

et al. 2011, Hall and Wilson 2013) also known as precision viticulture (PV). Precision viticultural indices 

commonly used include Plant Cell Density (PCD) and Normalized Difference Vegetation Index (NDVI) as 

captured via remote and proximal sensing at high spatial resolutions incorporating tools such as 

multispectral cameras, global positioning systems (GPS) and geographical information systems (GIS) 

(Iland, et al. 2011). PV in Coonawarra is a technique incorporated into a wider range of management 

strategies.  Therefore, extending PV in Coonawarra to determine spatial variability across and within 
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vineyards for water stress and irrigation requirements (Bellvert, et al. 2015) through the use of infrared 

thermography is a novel technique for vineyard managers scheduling irrigation in Coonawarra.  

The application of thermal imagery for the study of stomatal conductance in particular, the detection of 
stomatal closure, along with canopy temperature, has been previously documented (Jones, et al. 2002, 
Jones 2004, Loveys 2005, Loveys 2008, Bellvert, et al. 2014, Bellvert, et al. 2015, Bellvert, et al. 2015, 
Nolan, et al. 2015). It is well known that evaporative cooling of leaf lamina as a result of transpiration can 
be a useful indicator of vine water stress (Tanner 1963, Idso, et al. 1981, Jackson, et al. 1981). More 
specifically, changes in leaf temperature as a result of transpiration, can be used as a surrogate for 
stomatal conductance (Jones 1999, Loveys, et al. 2005). Further to this, stomata are known to be 
particularly sensitive to water deficits and will exercise a measure of control through changes in stomatal 
conductance, leaf angle, hydraulic properties and transport systems to early indicators of water stress and 
therefore, irrigation requirements (Jones 2004). The evolution of thermography is prefaced by the 
recognition that leaf temperature increases as vines become water stressed and their stomata close and 
as such, the temperature variance within an image even as a result of small changes in crop water status, 
can provide a detectable index of stomatal aperture through the effects on the canopy microclimate 
(Jones, et al. 2002). 

Temperature information obtained from plant canopies can be useful in estimating crop water stress 
through an index known ‘Crop Water Stress Index’ (CWSI), original proposed by Idso and co-workers in 
the early 1980s in the semi-arid climate of Arizona, USA. CWSI is a normalized index based on the 
difference in temperatures between the canopy surface and that of a ‘non-water-stressed baseline’ (Jones 
1999; Eqn. 1). The latter temperature is typically that of a well-watered crop that is transpiring at its 
maximum or potential rate (Idso, et al. 1981). CWSI is given by the following expression:  

 

𝐶𝑊𝑆𝐼 =  
(𝑇𝑐 − 𝑇𝑏𝑎𝑠𝑒)

(𝑇𝑚𝑎𝑥 − 𝑇𝑏𝑎𝑠𝑒)
 (Eqn. 1) 

 

where Tc is the canopy temperature obtained from ground or aerial thermography, Tbase is the well-
watered baseline temperature, and Tmax is the temperature of a non-transpiring canopy. Values for CWSI 
range from 0 to 1 with 0 representing a well-watered crop and 1 representing a highly water-stressed 
crop. 

CWSI has been shown to be well-correlated to midday leaf water potential (Berni, et al. 2009, Bellvert, et 
al. 2014), stomatal conductance (Leinonen and Jones 2004, Berni et al. 2009, Yu et al. 2015), and relative 
yield in grapevine (Grimes and Williams 1990). While the CWSI approach works reasonably well in semi-
arid regions with typically high vapour pressure deficit (VPD) levels, it has limited applicability in humid 
climates where there is significant cloud cover, which affects canopy temperature, and in windy conditions 
(Jones and Sirault 2014). One recent study from Spain used CWSI to estimate a remotely-sensed leaf water 
potential (Ψrem) that was then used to establish thresholds for irrigation scheduling in vineyards (Bellvert, 
et al. 2015). The same study found correlations coefficients (R2 values) between Ψrem and Ψleaf (via pressure 
bomb measurements) of 0.31 across the entire season and 0.61 when only high VPD (> 2.3 kPa) days were 
considered, suggesting that the CWSI technique is only really useful in warm, dry conditions, i.e. on 
moderate to high VPD days.  

For several reasons including errors in absolute temperature measurement, irradiance levels, wind speed, 
and low VPD environments, the use of a non-water stressed baseline temperature, Tbase, is problematic 
and may lead to large errors in the estimation of CWSI. A modified version of this was proposed by Jones 
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(1999) addresses some of these issues by using reference temperatures of a rapidly transpiring leaf, Twet, 
and a non-transpiring leaf, Tdry. The modified CWSI (CWSI’), used for the present study, is given as: 

𝐶𝑊𝑆𝐼′ =  
(𝑇𝑐 − 𝑇𝑤𝑒𝑡)

(𝑇𝑑𝑟𝑦 − 𝑇𝑤𝑒𝑡)
 (Eqn. 2) 

 

Another index known as the ‘Condutance Index’ (Ig) was developed by Jones (1999) for low VPD 

environments and for cloudy conditions. This index also uses the same reference leaf temperatures, Tdry 

and Twet, as well as canopy temperature (Tc) and is directly proportional to stomatal conductance, gs: 

𝐼𝑔 =  
(𝑇𝑑𝑟𝑦 − 𝑇𝑐)

(𝑇𝑐 − 𝑇𝑤𝑒𝑡)
 (Eqn. 3) 

 

In the 2016-17 growing season, a prototype platform based on continuous sensing of canopy temperature 

using non-contact infrared (IR) sensors placed above grapevine canopies was trialed in several of the 

blocks used in this study. These ‘thermography tower’ (TT) platforms have the advantage of being low 

cost, non-destructive, and continuous in their sensing of both canopy and ambient temperatures in real 

time. A simplified index, called a ‘Crop Water Index’ (CWI, based on the temperature difference between 

ambient and canopy, as obtained continuously from the IR sensors, was determined.  

Nitrogen (N) is an essential macronutrient for grapevines required for nucleic acid and protein synthesis, 
and a key component of the (green) chlorophyll pigment in leaves responsible for photosynthesis. N is the 
nutrient that is required by grapevines in the greatest quantity (Keller 2005 AJEV 56). N strongly influences 
shoot growth and vigour, grape composition, fermentation performance and wine composition (Iland, et 
al. 2011). While excessive N inputs are associated with high N concentration in vegetative organs resulting 
in excess vigor (Metay, et al. 2015), N deficiency can slow shoot growth and development, result in inferior 
berry composition, and reduce yeast assimilable nitrogen (YAN) concentrations, which affect juice 
fermentations (Iland, et al. 2011, Metay, et al. 2015). Prudent application of nitrogen in vineyards is 
therefore important to avoid leaching or oversupply to the vines. (Coombe and Dry 1992). Indicators exist 
to assess N status through petiole and leaf blade analyses, however, with the exception of petiole 
sampling at flowering, standards at other phenological stages are not well-defined (Metay, et al. 2015). 
Leaf chlorophyll has been shown to be affected by N availability, particularly from flowering onwards, as 
this is when the vine switches from reserve metabolism to N uptake by the roots (Metay, et al. 2015). 
Previous relationships have been established between leaf chlorophyll and N contents in other crop 
species (Schlemmer, et al. 2013) and as such, remote sensing techniques of chlorophyll content may 
provide accurate measures of N content (Schlemmer, et al. 2013). 

