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Richard Carey is a wine consultant based in Lancaster, PA, and writes articles for WBM on winemaking practices, challenges, new equipment and laboratory analyses.
After receiving his Ph.D. from the University of California Riverside, he opened his first winery in San Leandro, CA, in 1977. He was research enologist at Fresno State
University, founded Vitis Research, Inc. to help wineries solve various winemaking problems, and was Illinois state enologist for two years. Richard now offers assistance to
Mid-Atlantic wineries both in getting started and learning to make wine, and in improving their wine quality. He also provides laboratory services.

of plants to their environment and what makes them react to the conditions placed on them by that
environment goes back to the beginning of my academic career as a plant
physiologist. I worked as an adjunct scholar at the Carnegie Plant Research
Institute at Stanford University, where I investigated the influences of harsh
environments on the physiology of plants living in those conditions.
I first encountered remote sensing of grapevines when I visited European
trade shows almost 20 years ago. At that time, GPS data capture was mostly
manually collected and computerized into their systems. While these
advancements in making more data digitally available were interesting, they
were not of much use in this country because of the differences in computer
platforms and the lack of English translations.
However, the Efficient Vineyard (EV) project was launched in 2005 with
Dr. Terry Bates, senior research associate at Cornell University’s School of
Integrative Plant Science Horticulture Section and Director of the Cornell
Lake Erie Research and Extension Laboratory, as the project manager. Over
the years this project has grown to involve the USDA, multiple universities,
grape grower organizations and wineries, as well as a nationwide group of
funders. The EV project created tools similar to those that had been developed for vineyards in Europe by taking the traditional vineyard soil and vine
measurements and geolocated information from GPS to establish a platform
of information for evaluation.
MY INTEREST IN REMOTE SENSING

Proximal Sensor Evaluation

Between 2006 and 2010, Bates and his group acquired off-the-shelf sensors
to start the task of remotely gathering the data that would become the foundation of the EV project. They began with tools for the mapping of vineyards proximally, not remotely. These tools compared variations within a
vineyard, as well as between different vineyards, that would go on to prove
the viability of the sensors’ role in gathering data that could be used to increase vine production.
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Dual electromagnetic sensors were used to verify soil
conditions using non-contact galvanic conductivity and electromagnetic
response for determining water potential soil structure geospatially
through out the vineyard.
FIGURE 1.

Pulled by tractors through the vineyard, the sensors evaluated electroconductivity of soils and measured how easily water could move through
a soil, as well as the soil’s texture (F I G U R E 1 ). Evaluation of plant activity
was accomplished with an NDVI sensor (normalized difference vegetation
index). This type of sensor compares wavelengths of plants in the visible and
near infrared. Analysis of the spectrum can give a value to the plant’s activity
through changes in the ratios of specific wave lengths emitted by the plant.
The next step in information gathering for base line data creation was to
characterize the vine with respect to bud density, leaf area, shoot growth,
number, size and color of berries, and sugar at harvest. All of this data collection was done manually for later validation of sensor input.
To establish vine balance, data was manually collected to establish a Ravaz
Index of the research vineyard. This index describes vine balance as a number
between 5 and 10, where less than 5 is under-cropped and over 10 is overcropped. To determine the Ravez number, soil properties are collected using
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a dual electromagnetic sensor and CropCircle (NDVI) for plant growth.
Crop load was established manually at first, and yield data was determined
via ATV collection.
Carnegie Mellon University (CMU) joined the EV project in 2011. Steve
Nuske, a systems scientist at Carnegie’s Robotics Institute, created a prototype imaging system to measure fruit yields in research vineyards without
damaging the grapes. Since 2012, the National Grape and Wine Initiative
(now the National Grape Research Alliance) funded the spatial vineyard
crop load mapping. James Taylor joined the research team with the goal of
increasing the reliability of this data gathering system and to provide software
tools for interpreting the vineyard data.
The addition of a crop load tool from CMU allowed for the automation
of the processing for multilayers of data to be significantly enhanced. The
same layers of soil, canopy, crop, crop-load and brix data could be entered
into software, and the data could be integrated and consolidated into a tool
that would allow the complex interrelationships of the various segments of
the environment to be shown in which the vine was growing. The layers now
could be overlaid one at a time, using the data expressed in each map layer,
and then begin the process of finding where changes in one area of one layer
coincided with similar or different changes in the other layer. It also allowed
for progressive analysis of the data to see if changes in one layer predicted
changes in another layer.

