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Abstract: The monitoring of grape quality parameters within viticulture using airborne remote
sensing is an increasingly important aspect of precision viticulture. Airborne remote sensing allows
high volumes of spatial consistent data to be collected with improved efficiency over ground-based
surveys. Spectral data can be used to understand the characteristics of vineyards, including the
characteristics and health of the vines. Within viticultural remote sensing, the use of cover-crop
spectra for monitoring is often overlooked due to the perceived noise it generates within imagery.
However, within viticulture, the cover crop is a widely used and important management tool. This
study uses multispectral data acquired by a high-resolution uncrewed aerial vehicle (UAV) and
Sentinel-2 MSI to explore the benefit that cover-crop pixels could have for grape yield and quality
monitoring. This study was undertaken across three growing seasons in the southeast of England, at
a large commercial wine producer. The site was split into a number of vineyards, with sub-blocks
for different vine varieties and rootstocks. Pre-harvest multispectral UAV imagery was collected
across three vineyard parcels. UAV imagery was radiometrically corrected and stitched to create
orthomosaics (red, green, and near-infrared) for each vineyard and survey date. Orthomosaics
were segmented into pure cover-cropuay and pure viney,y pixels, removing the impact that mixed
pixels could have upon analysis, with three vegetation indices (VIs) constructed from the segmented
imagery. Sentinel-2 Level 2a bottom of atmosphere scenes were also acquired as close to UAV surveys
as possible. In parallel, the yield and quality surveys were undertaken one to two weeks prior to
harvest. Laboratory refractometry was performed to determine the grape total acid, total soluble
solids, alpha amino acids, and berry weight. Extreme gradient boosting (XGBoost v2.1.1) was used
to determine the ability of remote sensing data to predict the grape yield and quality parameters.
Results suggested that pure cover-cropuay was a successful predictor of grape yield and quality
parameters (range of RZ= 0.37-0.45), with model evaluation results comparable to pure viney,y and
Sentinel-2 models. The analysis also showed that, whilst the structural similarity between the both
UAV and Sentinel-2 data was high, the cover crop is the most influential spectral component within
the Sentinel-2 data. This research presents novel evidence for the ability of cover-cropyav to predict
grape yield and quality. Moreover, this finding then provides a mechanism which explains the success
of the Sentinel-2 modelling of grape yield and quality. For growers and wine producers, creating
grape yield and quality prediction models through moderate-resolution satellite imagery would be a
significant innovation. Proving more cost-effective than UAV monitoring for large vineyards, such
methodologies could also act to bring substantial cost savings to vineyard management.

Keywords: precision agriculture; UAV; satellite; remote sensing; cover crop; quality; yield

1. Introduction
Precision Viticulture

Within viticulture, the management of grape yield and quality variation is vital for the
performance of business. The effective management of the vineyard will control the vine
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environment to ensure the desired level of ripening for the grape and therefore the desired
qualities in the wine. Factors such as the availability of nutrients and water, temperatures,
sunlight exposure, pests and disease all have important effects on grape variability. Over
many centuries, management practices have developed to help control these factors and
ensure the quality of the produced grapes and wine.

A key element of both historical and modern viticulture is applying management
methodologies in response to data characterising vine variance. This guided approach to
vine management ensures the correct level of management for grapes to reach the desired
quality parameters. Historically, monitoring a vineyard has required a person walking
the vines, using human intuition to observe and record important information. However,
the increasing integration of technology in the industry has developed new monitoring
methodologies. One of the key technologies emerging within precision viticulture is the use
of airborne remote sensing to generate data and characterise changes. Satellite Earth obser-
vation (EO) and uncrewed aerial vehicles (UAVs) produce spatially continuous data with
significantly higher efficiency than ground-based monitoring. The use of a broad spectral
range can also help identify variation and disease, which would otherwise be missed by the
human eye [1]. One of the most impactful applications of remote sensing is the monitoring
or prediction of grape yield and quality parameters. Understanding the expected grape
yield and quality variation prior to harvest would allow management strategies to be
modified to achieve the desired quality parameters or support selective harvesting.