The commercial advantage to such techniques lie in the semi-automated analysis of large areas of canopy, 
integrating a greater number of leaves into the measure to capture canopy temperature and chlorophyll, 
which can reduce error associated with point measures and vine-to-vine variation associated with more 
traditional measures of stomatal conductance and vine nutritional analyses. Although it is acknowledged 
that stomatal conductance is at present measured accurately through the use of porometry, measures 
are still labour intensive and have a high degree of vine-to-vine variation (Jones, et al. 2002, Loveys, et al. 
2005). Further to this, the common soil N test reflects total N (which is immobile and cannot be used by 
the plant) or nitrate which is in a constant state of flux combined with poorly defined leaf and petiole 
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standards (Metay, et al. 2015) to warrant an investigation into these remote sensing technologies. With 
the increasing requirement of viticulturists to approach irrigation scheduling based on sensing the vines’ 
response to water deficit rather than soil moisture status (Jones 2004), for Coonawarra, and potentially 
many grape growing regions of Australia,  there exists a requirement for a more accurate, rapid detection 
of nitrogen and actual vine water stress to inform a ‘step change’ in more efficient irrigation management 
that minimize water use and maximize water use efficiency at the various stages of vine growth and 
throughout the whole season. 

Non-destructive estimates of leaf nitrogen status or chlorophyll levels are done using handheld 
multispectral sensors such as SPAD-502 (Minolta Corp.) , which measures the transmittance of light 
through a leaf at 650 nm and 940 nm and calculates a SPAD index using these two values. This technique 
has high variability from plant to plant, between species, and due to environmental conditions (Daughtry 
et al. 2000. Since most of the N in leaves is in the chlorophyll molecule, measurements of chlorophyll may 
provide a good estimate of leaf N. Remotely sensed chlorophyll estimates using multispectral imagery are 
based on the canopy reflectance measurements at two key wavelengths – 550-600 nm and 800-900 nm 
– that correspond to the green and near infrared (NIR) regions, respectively. Additional wavelengths of 
light, in particular in the red and red edge regions around 670 nm and 705 nm, respectively, can be useful 
to estimate vegetation parameters and chlorophyll (Daughtry et al. 2000).  

This second report is on the application of proximal and aerial thermal imaging, or thermography, and 
airborne multispectral imagery to evaluate vine water and nitrogen status in the Coonawarra grape 
growing region of South Australia during the 2016-17 season. We additionally investigated whether 
remote sensing of water stress could aid in making informed irrigation decisions to improve water use 
efficiency and overall wine grape quality. Moreover, for these techniques to be considered commercially 
viable, measures of vine water status need to be easy to obtain in a temporal scale, easy to interpret, 
robustly correlated with actual plant physiological parameters, and be integrated over many samples to 
cover a wide space scale (i.e. whole vineyard, region, etc.). 

The long term sustainability of the wine grape sector is important to South Australia, and given the at risk 
nature of our water resources in a changing climate, and the need to continually improve wine quality for 
a competitive export market, this project has the potential to present a step change for the future. 

 

2. Materials and Methods 

Environmental data 

The 12 experimental sites were located in Coonawarra, South Australia (37.29°S, 140.83°E). The mean 
January temperature (MJT) for Coonawarra is 19.3°C and the degree days (DD) (October-April) is 1392. 
The climate of the area is Mediterranean with winter dominant rainfall and relative summer drought 
(Longbottom, et al. 2011). Climatograms show that in Coonawarra, grapevines are likely to suffer moisture 
stress from mid-December until mid-April and as such, require varying degrees of supplementary 
irrigation (Longbottom, et al. 2011), depending on the degree of water stress experienced. The vintage 
2017 irrigation season was minimal due to unusually wet spring and growing season. Frequency of 
irrigation varied between vineyard sites, but was typically lower and less frequent then previous seasons. 
Irrigation was applied via drip irrigation.  Typically, annual rainfall for Coonawarra is 569.2 mm (May-April):  

(http://www.bom.gov.au/climate/averages/tables/cw_026091.shtml). 

The elevation of the region is between 57 m and 63 m above sea level. 

http://www.bom.gov.au/climate/averages/tables/cw_026091.shtml


 

10 
 

In each block, 4 vines (2 vines in each sub block) were chosen strategically as reference vines based on 
known vigour zones (using prior available aerial NDVI maps or known variations in soil type/water status), 
typically 2 zones per block where applicable. In most cases, the ground-truthing locations matched those 
used in the first season of the trial, 2015-16. Block sizes ranged from 1.5 to 17 ha. Measurement vines 
were chosen in pairs (2 vines on either side of the reference midrows per sub block). All vines were 
geolocated with a handheld GPS unit (Garmin) to aid in later vine identification from remote sensing 
imagery. To aid geolocation, large (2x2 m) wooden crosses were painted white and placed in the midrows 
next to the vines used for ground truthing. These crosses were useful in identifying precise ground truthing 
locations in the aerial imagery. A total of approx. 1,000 ha was covered in this study out of a total regional 
area of approx. 5,700 ha.  

The key characteristics of each vineyard are described in Table 1. Vineyards were of the red winegrape 
varieties Vitis vinifera cvs. Shiraz and/or Cabernet Sauvignon. Vines varied in age with an approx. age 
range of 5 to 48 years and were fully cropping (i.e. mature). All vineyards were subject to drip irrigation. 
Canopy management practices aimed at producing high quality grapes by limiting canopy growth; these 
practices included shoot trimming and some shoot positioning throughout the season.  

Pre-dawn water potentials 

In each block, pre-dawn water potential (Ψpd) was measured between the hours of 0300 and 0700 on 

the same day as the flight using a Scholander pressure chamber (Soilmoisture Equipment Corp., Santa 

Barbera, CA, USA). Ψpd measurements were performed on the two measurement vines in each sub-block 

in the early hours of the morning, before the leaves begin transpiration. Measures of Ψpd  have 

previously been considered a surrogate for soil matric potential as leaf water potentials become 

equilibrated with soil water potentials (Loveys et al. 2005).  