Sensors
NDVI – Normalized Difference Vegetation Index is the ratio of near
infrared and red visible light where vegetation absorbs light.
EVI – Enhanced Vegetation Index was developed to optimize NDVI
for reflectance angle and other natural elements such as clouds and
background soil.
NDMI – Normalized Difference in Moisture Index measures the amount of
water in a plant using near infrared ratios to shortwave infrared channels
which separated leaf dry matter reflectance from leaf water.
MSAVI – Modified Soil Adjusted Vegetation Index is among several
soil/burn area indices. This group of sensor regions is used where soil
represents a larger percentage area monitored and where NDVI is not as
accurate.

Beginning in 2014, the EV project moved from the research vineyards to
commercial vineyards in order to determine the efficacy of the systems they
had created. The research team visited juice, wine and table grape vineyards
to test out their data gathering capabilities and to begin to understand if
this effort was going to provide useful data to those commercial properties.
During 2014 Carnegie Mellon created a commercial vineyard unit, made this
crop-estimating device more rugged, and then tested it to see if the device
could provide vineyard managers with useful data.

USDA Funds 4-Phase
Efficient Vineyard Project

A major step occurred in 2015 when the USDA Specialty Crop Research
Initiative (SCRI) funded the Efficient Vineyard project’s “Precision Vineyard
Management Project for Collecting and Interpreting Spatial Data for Variable
Vineyard Management.” This began the process of moving the research from
sensor exploration and validation to the generation of data of the quality
necessary for vineyard managers to make intelligent decisions about how to
grow the best crop for their needs.
Converting research sensors to commercial sensors required validation of
the data. Phase 1 of the Precision Viticulture project in 2016 carried out these
validation steps to make sure that hand-collected samples, research sensor
data and the commercial sensor data all matched. Among the parameters
measured were canopy fill, vine pruning weight, and more. The Carnegie
Mellon group enhanced their imaging system to non-destructively detect
berry weight, diameter and number, which determined a visible berry count
that was spatially placed in the system to provide a distribution of the crop
over the vineyard, as well as its estimated size.
During this phase of the EV project, the raw data from all the sensors was
passed through software that compared values of each map layer and looked
for the trends that are important to vineyard managers: did the data influence
vine growth positively or negatively; how did the data support vine balance;
can the vineyard manager modify this information to improve vineyard
production by applying treatments variably to the vineyard? (F I G U R E 2 )

TGSI – Topsoil Grain Size Index, originally created to determine
desertification, can provide particle size and composition of topsoil from
sand, clay and silt grains.
Hyperspectral - Hyperspectral sensors collect data as a series of narrow
and contiguous wavelength bands. Datasets produced by hyperspectral
imagers are in the form of a three-dimensional hypercube in which two
dimensions represent the spatial information (x,y) and the third dimension
contains the spectral information. All data is stored for every pixel viewed.
LiDAR - Light Detection and Ranging (LiDAR) sensors use light energy
that is emitted from a laser to scan the ground and measure variable
distances. The end result is a rich set of elevation data that can be used to
produce high-resolution maps and 3D models of natural and man-made
objects.
Thermal - When long wave infrared radiation emitted from objects strikes
the thermal sensor, it heats up the microbolometer and this changes the
electrical resistance. These changes are converted to electrical signals
and stored as raw data or processed into thermal imagery, where infrared
radiation is differentiated into apparent temperature variations using
different colors.
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Modeling begins with spatial information gathered for each
map layer type (soil, crop, etc.) that represent the input for each unique
area of the vineyard. The information combines manual and remote
data collection to validate each mode of information gathering. Color
assignments are then assigned to allow interpretation of the information
positively or negatively for the time when the data was collected.
FIGURE 2.
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A management map is created from sensor information for
the vineyard manager to use in implementing best practices under the
current conditions.