Research has shown that grape yield and quality, the physiological appearance of
the vines, and the spectral characteristics of the vine can be associated [2]. This three-way
interaction then allows a proxy relationship to be made between grape yield and quality
and the spectral data observed by multispectral remote sensing. With the continuing
development of both UAV and satellite remote sensing, an important discussion is which
remote sensing platform is best suited to vineyard monitoring. Due to their different
operating heights (UAV typically 30-100 m, satellite EO typically 150-600 km), the two
platforms offer largely different spatial resolutions and costs. UAVs provide low-cost,
high-resolution solutions (<0.10 m spatial resolution) whilst satellites provide low-cost,
moderate-resolution solutions (>10 m spatial resolution). Whilst very-high-resolution
(VHR) satellite imagery exists (<1 m), this typically has a price point which is significantly
higher than UAYV solutions for local studies. Therefore, the required spatial resolution for
monitoring is a key factor in the decision between UAV or satellite monitoring.

The critical difference between UAV and moderate-resolution satellite monitoring is
the UAVs’ ability to create pure vine pixels. This is possible due to the pixel size (e.g., 0.10 m)
being lower than the width of the vine row (typically 0.75-1.00 m). A pixel size larger
than 1.00 m would result in mixed-feature pixels containing both vine and the inter-row
space and cover crop. The impact of spatial resolution and mixed-feature pixels has been
commented on in previous research. Zarco-Tejeda et al. [3] deployed aircraft hyperspectral
remote sensing to assess vineyard condition. Alongside recommendations for future works,
Zarco-Tejeda et al. [3] stated the importance of achieving <1.0 m spatial resolution to focus
their analysis on the vines whilst masking out the inter-row space. Matese et al. [4] also
suggested that lower-resolution satellite pixels were likely biased due to the averaging of
vines and inter-row space within a pixel. Khaliq et al. [5] further stated that a lower-biomass
cover-crop species produced a biased description of the vine characteristics. These studies
suggest that the inclusion of inter-row space and cover crop within mixed-feature pixels
hinders the ability of airborne remote sensing to monitor the vines. Therefore, this places
importance upon high-resolution imagery and incentivises the use of UAVs for monitoring.

The underlying objective of the studies by Zarco-Tejeda et al. [3], Matese et al. [4], and
Kasimiti et al. [6] is to focus on the monitoring of vines. This is perhaps with the assumption
that the vine contains the most useful spectral information, whilst the inter-row and cover
crop mostly contain noise. Interestingly, the suggested focus on vines is challenged in yield
and quality monitoring, where established viticultural science highlights the importance of
the inter-row for the management of grape quality parameters. Management approaches
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such as mowing alternate rows, cover-crop species composition, and cover-crop biomass
all have important implications for wider vineyard management and the management of
grape quality variability [7,8]. If management approaches result in the spectral variation of
cover crop, it presents a mechanism through which cover-crop spectra could be linked to
yield and quality.

Whilst previous research has evidenced inter-row space and cover-crop spectra as
noise when attempting to monitor the vine characteristics, this narrative might not apply
to yield and quality monitoring due to the known importance of the cover crop within
vineyard management. To date, viticultural literature has provided limited evidence on
the possible direct effect of cover crop upon yield and quality; however, no evidence
exists for the link between cover-crop spectra and yield and quality. If a cover crop can be
shown to contain useful spectra for monitoring yield and quality, this also suggests that
mixed-feature pixels, such as those acquired by a moderate-resolution satellite, could have
a greater value than currently described.

This study will assess the potential of cover-crop spectra to be used within yield
and quality monitoring, before investigating the influence that a cover crop has within
moderate-resolution satellite imagery, and the potential implications this has for grape
yield and quality monitoring.

2. Methodologies
2.1. Study Site and Sampling Design

This study was undertaken at Gusbourne Vineyard (Kent, UK), a world-renowned
producer of English wine. As a northern hemisphere, cool-climate vineyard, the growing
season temperatures typically average 17 °C with high precipitation throughout the year.
The growing season begins with bud-burst in spring, with veraison occurring in late
August, and harvest in late September or early October. During this period, the vine
canopies gradually increase in biomass until leaf fall in autumn.