Midday stem water potentials 

In each block, stem water potential (SWP or Ψstem) was measured between the hours of 1100 and 1400 
on the same day as the flight using a Scholander pressure chamber (Soilmoisture Equipment Corp., Santa 
Barbera, CA, USA). Ψstem measurements were performed on the two measurement vines in each sub-block. 
One fully-expanded (mature) leaf per measurement vine was bagged up to 2 hours prior to sampling and 
concomitant to each flight. According to Girona, et al. (2006), Ψleaf measurements in California on Pinot 
Noir grapevines had the following indices for water status: Ψleaf ≥ -0.8MPa was the threshold assumed for 
well-watered vines, Ψleaf ~ -1.2MPa for moderately-stressed vines, and Ψleaf ≤ -1.6MPa for severely-
stressed vines. Typical values of Ψstem are 0.25-0.3 MPa higher than Ψleaf in a well-watered vine that is 
transpiring optimally. Measurements of vine water status, be it Ψleaf or Ψstem, are highly correlated with 
each other and similarly reflect the amount of water in the soil profile and leaf gas exchange (Williams 
and Araujo 2002). 

Stomatal conductance 

Concomitant to Ψstem measurements, leaf stomatal conductance (gs) was measured using a portable 
porometer (Model AP3, Delta-T Devices). The porometer was calibrated daily according to the 
manufacturer’s instructions. Due to limited resources and the importance of covering all the blocks within 
a short timeframe, only one measurement was made on one fully-expanded (mature) sun-exposed leaf 
of each vine within the sub-block for a total of two measurements per sub-block. All ground truthing was 
done by two teams of two individuals in order to ensure maximum overlap of timing with aerial imagery.  
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Ground-based thermal imaging 

A handheld thermal infrared (IR) camera (Model B400, FLIR Systems; IR resolution: 320 x 240 = 76,800 
pixels; spectral range: 7.5-13 μm) was used to record IR and RGB photographs simultaneously of each of 
the measurement vines’ canopies. Images were captured obliquely to the canopy in order to fit the entire 
canopy area into the camera’s field of view of 25°. The IR camera’s microbolometer sensors have a thermal 
sensitivity of 0.05°C across their full range of temperatures from -20°C to +350°C with an accuracy of ±2% 
as per the manufacturer’s specifications. Thermal images were processed using ‘FLIR Tools’ image 
processing software (v.5.4, FLIR Systems). Minimum, maximum and average canopy temperatures were 
extracted from each canopy’s thermal image and used for the calculation of Crop Water Index (CWIg) and 
Crop Water Stress Index (CWSIg); see below for these details. 

Aerial thermal and multispectral imaging 
Airborne thermal images were obtained on two days in the 2016-17 season: February 21, corresponding 
to approx. véraison, and March 25, mid maturity, but prior to harvest. A fixed-wing aircraft commissioned 
by Ceres Imaging (CA, USA) was equipped with a 5-band multispectral (3 visible, 1 red edge, 1 near 
infrared) and a thermal long wave infrared imaging sensor. The effective ground resolution of the cameras 
were ~ 0.35 m. Additional details of the sensors were unavailable to us. From the multispectral data, three 
vegetation indices were determined: NDVI (Normalised Difference Vegetation Index), MCARI (Modified 
Chlorophyll Absorption in Reflectance Index) and OSAVI (Optimised Soil Adjusted Vegetation Index) as 
given below (R is the reflectance at a specific wavelength; RE = red edge; G = green; NIR = near infrared).   

NDVI = (RNIR – RRED) / (RNIR + RRED) 

MCARI = [(RRE – RRED) – 0.2(RRE – RG)] ∙ (RRE/RRED) 

OSAVI = (1 + 0.16) ∙ (RNIR – RRED)/(RNIR + RRED + 0.16) 

Normalised values for MCARI and OSAVI were calculated for each flight day. Flights were done between 
1100 h and 1400 h on each day, February 21 and March 25, 2017, under low wind conditions and all 
vineyards (~1,000 ha) were covered in a single flight. All post-flight image processing, determination of 
vegetation indices, and map generation work was done by Ceres Imaging and made available online 
through the company website. Select data of temperature and spectral reflectances was provided in a 
high spatial resolution grid of ~ 0.3 m2 in the region surrounding the two measurement vines per sub-
block. 

Determination of CWSI and Ig 

CWSI and Ig were calculated using Eqns.  1 and 2, respectively. For the two remotely sensed thermal 
indices, Twet was obtained using the minimum canopy temperature found on the particular day from all 
vineyards measured using the FLIR B400 camera. Tdry was taken as the maximum mid-row temperature 
(as a non-transpiring surface) from aerial thermography for the day. Detailed pixel information of canopy 
and midrow temperatures from a grid of approx. 225 pixels was used at each location. For the proximally 
sensed thermal indices, Twet was obtained by spraying a leaf with water using a spray bottle and measuring 
its temperature using the FLIR camera after approx. 10 min to allow for maximum evaporation (and 
associated cooling) to occur. Tdry was obtained by excising a leaf from the same vine and placing it in the 
sun for ~ 10 min before its temperature was measured.  

Ground based in situ temperature measures 
A series of Tinytag data loggers (Model TGP-1840, Gemini Data Loggers) were placed within the canopy 
of sub block of vines to record ambient air temperature. In addition, temperature, wine speed and relative 
humidity (RH) was captured where possible from a local weather station network and Bureau of 
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Meteorology weather station site located near the vineyards assessed. Daily maximum air vapor pressure 
deficit (VPD) was calculated using maximum temperature and minimum RH data on the days of the ground 
truthing and flights. The VPD reported was the actual VPD during the time of ground-truthing (relative 
humidity was obtained from the BOM weather station in Coonawarra).  

Thermography Towers 

Prototype thermography towers (TTs) were built and installed at several vineyard blocks used as part of 

this study. These towers consist of an Arduino microprocessor, built-in datalogger, and four non-contact 

IR sensors (Melexis, Belgium) (Fig 1). The sensors are mounted onto a wooden frame and installed on a 

post in the canopy row. Each IR sensor has a field of view of 35° so was adjusted to capture maximum 

canopy area without the midrow. Prior to installation, each sensor was calibrated versus a commercial 

high accuracy IR thermometer (Fluke); the readings were within 0.2°C of each other.  

A

 

B

 

C

 

Figure 1: (A) Arduino microprocessor, datalogger and lithium ion batteries housed in the controller box 

(grey) along with a solar panel attached to a in row post; (B) close up of the IR sensors; (c) 

thermography towers deployed in one of the vineyards.  

Nitrogen assessments (canopy and fruit): 
Non-destructive estimates of leaf chlorophyll were made on each of the measurement vines using a 
handheld chlorophyll meter (Model CCM-200, Apogee Instruments, Inc.). Values of Chlorophyll Content 
Index (CCI) were reported by the instrument. CCI is the ratio of optical transmissions at 931 nm and 653 
nm across the area of the cuvette (area = 71 mm2). Two measurements were made of each vine within 
the sub block. As described above, aerial multispectral data was obtained from Ceres Imaging to calculate 
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three vegetation indices that relate to chlorophyll and N: NDVI, MCARI and OSAVI. In addition, 
approximately 100 leaf blades were collected for nitrogen assessment per sub block from the same vines. 
Prior to harvest, a randomized bunch selection was collected from within the sub block and was assessed 
for nitrogen to detect fruit Yeast Assimilable Nitrogen (YAN). 