FIGURE 3.
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Managers create vineyard maps with sentinel vines across
the vineyard. Each vine drop pin assures that a representative sampling
occurs for proper treatment.
FIGURE 4.

The culmination of this data collection provided the information to refine
the process of data management and provide actionable information for
crop improvement by comparing the data between layers. As the EV project
stated in their report: “Does the soil pattern influence vine growth? Where
and how much? Is fruit sugar dominated by yield or vine balance in this
vineyard? Can I address this through variable rate management? Multi-layer
processing helps answer these types of questions.”
Phase 2 of the project, where the project began modeling viticultural
and spatial data, took place in 2017. In this phase, decisions for the future
are based upon what has happened in the past. The project had to create
data sets that would allow such predictive information to be presented. To
do this, the layers had to be melded and combined into a realistic, sensible
decision-tree system of maps and tables. This was all tested on commercial
vineyard conditions.
Through this project, two types of data buckets are available to the vineyard
manager: Spatial data that is relatively inexpensive and spatially compact
but represents the indirect measure of the vineyard, as compared to hand
sampling which is quite expensive but provides only a very narrow view of
the few vines sampled (F I G U R E 3 ). The goal was to combine this data into a
model for the vineyard so that the manager could make intelligent decisions
(F I G U R E 4 ).
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Integrating the data from all the sensors for each crop load as the indicator
of vine balance at any point in time can show the potential of where a given
harvest is heading. It requires the use of the EV tools of spatial maps that
show yield and vine size, and that generates a crop load estimate and potentially levels of vine stress and fruit quality.
The third phase of the EV project in 2018 developed variable rate management techniques to help the manager bring a block/vineyard into a more
balanced, and therefore more predictive, understanding of final harvest
(F I G U R E S 5 and 6 ). The overall goal of the EV project is to integrate the
spatial maps with the precision agriculture software and to develop vineyard
mechanization implements that have variable rate applicators that target
specific areas of the vineyard for treatment, in order to attain better uniformity of the harvest from a particular vineyard.
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-Will George, George II Farms

QUALITY, EFFICIENCY, SAFETY
905.563.8261 | 1.800.263.1287 | info@provideag.ca | www.provideag.ca
Beamsville, ON, Canada

TERRY BATES

Most vineyards are not uniform in all respects and the
same vine type in one location doesn’t necessarily respond in the
same way as vines in other locations. Geospatial data provides the
ability to modify viticultural practices in a variable way. Fertigation,
cropping and leaf pulling can be targeted variably across a
vineyard, which results in a more uniform crop.

FIGURE 5.

TERRY BATES

With vineyard equipment connected to the web,
variable rate applications can be monitored in the tractor cabin
and guided by the management map constructed from geospatial
and vineyard sampling data input.
FIGURE 6.
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FIGURE 7.

An example of a MyEV vineyard map displayed on the
Cornell MyEV App.

The final phase of the project established tools for the industry to use.
Project information was disseminated through symposia, webinars etc.,
as well as the commercialization of some of the sensors developed during
this project. For smaller vineyards, Orbitist has developed a web-based tool
for growers to upload so that they can process and visualize sensor data
(F I G U R E 7 ). This tool (MyEV) can be found at www.eﬃcientvineyard.com.
The CMU image system was tested in California and validated for accurately
tracking remote sensing of color development and percent harvestable fruit
which helps in making harvest and labor decisions.
An important takeaway from the EV project, especially when a vineyard
manager wants help in understanding their vineyard, is to realize that just
pretty pictures of the vineyard, whether from space, fixed-wing aircraft or
a drone, is not enough to make intelligent decisions about their vineyard.
This is a multilayered process that requires software, and growers need to
understand that what happens in their vineyard’s soil map, which is linked to
their vineyard map, which is linked to all the rest of the layers of information.
That means if a grower uses a service, he or she should review carefully what
services are offered and what they are basing their information on, so that
appropriate decisions can be made.