The site is non-contiguous, split across multiple fields of varying topography, soil types,
and microclimates. Variation in the management of inter-row space and vine canopy exists
across the site. Data collection targeted three fields of an identical vine clone and rootstock,
with planted areas varying between 1.00 and 2.50 ha. Vine rows are 100-200 m long with
2.50 m row vine spacing and 1.50 m inter-row width. The inter-row area presents a mixture
of grassland cover-crop species including Yorkshire fog grass (Holcus lanatus), Cowslip
(Primula veris), and Cocksfoot grass (Dactylis glomerate). The cover crop presents at 10-20 cm
height, depending on the mowing frequency, with the under vine areas undergoing tillage
to control competition with the vine. Vineyard management requires the trimming of the
vine canopy typically four times per growing season and the mowing of the inter-row
space typically two to three times per growing season. Moreover, at certain locations, the
inter-row space is mown on alternate rows to control the soil moisture and the resources
available to the vine. The sample fields are detailed in Figure 1.

Sampling was conducted in accordance with the common viticultural practice of using
individual trellis blocks as sample areas [9]. Trellis blocks are the supporting structures
on which vines grow, and within the sampled vineyards, five vines were planted to each
trellis; therefore, there were ten vines in each sampled block (two rows of five vines). As
detailed in Figure 2, sample locations for each year are shown spatially. Samples consist
of grape quality data from 100 grapes per trellis block, and UAV and Sentinel-2 imagery
for these locations. In total, 165 grape samples were collected during a three-year period
(2020 n = 39, 2021 n = 72, 2022 n = 54). The variance in sample size between the sample
years is the result of varying resource’s availability for grape collection and processing.
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Figure 1. (Subfigures (A): top left, (B): right, (C): bottom left): Three sample vineyards, (A): 62 vine
rows, study area of 20,000 m?; (B): 8 vine rows, centre coordinates 51.047926, 0.789715, study area of
10,000 m?; (©): 25 vine rows, centre coordinates, study area of 15,400 m2.
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Figure 2. (Left): an example of a sampling strategy at Bottom Camp, (Right): example of vine and
cover-crop segmentation at the individual block of ten vines.
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2.2. Remote Sensing Data Collection
2.2.1. UAV Image Acquisition

A total of nine flights were conducted to cover three harvest seasons across the
three vineyards. For each instance, imagery was collected approximately two weeks prior
to commercial harvest. UAV imagery was acquired using a Parrot Sequoia four-band
multispectral sensor (Parrot, Paris, France). The Parrot Sequoia is an advanced comple-
mentary metal-oxide-semiconductor [10] sensor which captures spectral data in the green
(550 + —40 nm), red (660 + —40), red edge (735 + —10 nm), and NIR (790 + —40) band-
widths [11]. It is principally designed to target vegetation features [12,13] and is frequently
used within agricultural surveys [14]. Along with an integrated Global Positioning System
(GPS) and inertial measurement unit (IMU), the Sequoia houses a downwelling sunshine
sensor which automatically calibrates outputs to an absolute reflectance value [11]. Cor-
rected reflectance values are vital for the comparison of temporally unique images due to
inevitable variation in illumination levels. The sensor was mounted upon a DJI Matrice
600P UAV flying at a height of 50 m above the ground level with 10 m line spacing. Imagery
was acquired every two seconds under a flight speed of 34 m/s, resulting in a >80% image
overlap. For each yearly data collection, the three sample fields were captured within
a four-hour window between 10 a.m. and 2 p.m., to ensure consistently high levels of
incident radiation and minimal shadows cast by vines. Over the entire field campaign, a
downwelling sensor onboard the Parrot Sequoia was used to correct the radiance values to
reflectance values. The sensor was calibrated at the start of each data collection.

2.2.2. Sentinel-2 Data Download

A Sentinel-2 image was downloaded from the 1-2-week period prior to harvest for each
of the three survey years (image acquisition dates: 14 September 2020, 18 September 2021,
10 September 2022) from the Copernicus Open Access hub. Data were downloaded
in Level 2a bottom-of-atmosphere reflectance and converted from the delivered format
(reflectance x 10,000) to the 0-1 reflectance range.