Quality parameters 

Prior to harvest, a randomized bunch selection was collected from within the sub block and was assessed 
for total anthocyanin, tannin (epicatechin) and phenolics along with soluble solids (Baume), pH and 
titratable acidity (TA) measures.  

Yield parameters 

At harvest, yield components of bunch number per vine and total berry number per bunch, and fruit 
yield per metre cordon were recorded. 

Water use efficiency indices 

Irrigation water use efficiency (IWUE or WUE, [t/ML]) was calculated for each vineyard block as the ratio 
of yield [t/ha] and total irrigation applied [ML/ha] over the season (Eqn. 3). This metric is useful in 
estimating the efficiency with which supplemental water applied via drip irrigation is converted to fruit 
biomass or yield.  

 

 

 

 

 

 

The last two WUE indices relate key grape berry quality metrics (hence the subscript ‘q’) to irrigation water 
applied. WUEqa is a metric of the efficiency of converting a unit of water to a unit concentration of 
anthocyanin in the berry. Similarly, WUEqt represents the efficiency of converting a unit of water to a unit 
concentration of total polyphenols, which include anthocyanins, tannins, and other phenolic compounds. 
Both these indices provide an indication of which vineyards are producing the highest quality fruit 
(assuming anthocyanins and polyphenols are indicators of berry quality) with the least amount of 
irrigation. 
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3.Results and Discussion 

Regional area of coverage 

 

The following figure (Figure 1) describes the area flown in Coonawarra for the trial: 

Figure 1: Region covered across the Coonawarra for this study. Highlighted regions represent vineyards 
covered by the flights (~1500 ha); regions in red represent vineyards where ground-truthing was 
conducted (~100 ha).  
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Environmental conditions 

The following chart describes the climatic conditions for the 2017 growing season including Temperature 

and Vapour Pressure Deficit (VPD). Flight one was 21st February 2017 and Flight 2, 25th March 2017. 

 

Growing season temperatures throughout 2017 were in general, below average, particularly throughout 

the spring (September-November) and the season was characterized by above average rainfalls. The 

following chart describes the 2017 rainfall and GDD temperatures and compares this to previous long 

term weather data. The two seasons of this project (2016 and 2017 are highlighted). GDD was higher, with 

less rainfall in 2016 than 2017. In contrast, rainfall was among some of the highest recorded in history 

throughout 2017 and this was also reflected in the lower amounts of irrigation applied that season. 

 

The following table describes the detailed 2017 climatic conditions at the time of the two aerial flights 

and ground truthing time points, as referenced from Bureau of meteorology weather station in 

Coonawarra. 
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Table 1. Climatic conditions in Coonawarra on flight days 1 and 2, 2017 season. 

 Flight 1 (21/02/17) Flight 2 (23/03/17) 

Cumulative Degree Days (DD) 1,021 1,373 
Max VPD (kPa) 2.43 1.63 
Max Temperature (°C) 26.7 27.5 
Minimum Temperature (°C) 2.9 17.7 
Maximum Relative Humidity (%) 97 86 
Minimum Relative Humidity (%) 19 48 
Daily solar radiation (MJ/m2) 25.6 17.9 
Daily Evapotranspiration, ET0 (mm) 3.96 2.82 
Precipitation in previous 72 h (mm) 1.4 0 

 

The following table describes the vineyard characteristics of the surveyed blocks where analysis were 

performed for the 2017 season. 

Table 2. Vineyard characteristics of surveyed blocks in Coonawarra 

Vineyard 
Area 
(ha) 

Vine 
spacing 

(m) 

Row 
spacing 

(m) 
Variety 

Vine 
age 
(yrs) 

Yield 
V17 

(kg/m) 

Total 
irrigation 

applied V17 
(ML/ha)  

Soil 
classification 

RAW¥ (mm) 

A 1.44 2.0 3.00 SHI 44 3.75 0.24 B4 50 
B 5.38 2.0 3.05 SHI 15 2.76 0.23 B4 50 

C1 4.09 1.5 3.00 SHI 47 6.12 0.53 B3 30 
C2 4.09 1.5 3.00 SHI 47 1.79 0.53 B3 30 
D1 15.30 1.5 2.00 SHI 23 4.48 0.29 B4 50 
D2 15.30 1.5 2.00 SHI 23 4.55 0.29 B4 50 
D3 15.30 1.5 2.00 SHI 23 7.72 0.29 B4 50 
D4 15.30 1.5 2.00 SHI 23 3.51 0.29 B4 50 
E 3.40 2.0 3.00 CAS 44 5.06 0.56 B4 50 
G 4.99 1.5 2.75 CAS 6 3.88 0.56 B4 50 

H1 5.59 1.8 2.75 CAS 10 2.35 0.84 B4 50 
H2 5.59 1.8 2.75 CAS 10 3.96 0.84 B4 50 
H3 5.59 1.8 2.75 CAS 10 3.53 0.84 B4 50 
H4 5.59 1.8 2.75 CAS 10 2.33 0.78 B4 50 
I1 5.95 1.5 3.00 CAS 48 2.02 0.39 B4 50 
I2 5.95 1.5 3.00 CAS 48 4.19 0.39 B4 50 
J1 9.00 1.5 2.00 CAS 27 2.73 0.29 B4 50 
J2 9.00 1.5 2.00 CAS 27 5.40 0.29 B4 50 
K1 15.2 2.2 2.75 CAS 29 3.27 0.40 B4 50 
K2 15.2 2.2 2.75 CAS 29 2.30 0.40 B4 50 
L1 16.6 2.0 2.50 CAS 25 4.44 0.40 B4 50 
L2 16.6 2.0 2.50 CAS 25 4.68 0.40 B4 50 

¥Water in the soil that is easily extracted by the plant is called Readily Available Water (RAW) 
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Table 3. Ground based physiological measures Flight 1, 21st February 2017 

Vineyard Variety 
Seasonal 
irrigation 
(ML/ha) 

Ψpd 
(MPa) 

Ψstem 
(MPa) 

gs 

(mmol 
m-2 s-1) 

T av (°C) 
canopy 

T amb (°C) 
VPD 
(kPa) 

Daily 
ET0 

(mm) 

A SHI 0.24 -2.75 -10.68 227.5 24.6 30.22 2.68 3.96 

B SHI 0.23 -4.41 -12.5 91 28.7 30.08 2.91 3.96 
C1 (n) SHI 0.53 -3.18 -10.5 244 28.6 30.75 3.01 3.96 
C2 (s) SHI 0.53 -3.58 -14.3 78 28.3 30.75 3.01 3.96 