A Summary and Future of
the Efficient Vineyard Project

Over the course of the EV project, on-going developments in sensors and
analysis have expanded the versatility of both the sensors and the data they
collect. There is a wealth of information about sensor development and use
with a large array of alphabet soup names. The common aspect of these sensors is that they utilize the basic work of the EV project. Using the source
sensor input of reflected light from a range of wavelengths and then teasing
out those wavelengths, the condition of the soil, the water and the photosynthetic activity of the plants in the area surveilled can be described.
Growers can find some basic information on what various sensors measure
in the attached sidebar on Sensors. For more detail on what the sensors measure
and the formulas behind the sensors, go to the website www.rdrr.io for a list
of multispectral sensors. For thermal, hyperspectral, and light detection and
ranging (LiDAR) data capture, check out www.precisonhawk.com. These sites
give a flavor of what is available and what data they can gather. However, the
sites don’t give much information about how to evaluate that data.
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YU JIANG

FIGURE 9.

Yu Jiang (right) created and operates the research robot that generates the data that is then managed by Katie Gold (left).

This area of remote sensing is expanding to provide the vineyard manager
more and more data about their property. Many of these indices can be
obtained not only from satellites but from both fixed-wing aircraft and drones
at relatively low cost. As the Efficient Vineyard project has been conducted,
there have been many service companies that have joined in the fray to offer
remote sensing services to vineyards. A number of companies are listed in
the sidebar on Remote Sensing Services, many from www.winesvinesanalytics.com buyers guide.
According to Melissa Staid, one of the founders of Vineview Imaging, a
company founded in 2000 during the early stages of this evolution of technology, this field is expanding to fill the need for the transition to precision
viticulture. Their company realized the need to get much more vineyard
information to growers. Even though their company operated independently
from the EV project, both the EV project and service companies as a group
have benefited from the increased awareness of this technology and the
services they can provide.
Whereas this article is an overview of the technology development of
remote sensing, it is obvious that a follow-up article will need to be written.
Companies like Vineview Imaging have adopted newer technology than was
used throughout the EV Project, such as adding EVI sensors that provide
more reproduceable results than NDVI. They also added specific index
measures for water and other parameters.

Moving into the Future

As useful as the EV project has been to show what precision viticulture can
do for growers, continuing research can expand the functionality of this
work. No one project solves all the issues, and by the time one project ends,
many more questions arise that need understanding to get better data, and
new technology comes online.
76 March 2021 WBM

At CornellAgriTech, the EV project is continuing, with modifications. Two
new faculty members at Cornell, Dr. Katie Gold and Dr. Yu Jiang, are now
in charge of the research. In February 2020 Gold officially became an assistant professor of grape disease ecology and epidemiology. She is head of the
Grape Sensing, Pathology and Extension Laboratory at Cornell AgriTech
(GrapeSPEC), along with her other duties in research. Jiang joined the
Cornell faculty in December 2019 as assistant professor of systems engineering and data analytics for specialty crops at the horticulture section.
A recent graduate of the University of Georgia, Jiang works on agricultural
robotics and augmented intelligence for high throughput plant phenotyping.
Jiang’s robotic device research and Gold’s spectral experience has created
a formidable team to analyze the vast amount of data generated and then
tease out how vines respond to their environment. The two scientists want
to extend the work of Bates’ EV project and plan to focus on the transfer
of technology from the massive data that sensors can collect and reducing
it down to a level that vineyard managers of all vineyard sizes can use to
produce higher quality grapes with sustainable yields.
Gold came to Cornell from the Jet Propulsion Laboratory (JPL) in California
and has a history of working with hyperspectral imaging, especially from space
aircraft—see sidebar on sensors for definition (F I G U R E 8 ). One might not
expect that satellite images of reflected light from a vineyard would be able
to capture enough data to make decisions on identifying disease, vineyard
health or stress, but it is possible. Satellites today have 12 cm resolution
from space. That is accurate enough to identify a person, especially when
you factor in these satellites are capable of evaluating a much wider range of
wavelengths in narrower bands (5 to 10 nm) of light at a time.
Under the EV project, sensors were looking at just a few wavelength bands,
but now with the hyperspectral systems, many times that number are being
analyzed at one time. The sensors’ task is to extract for evaluation the physiological process of the plant and its environment, and to identify the metabolic
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KATIE GOLD