D1 (n31) SHI 0.29 -2.75 -6.47 306 27.6 32.05 3.26 3.96 
D2 (n78) SHI 0.29 -3.02 -11.17 123 24.7 32.05 3.26 3.96 
D3 (s31) SHI 0.29 -3.25 -8.74 267 28.6 32.35 3.26 3.96 
D4 (s78) SHI 0.29 -3.26 -9.25 180 26 32.35 3.26 3.96 

E CAS 0.56 -5.28 -12.85 123 23.8 30.22 2.68 3.96 
G CAS 0.56 * -12.31 122 29.3 30.16 2.81 3.96 

H1  (e25) CAS 0.84 -5.13 -10.4 291 28.7 29.79 2.87 3.96 
H2 (w25) CAS 0.84 -7.17 -14.26 110 29.6 29.79 2.87 3.96 
H3 (35) CAS 0.84 -5.57 -11.08 141 29.2 29.79 2.87 3.96 
H4 (72) CAS 0.78 -3.91 -10.7 178 27.6 29.79 2.87 3.96 
I1 (e) CAS 0.39 -3.31 -11 107 28.2 34.89 3.66 3.96 
I2 (w) CAS 0.39 -3.5 -10.8 142 26.6 34.89 3.66 3.96 
J1 (n) CAS 0.29 * -7.71 284 24 32.05 3.18 3.96 
J2 (s) CAS 0.29 * -13.56 63.5 32.2 32.35 3.26 3.96 
K1 (e) CAS 0.40 * -12.91 154 28.7 31.31 2.98 3.96 
K2 (w) CAS 0.40 * -13.18 137 26 31.31 2.98 3.96 
L1 (e) CAS 0.40 * -11.68 184 31.9   3.96 
L2 (w) CAS 0.40 * -12.12 200.25 31.1   3.96 

 

Table 4. Ground based physiological measures Flight 2, 25th March 2017 

Vineyard Variety 
Seasonal 
irrigation 
(ML/ha) 

Ψpd 
(MPa) 

Ψstem 
(MPa) 

gs 

(mmol 
m-2 s-1) 

T av (°C) 
canopy 

T amb (°C) 
VPD 
(kPa) 

Daily 
ET0 

(mm) 

A SHI 0.24 -3.67 -6.93 298.8 29.3 30.41 1.64 2.82 

B SHI 0.23 -3.71 -6.5 421 28.2 30.51 1.65 2.82 

C1 (n) SHI 0.53 -4.20 -5.87 445 25.6 28.92 1.52 2.82 

C2 (s) SHI 0.53 -3.44 -4.94 347 27.7 28.92 1.52 2.82 

D1 (n31) SHI 0.29 -2.89 -4.47 513 23.7 33.94 2.14 2.82 

D2 (n78) SHI 0.29 -2.87 -5.6 493 27.7 33.94 2.14 2.82 

D3 (s31) SHI 0.29 -2.89 -4.47 513 26.8 33.94 2.14 2.82 

D4 (s78) SHI 0.29 -2.87 -5.6 493 27.3 33.94 2.14 2.82 

E CAS 0.56 -3.76 -8.81 220.5 29.3 30.44 1.64 2.82 

G CAS 0.56 -3.52 -8 412 27 30.38 1.64 2.82 

H1  (e25) CAS 0.84 -4.73 -7.12 316 24.7 29.28 1.55 2.82 

H2 (w25) CAS 0.84 -3.57 -6.63 232 27.5 31.53 1.74 2.82 

H3 (35) CAS 0.84 -4.98 -7.79 281 26.7 31.53 1.74 2.82 

H4 (72) CAS 0.78 -3.74 -5.53 232 30 29.28 1.55 2.82 

I1 (e) CAS 0.39 -3.44 -4.94 347 24.4 28.92 1.52 2.82 

I2 (w) CAS 0.39 -5.14 -6.75 236  28.92 1.52 2.82 

J1 (n) CAS 0.29 -1.98 -4.78 424 27.9 33.94 2.14 2.82 

J2 (s) CAS 0.29 -2.6 -6.63 381 28.1 29.14 1.68 2.82 

K1 (e) CAS 0.40 * -6.81 498 31.2 30.67 1.67 2.82 

K2 (w) CAS 0.40 * -7 379 29.6 30.67 1.67 2.82 

L1 (e) CAS 0.40 -3.56 -8.81 435 31.3 26.6 1.35 2.82 

L2 (w) CAS 0.40     26.6 1.35 2.82 



 

18 
 

Table 5. Canopy attributes and calculated indices Flight 1, 21st February 2017 

Vineyard Variety Tc rem Ig rem CWSI rem Tc Prox Ig prox CWSI prox CWI TT 

A SHI 31.4 4.54 0.18 24.6 1.17 0.46 * 

B SHI 34.9 1.92 0.34 28.7 0.45 0.69 -1.325 

C1 (n) SHI 34.8 1.96 0.34 28.6 0.92 0.52 -1.245 

C2 (s) SHI 35.2 1.86 0.36 28.3 1.10 0.48 1.675 

D1 (n31) SHI * * * 27.6 1.66 0.38 * 

D2 (n78) SHI * * * 24.7 0.84 0.54 * 

D3 (s31) SHI * * * 28.6 0.91 0.52 -0.075 

D4 (s78) SHI * * * 24.3 1.09 0.48 1.15 

E CAS 32.6 3.24 0.24 23.8 1.74 0.37 * 

G CAS 36.3 1.45 0.41 29.3 1.23 0.45 * 

H1  (e25) CAS * 5.97 0.14 29.6 0.62 0.62 * 

H2 (w25) CAS * 4.68 0.18 28.7 1.11 0.47 * 

H3 (35) CAS * 4.14 0.19 29.2 2.72 0.27 * 

H4 (72) CAS * 3.80 0.21 27.6 1.35 0.42 1.17 

I1 (e) CAS 35 1.88 0.35 28.2 1.38 0.42 * 

I2 (w) CAS 33.9 2.38 0.30 26.6 1.23 0.45 0.13 

J1 (n) CAS * * * 24 0.96 0.51 * 

J2 (s) CAS * * * 32.2 0.71 0.59 * 

K1 (e) CAS * * * 28.7 0.54 0.65 * 

K2 (w) CAS * * * 26 0.94 0.51 * 

L1 (e) CAS 29.1 9.85 0.09 31.9 0.75 0.59 * 

L2 (w) CAS 29.7 107 0.01 31.1 * * * 
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Table 6. Canopy attributes and calculated indices Flight 2, 25th March 2017 

Vineyard Variety Tc rem Ig rem CWSI rem Tc Prox Ig prox CWSI prox CWI TT 

A SHI 31.7 0.91 0.48 25.2 * * * 

B SHI 30.7 1.19 0.54 28.2 2.47 0.71 0.055 

C1 (n) SHI 28.5 2.21 0.69 25.6 0.81 0.45 1.57 

C2 (s) SHI 29.4 1.70 0.63 27.7 0.30 0.23 0.275 

D1 (n31) SHI 31.4 1.29 0.56 26.8 1.13 0.53 3.47 

D2 (n78) SHI 29.7 1.44 0.59 27.3 0.58 0.37  

D3 (s31) SHI 30.4 0.99 0.50 23.7 1.67 0.63  

D4 (s78) SHI 30 1.56 0.61 27.7 2.15 0.68 0.145 

E CAS 33.6 0.54 0.35 29.3 1.29 0.56  

G CAS 28.8 2.02 0.67 27 1.89 0.65  

H1  (e25) CAS * 1.90 0.66 24.7 1.60 0.61  

H2 (w25) CAS * 2.08 0.68 27.5 0.63 0.39  

H3 (35) CAS * 1.96 0.66 26.7 2.05 0.67  

H4 (72) CAS * 1.56 0.61 30 0.26 0.21 3.15 

I1 (e) CAS 29.4 1.70 0.63 24.4 11.70 0.92  

I2 (w) CAS 29.1 1.84 0.65 * * *  

J1 (n) CAS 29 1.90 0.66 27.9 0.90 0.47  

J2 (s) CAS 30.2 1.36 0.58 28.1 1.67 0.63  

K1 (e) CAS * 9.79 0.91 31.2 * *  

K2 (w) CAS * - 0.96 29.6 1.53 0.60  

L1 (e) CAS 24.9 14.20 0.94 31.3 0.79 0.44  

L2 (w) CAS * * 1.00 26.4 4.28 0.81  
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Table 7. Yield components at Harvest 

Vineyard Variety Yield (kg/m) Bunch no/m Bunch wgt 
Berry no / 

bunch 
Av berry wgt 

(g) 

Water Use 
Efficiency 

(WUE) 

A SHI 3.75 31 124.20 100 1.24 0.034 

B SHI 2.76 41 67.98 52 1.30 0.039 

C1 (n) SHI 6.12 71 86.90 62 1.40 0.017 

C2 (s) SHI 1.79 27 68.20 53 1.30 0.009 

D1 (n31) SHI 4.48 37 121.19 115 1.06 0.026 

D2 (n78) SHI 4.55 69 64.12 60 1.08 0.047 

D3 (s31) SHI 7.72 85 92.79 65 1.42 0.098 

D4 (s78) SHI 3.51 75 52.65 59 0.90 0.042 

E CAS 5.06 35 144.80 119 1.22 0.026 

G CAS 3.88 49 82.19 54 1.52 0.010 

H1  (e25) CAS 2.35 43 56.62 46 1.23 0.006 

H2 (w25) CAS 3.96 68 57.87 41 1.41 0.006 

H3 (35) CAS 3.53 48 67.10 49 1.37 0.002 

H4 (72) CAS 2.33 37 60.64 51 1.19 0.005 

I1 (e) CAS 2.02 29 67.17 62 1.08 0.010 

I2 (w) CAS 4.19 67 63.66 63 1.01 0.018 

J1 (n) CAS 2.73 55 50.15 53 0.94 0.032 

J2 (s) CAS 5.40 42 140.32 92 1.53 0.047 

K1 (e) CAS 3.27 55 60.05 58 1.04 0.026 

K2 (w) CAS 2.30 44 53.52 47 1.13 0.019 

L1 (e) CAS 4.44 40 118 97 1.21 0.034 

L2 (w) CAS 4.68 35 127.32 113 1.13 0.032 

 

Table 8. Fruit composition and quality 

Vineyard Variety 
Tannin 
(mg/g) 

Anthocyanin 
(mg/g) 

Phenolics 
(a.u./g) 

Soluble 
solids (°Brix) 

pH TA YAN (mg/g) 

A SHI 4.61 1.42 1.21 21.2 3.32 5.5 95 

B SHI 4.79 1.57 1.3 20.8 3.44 4.9 125 

C1 (n) SHI 4.43 1.61 1.3 22.3 3.3 5.3 109 

C2 (s) SHI 6.1 2.11 1.77 22.1 3.86 3.7 295 

D1 (n31) SHI 4.77 1.62 1.32 20.8 3.43 5.1 65 

D2 (n78) SHI 6.12 1.96 1.72 23 3.4 4.8 71 

D3 (s31) SHI 5.24 1.71 1.5 22 3.34 4.7 71 

D4 (s78) SHI 5.61 1.8 1.64 22.4 3.29 5.6 90 

E CAS 7.49 2.55 1.89 24.5 3.61 3.6 145 

G CAS 5.66 1.74 1.38 22.5 3.28 6.2 195 

H1  (e25) CAS 5.02 1.77 1.38 22.1 3.31 6.3 88 

H2 (w25) CAS 5.04 1.79 1.4 21.4 3.28 6.4 144 

H3 (35) CAS 5.09 1.79 1.39 22.9 3.32 5.7 114 

H4 (72) CAS 4.96 1.55 1.32 20.6 3.22 8.7 173 

I1 (e) CAS 6.19 2.18 1.67 22.6 3.57 5 155 

I2 (w) CAS 6.28 1.88 1.52 22.9 3.38 6 149 

J1 (n) CAS 5.56 1.7 1.31 22.7 3.5 5.8 152 

J2 (s) CAS 6.43 2.24 1.82 22.4 3.42 4.9 147 

K1 (e) CAS 9.51 3.07 2.2 24.1 3.7 3.9 101 

K2 (w) CAS 5.33 2.01 1.45 22.5 3.5 5.4 100 

L1 (e) CAS 7.48 2.64 1.97 24.3 3.67 3.9 121 

L2 (w) CAS 6.13 2.09 1.71 23.9 3.49 5.2 93 
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Table 9. Nitrogen assessments 

Vineyard Variety YAN≠ (mg/g) Total N (%) Chlorophyll  MCARI¥ OSAVIǂ NDVIΣ 

A SHI 95 1.83 8.35 -0.019 0.412 0.73 

B SHI 125 1.93 16.12 -0.010 0.249 0.50 

C1 (n) SHI 109 2.06 9.98 -0.02 0.412 0.73 

C2 (s) SHI 295 1.82 12.31 -0.010 0.337 0.60 

D1 (n31) SHI 65 1.76 8.12    

D2 (n78) SHI 71 2.05 7.17    

D3 (s31) SHI 71 2.02 11.12    

D4 (s78) SHI 90 2.27 12.82    

E CAS 145 2.13 11.35 -0.019 0.440 0.85 

G CAS 195 2.11 15.7 -0.01 0.268 0.60 

H1  (e25) CAS 88 2.14 16.35    

H2 (w25) CAS 144 2.11 16.1    

H3 (35) CAS 114 2.05 14.97    

H4 (72) CAS 173 * 14.77    

I1 (e) CAS 155 1.78 12.31 -0.02 0.435 0.75 

I2 (w) CAS 149 2 14.7 -0.019 0.435 0.75 

J1 (n) CAS 152 1.93 8.12    

J2 (s) CAS 147 2.15 17.62    

K1 (e) CAS 101 2.01 14.40    

K2 (w) CAS 100 1.89 12.25    

L1 (e) CAS 121 2.16 15.95 0.006 0.360 0.69 

L2 (w) CAS 93 1.65 14.47    
≠YAN yeast assimible nitrogen, ¥ Modified Chlorophyll Absorption Ratio Index, ǂ Optimised Soil Adjusted Vegetation Index, Σ Normalised 
Difference Vegetation Index 
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Soil and Vine Water Status 