The future of remote sensing will be generated from
fixed wing aircraft, drones or satellites using the hyperspectral data
spectrum. Multispectral imaging gathers three data points for each pixel.
Hyperspectral imaging gathers hundreds of more narrow band widths,
from which much more data can be extracted and used for vine balance.
FIGURE 8.

processes taking place. Reflected light from a known source (the sun), having
all possible wavelengths, returns a value by subtracting those wavelengths
absorbed by the vine and the metabolic and physical processes taking place
in the vineyard.
Gold is working first on mapping a plant’s reflectance when it is unaffected by disease and then comparing that reflectance to those that have
a disease. Leaves, stems and fruit from a vine with a disease have different
light signatures than a healthy vine. It is now possible to determine if a plant
has downy mildew or powdery mildew, or other diseases such as red blotch
or Pierce’s disease.
The team is also working on identifying plants’ defense mechanisms. When
downy begins infection, plants respond by releasing various hormones and
other signature defense compounds to protect itself. These can be identified
through hyperspectral imaging as well. What is not as well understood at this
time is determining the early stages of an infection, or a plant physiological
malady, especially when the spectral changes are at the background “noise”
level of variation.
With hyperspectral imaging, an overview of the vineyard is created. That is
only the beginning of the process. Once that data from space is “crunched,”
an on-the-ground scout robot can find the target vine to check the data and
compare it with the information seen by satellite (F I G U R E 9 ). Once validated by the scout, the vineyard manager can then implement corrective
action, if and when needed.
During the EV project, sensors that could scan the vineyard were mounted
on tractors. Jiang is now constructing two autonomous vineyard robots, one
that will collect research grade information and one that will be for users of
the information generated. Both will utilize the hyperspectral work that Gold
has done and be the on-ground collectors of the satellite imagery information. They will move through the vineyard either to collect or validate the
data sent by the satellite.
The research grade robot will be 1.5 m (height) × 1 m (length) × 0.7 m
(width) in size and will have a LiDAR, a stereo camera, a thermal camera,
and a hyperspectral camera to gather the 3D and full-spectrum data in the
field. This type of robot is way too expensive (in excess of $100,000) for virtually all growers, primarily because of the cost of the sensors.
The scout robot will be much smaller, about 1M tall and 0.5 M wide and
long. It will be equipped for routine work in the vineyard and will have
targeted abilities to seek out information sent by satellite. The scout robot
could then send data to the grower for action.
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Before the smaller robot can be functional, the satellite will have to be
“trained” and continually updated with data from the research level robot.
From this robot’s data, deep learning models of vineyard behavior will be
created so that predictive data can be applied to possible vineyard reaction to
events such as nutrition, disease, or pathogens.
Once trained, a satellite will be able to report back to the researchers for
validation and commercialization of the information transfer. Once the
group has collected data sufficient to show the accuracy for a given set of
parameters, then the system can be offered to growers for their review. The
goal is to have this be a service by subscription, with reports going to growers
directly or to vineyard service companies for action. Although the first units
will present a significant cost barrier to widespread use, the costs will come
down significantly, to a point where virtually all growers will be able to afford
one of these robots through direct acquisition or through a service company.
The main input will be open-source data from places, such as the JPL, which
have the ability to scan about half the United States. The JPL planes used for
the first proof of principle are located in California. Gold reported that she is
trying to get an aircraft to visit the Eastern US as soon as possible.
As of now, the Efficient Vineyard project has a free login where anyone can
create a personal Efficient Vineyard app, called MyEV. A grower can enter
data about their vineyard on the app and start establishing the basics of an
efficient vineyard. As Gold and Jiang’s research progresses, the app’s functionality will be increased.
The Gold Lab has recently developed a user-friendly tool suite called
“QScout” to improve MyEV’s utility for disease management and scouting.
While field scouting is a critical part of effective grape disease management,
the use of scouting data in conjunction with remote sensing imagery is often