The first (véraison) flight on February 21, 2017 was under warm and dry conditions with relatively high 

vapour pressure deficit (VPD) (Table 1), the driver for leaf transpiration and consequently evaporative 

cooling of leaves. The VPD during the measurement period of the day ranged from 2.68 kPa to 3.66 kPa 

across the regional vineyards that were surveyed in this trial. During this period, an estimate of soil 

moisture, predawn water potential (Ψpd), ranged from high moisture availability (Psi > -0.3 MPa) to 

moderate soil moisture availability (Psi < -0.6 MPa). Vine water status as given by midday stem water 

potential (Ψmd) ranged from -1.1 MPa to -1.6 MPa, indicating moderate to high water stress. These results 

were consistent with measurements of stomatal conductance (gs) of leaves (Fig. 1); gs values ranged from 

365 to 18 mmol m2 s-1. gs values under 50 are generally considered to indicate vines that are under high 

water stress with virtually closed stomata.  

   

Figure 1: Vine water status vs. leaf conductance for all vineyards for Flight 1. (a) Both cultivars, Shiraz 

and Cabernet Sauvignon; (b) Shiraz; (c) Cabernet Sauvignon.  

When both cultivars were considered together, correlation analysis (Flight 1) showed moderate positive 

correlations between soil moisture availability (Ψpd) and vine water status (Ψpd, gs). For CAS, the 

relationship between Ψpd and Ψmd was moderately strong. The correlation of Ψmd and gs were strong in all 

cultivars. In order to compare various metrics of water status, two vineyards, one CAS and the other SHI, 

are used to explain the dataset. 

Cabernet Sauvignon (Vineyard G) 

Vineyard G planted with CAS and had a range of moisture levels as indicated by the water stress maps 

during F1 and F2. The northeast section of the block appeared to have some level of water stress (red-

yellow sections) while the western sections were relatively well-watered. During F2, the differences across 

the block were little likely due to considerable precipitation received in the region after véraison. This 

block had adequate soil moisture levels with a Ψpd of -0.35 MPa (Flight 2, but this would have likely been 

very similar on the Flight 1 day). However, the considerably lower VPD on F2 translated to higher Ψmd and 

gs values on F2 compared to F1. Higher transpirational demand results from high VPD levels (high ambient 

temperatures with low relative humidity). Correlation analysis between Ψmd and gs indicates a high degree 

of correlation for CAS (R2=0.78). The vineyard received an average of 0.56 ML/ha of irrigation over the 

season, so average for the region. Based on the average yield of the vines (3.88 kg/m of row), the water 

use efficiency was approx. 10 g/L, which was about average for the region. The thermal indices of water 

status/stress showed promise with the values for Ig_prox increasing from 1.23 to 1.89 and Ig_rem increasing 

from 1.78 to 2.59 between F1 and F2. Ig is proportional to stomatal conductance so this was an expected 
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result. CWSI did not appear to be as sensitive to vine water status; this requires further investigation of 

the dataset.  

Shiraz (Vineyard B) 

Block B was planted to Shiraz and showed a range of water stress levels with low to moderate water stress 

on the western sections and moderate water stress in the southeast sections, particularly in F1. Soil 

moisture levels in this block as indicated by Ψpd showed adequate levels of around -0.4 MPa, increasing 

between F1 and F2. This increased soil moisture availability coupled with low VPD during F2 translated to 

considerably higher vine water status values of gs and Ψmd. Correlation analysis for this cultivar across the 

region indicated very strong correlations between gs and Ψmd (R2=0.81). The relatively high vine water 

status values likely contributed to the high yields (5.33 kg/m of row) and also higher WUE values. The 

thermal indices of water status/stress for this block showed promise, particularly the proximally sensed Ig 

value that increased considerably between F1 and F2. A thermography tower installed above the vines 

ground-truthed at this location indicated an increase in Crop Water Index (CWI) at 1430 h from -1.33 

(moderate water stress) to 0.5 (low/no water stress).  

Soil and vine moisture status was robustly measured across the various blocks surveyed in this trial using 

conventional instruments and metrics as well as new tools such as infrared (thermal) sensing of canopy 

temperature to calculate various indices that correspond to vine water status. The ability to use 

thermography to monitor vine water status and to ultimately schedule irrigation for improved water use 

efficiency is variable and depends strongly on cultivar. CAS appears more amenable to this technique 

while SHI requires additional calibration.  

The new thermography towers to continuously monitor crop water status via CWI appear to indicate the 

water status of vines and showed moderate positive correlations with Ig_prox. Future work with these 

towers needs to establish the correct time of day to register the values that are best correlated with gs 

and Ψmd. Detailed work on these towers during the 2016-17 season on the Waite Campus vineyards 

(University of Adelaide) on CAS indicated that 1-2 h following solar noon might be the ideal time to read 

the tower data providing the VPD is not increasing during this period. Changing VPD levels over the course 

of the day cause stomata to remain unstable and change their conductance values (and transpiration), 

thereby giving unstable CWI values. Clearly, this technique shows promise for future use but requires 

additional work.  

 

Vine Nitrogen Status 

The trial conducted across regional vineyards in Coonawarra aimed to establish whether vine nitrogen 

status could be detected using remote sensing tools and whether these remotely sensed values 

corresponded to actual vine N levels via tissue N and chlorophyll. Table 9 presents the N values obtained 

from both proximal and remote sensing as well as actual tissue N values. The results are discussed below 

for same two vineyard blocks as above.  

Cabernet Sauvignon (Vineyard G) 
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During Flight 1, vine nitrogen (N) status was measured both destructively (tissue sampling), as well as non-

destructively using proximal and remote sensing techniques. The spatial maps of N (NDVI/Vigour, 

Chlorophyll) indicate some N deficiency in the block given the large areas of pale green to white colours. 

The vines sampled were not located in the highest N section of the block, which was more on the 

northwest section. Despite this, tissue N was at the high end of the range of all blocks surveyed with a 

concentration in the leaves of approx. 2.1%. These high N values reflected in the relatively high value of 

chlorophyll concentration index (CCI) of 15.7 as measured by the handheld (proximal) chlorophyll meter. 

The remotely sensed values of chlorophyll, OSAVI, showed amongst the highest values found in the region, 

confirming the value of using remote sensing for vine nitrogen assessment. This vegetation index was 

chosen specifically for low leaf area index (LAI) canopies such as grapevines. NDVI values for this block 

were not amongst the highest in the region, therefore questioning the validity of using NDVI for 

assessment of vine N rather than for vigour generally, which it may be useful for (vigour is also affected 

by factors other than N).  

In Flight 2, no destructive sampling was done but all remotely sensed vegetation indices (VIs) were 

obtained. Although the NDVI number did not change much between F1 and F2, the normalized OSAVI 

number nearly halved to 0.47 suggesting that vine N dropped during this period. This could reflect the 

greater utilization of N by the fruit (as a N sink) causing N translocation from the leaves and a reduction 

in their concentration. Future work should consider the possibility of tissue sampling pre-harvest to 

confirm this.  

Shiraz (Vineyard B) 

The Shiraz block surveyed in this trial showed relatively uniform N levels across the block in F1 but less 

uniformity by F2 albeit with higher N levels scattered throughout the block. Destructive tissue sampling 

of N at F1 indicated intermediate to slightly high values of 1.9%, while the proximally sensed CCI indicate 

a value of 16, which was at the high end of the range (across all block surveyed). When all the SHI blocks 

were considered together, there was only a moderately positive correlation between tissue N and CCI. 

The remote sensing index, OSAVI, decreases from a maximum value of 1.0 to about 0.6 between F1 and 

F2, probably indicating a level of N drawdown from the leaves to the fruit. Again, this would be good to 

confirm in a future trial using destructive tissue analysis of N.  

Vine water status appeared to influence N levels in SHI as indicated by the strong positive correlations 

between gs and several VIs. This indicates the importance of good vine water status to maintain adequate 

N levels in the leaves. The analysis of N using destructive, proximal and remote sensing techniques (via 

VIs) provided very valuable and shows the promise of the non-destructive techniques to rapidly assess N 

across an entire region. The VIs selected as indicators of N status were also promising and their high 

correlation with proximal measurements were confirmation of the value of remote sensing. 

 

Yield Components 
Yield per vine correlated strongly with remotely sensed Ig particularly in CAS, as well as water use 

efficiency. Yield was negatively correlated with irrigation amount indicating an excess of water received 
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by the vines was not translating to higher crop levels. The various temperature indices were not 

particularly good at predicting yield; only gs showed a weak positive correlation with average berry weight 

in both cultivars.  

Yield components were moderately well correlated with most VIs and these relationships were stronger 

in SHI than in CAS. OSAVI in particular in CAS showed moderately strong correlations with yield, bunch 

number, bunch weight, average berry weight, and average berries per bunch. In CAS juice, the same index 

was well correlated with YAN, alpha amino acids, and tannins.  

Fruit Composition  

Soluble solids were negatively correlated with soil moisture availability and CWI from the thermography 

towers in both cultivars. For SHI, soluble solids was negatively correlated to Ig proximal and CWSI proximal 

and bunch weight, yet moderately correlated with Ig remote and CWSI remote and bunch number. CAS 

had strong negative correlations between soluble solids and Ig remote. Moderate correlations were 

observed between soluble solids with berry number, and yield. 

Tannins and Anthocyanin were positively correlated to soluble solids and pH for both cultivars and 

negatively correlated to CWI from the thermography towers. In SHI, positive correlations were observed 

between Anthocyanins and Psi_md, CWSI remote, and Irrigation applied. Negative correlations were 

observed between bunch weight and berry number per bunch, Ig proximal and CWSI proximal and CWI 

from thermography towers. Tannin was negatively correlated to Ig proximal and CWSI proximal and CWI 

from thermography towers and bunch weight. In CAS, Yield. Soluble solids and WUE positively correlated 

to anthocyanin concentration. Tannin was positively correlated to bunch number, yield soluble solids and 

WUE. Both Anthocyanin and tannin were negatively correlated to Ig remote. 
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4.Conclusions and Future recommendations 
Airborne remote sensing of vine water status across the region revealed moderately positive 

correlations with gs, suggesting that the technique could be promising for measurement of water 

status for irrigation scheduling; the two seasons (2016 and 2017) of data analysis confirm these 

findings. The TT-derived crop water index (CWI) used for the first time this season (2017) was 

moderately correlated with gs in both flights and was more consistent for Cabernet than Shiraz. 

Positive CWI values generally indicate well water vines; these values could be used with cultivar-

specific thresholds to schedule irrigation in the future— however, the initial prototypes have 

revealed areas of improvement and optimisation of the sensors for increased robustness and 

ability to access data from multiple platforms. Nonetheless, from the assessment of the datasets 

so far, both aerial and ground remote sensing of canopy temperature using thermography appear 

to be promising surrogates for the more traditional and laborious measures of plant water status.  

Although the project was a large spatial-scale study, temporally it was quite small. Nonetheless, 

the analysis of the technology and the platforms for generating the data would be useful for the 

determination of vine water status and, as a consequence, irrigation scheduling. In particular, 

future work with these towers needs to establish the correct time of day to register the values 

that are best correlated with gs and Ψmd, this will serve to strengthen the ability to predict 

irrigation requirements based on real-time vine water status throughout the season. 

A clear limitation to the viability of aerial data capture is the cost per flight (approx. $7.10/ha for 

thermography and $8.75/ha for chlorophyll). Nonetheless, we see the advantages of having one 

or two aerial flights per season, one to coincide with the commencement of irrigation and one 

around veraison to help identify where canopy temperatures vary within a block, say due to 

irrigation inefficiencies (as reported in season one of the project). To overcome the limitations 

associated with cost associated with flights, in season 2, a ground based network of low cost 

continuously logging thermography sensors located 20-30 cm above the canopy was developed 

and tested successfully with reference to detecting vine water status. As a result of one season 

worth of data, we have confidence that automated and continuous sensing of crop water status 

by these thermography towers (TTs) has the potential to increase yield, crop water use efficiency, 

refine quality, and decrease water and energy costs thereby increasing on-farm profitability.  

Vine N status was predicted quite well by several remote sensing indices tested in this trial 

obtained from the airborne multispectral camera. This is an improvement on the 2016 (Season 

1) results. In particular, the index MCARI correlated well with tissue N in both cultivars, while 

OSAVI correlated strongly with the proximally sensed chlorophyll index as well as yield in Shiraz. 

In Shiraz, NDVI was a strong predictor of WUE; higher NDVI values corresponded to lower WUE. 

These relationships may in the future allow growers to manage vine productivity and vineyard 

WUE by tracking vegetation indices such as NDVI, MCARI, and OSAVI. The benefits of this 

application to the environment through a more precise targeting of nutrient status and 
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identification of nitrogen deficiencies can enable a more refined, targeted approach to chemical 

and fertiliser applications. 

In light of a more variable climate of drought, extreme heat events and consequent water 

restrictions, the rapid development and adoption of thermography as demonstrated through this 

extensive trial is an imperative. This community trial provides evidence to support a vision of 

ground based networks, coupled with targeted aerial imagery that will enhance the viability and 

sustainability of the winegrowing community. 
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Appendix 

1.Aerial maps and ground truthing data analysis 
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2. Correlations and data matrices 
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