Remote Sensing Services
Companies offering remote sensing services
and analysis of data to vineyards

Agribotix

www.agribotix.com % 720-295-3625
Agribotix is a drone-enabled software
company that provides advanced imaging
and analysis for precision agriculture.

Ceres Imaging

www.ceresimaging.net % 888-704-9398
Ceres Imaging uses multispectral imagery
from aircraft to provide processed aerial
photographs of crop-specific, researchvalidated data models to evaluate plant
health with specific recommendations.

Carbon Bee

www.carbonbee.fr
Carbon Bee AgTech’s aim is to offer
solutions for accurately measuring plant
health, such as disease detection and
advanced plant recognition, particularly of
weeds, to help farmers in their transition
to using digital technologies.

PrecisionHawk

www.precisionhawk.com % 647-846-5868

senseFly SA

www.sensefly.com;
solutionscenter@rdoic.com
% 41 21 552 04 40
(company is located in Switzerland)

Taranis Agriculture

www.taranis.com
Taranis Agriculture offers precision and
control to the agriculture industry across
the world, helping growers to maximize
and stabilize yield from their crops.

Terravion

www.terravion.com % 925-399-8796
Terravion delivers real-time aerial imagery
to vineyard managers on their computer
or mobile device. Every week during the
growing season, we deliver a birds-eye
view of your farm in multiple layers, such
as natural color, NDVI, IR and thermal.

Trimble Navigation, Ltd.

www.trimble.com/agriculture/viticulture
% 800-874-6253
Trimble precision viticulture solutions
can help you identify in-field variability,
improve vineyard management and
create a sustainable operation. Leverage
decades of precision farming experience
to improve the life cycle of your vineyard.

UAV-IQ Precision
Agriculture

www.uaviq.com % 310-497-9389
UAV-IQ Precision Agriculture’s mobile
enterprise software enables you to turn
your drone-acquired precision agriculture
data into actionable information. Mitigate
loss, optimize resources and improve your
yields.

Vineview Imaging

www.vineview.com % 707-965-9663
VineView has been providing remote
sensing services to the winegrape
industry since 2002. They use state of
the art equipment and image processing
techniques to deliver high-quality imaging
products.

hampered by the time-consuming task of geo-referencing field data. The
QScout tool suite easily processes and analyzes remote sensing imagery with
vineyard scouting data.
The central features of QScout are the “Drop Pins” and “Locate Pins in
Field” plug-ins that link scouted data to remote sensing imagery and vice
versa (F I G U R E 4 ). The “pins” allow the user to see how scouted data corresponds to satellite derived plant health assessments and to identify areas of
a vineyard for precision scouting. QScout also includes the “Value Grabber”
and “Grid Aggregator” plug-ins, which automatically attach remote sensing
derived vegetative indices (such as NDVI) to scouted disease severity data
and aggregates for easy analysis.
The integration of QScout into MyEV is expected to be completed during
the 2021 growing season. Growers will be able to deploy scouts more intelligently and conduct precision fungicide applications only to areas most in
need of protection. WBM
Efficient Vineyard Research Sponsors
Cornell AgriTech, National Grape Research Alliance, NY Farm Viability Institute,
New York Wine & Grape Foundation, Welch’s, E. & J. Gallo Winery, J. Lohr
Vineyards and Wines, Grapes from California, American Vineyard Foundation,
Betts Family Vineyard, ESRI Arc GIS, Sunview, VBZ & Sons, Orbitist, Scheid
Vineyards, and Carnegie Mellon University.
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