2.3. Image Processing and Analysis

After screening for image quality, between 350 and 500 images were processed at
each of the three sites using Pix4D v4.8.1 [15]. Mosaicking was undertaken to produce an
orthomosaic for each bandwidth. Processing settings included a minimum of three match
points, with Gaussian average downsampling with camera and sun irradiance corrections.
The four orthomosaics per data collection were then further inspected in ArcGIS 10.8.1
to ensure geospatial accuracy. Orthomosaics were then masked to the boundary of each
vineyard before vegetation indices (VIs) (Table 1) were calculated. Vine and cover-crop
polygons (as shown in Figure 2) were manually created, ensuring they only selected pure
pixels. Spectral data were then averaged within these polygons to produce a mean spectral
value for both vine (vineyay) and cover crop (cover-cropuay) for each spectral parameter at
the 165 sample locations. The distinct horizontal separation of vine and cover crop allowed
for the successful and accurate segmentation of the two features.

Table 1. Spectral parameters for XGBoost models.

VI Formula/Bandwidth
Sequoia Sentinel-2a
Red 660 nm + —40 nm 664.6 + —15.5 nm
Green 550 nm + —40 nm 559.8 + —18 nm

NIR 790 nm + —40 nm 832.8 + —53 nm
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Table 1. Cont.

VI Formula/Bandwidth
NIR — Red
NDVI NIR + R:d
NIR — G
GNDVI NIR + Gig:g
EVI2 2.5 % o NIR — Red

NIR + 2.4 * Red + 1

Table 1 details the three ratio VIs calculated (NDVI, GNDVI, EVI2) alongside four sin-
gle bandwidths (red, green, NIR). These VIs are highly popular within remote sensing
literature and were applied in this study due to their association with plant biophysical
characteristics (e.g., greenness and leaf area, photosynthetic activity, chlorophyll), which are
reported to affect grape yield and quality [16,17]. They are also chosen due to their robust-
ness to background interference from soil [18]. The six spectral parameters from vineyay,
cover-Cropuay, and Sentinel-2 were set as independent variables for extreme gradient
boosting (XGBoost) modelling, with grape quality parameters as the dependent variables.
XGBoost is a highly popular machine learning (ML) approach which is renowned for its
robustness and avoidance of overfitting [19]. Among the 165 samples, 109 samples were
used for training and 56 were used for model evaluation. Model building was performed
using Scikit-Learn CVGridSearch [20], which automates hyperparameter tuning. To im-
prove the model performance and avoid overfitting to training data, the hyperparameters
detailed in Table 2 were assessed for each model. Model performance was assessed using
the coefficient of determination (R?), mean average error (MAE), and mean-squared error
(MSE). The three evaluation metrics are calculated using the SciKit-learn Python package
with y representing dependent variables and x representing the independent variables.

Table 2. XGBoost hyperparameter tuning using CVSearch.

Number of estimators 1000 1500 2000
Minimum child weight 0.5 1 3
Max depth 6 8 10
Learning rate 0.2 0.5 1
Subsampling column ratio 0.3 0.5 0.8

Further analysis for the similarity between UAV and Sentinel-2 was undertaken using
the structural similarity index (SSIM) proposed by Wang et al. [21]. Defined by Equation (1),
where x and y represent the two images, j, jiy represent the mean grey intensity, o, 0y,
represent the standard deviation of grey intensity, oy, represents the covariance of grey
intensity, and Cy, and C; are constants. The SSIM assesses the similarity of image luminance,
contrast, and structure within a kernel. With identical images scoring 1 and no similarity
scoring 0.

(2uxpy + C1) (200 + C)
For application within this work, UAV NIR reflectance data were aggregated to
10 m x 10 m pixels to ensure that image dimensions match Sentinel-2 NIR data. The

NIR band was selected for this analysis due to its larger spectral range. SSIM was then
applied using the SciKit-image library using a 3 x 3 pixel kernel size [22].

SSIM(x,y) = ( (1)

2.4. Grape Quality Assessment

At each sample location, ten grapes were collected per vine to create a 100-grape
sample per trellis block. Grape bunches were located by eye, ensuring that observation was
with the purpose of ensuring that bunches are representative of the vineyard and absent of



Remote Sens. 2024, 16, 3942

7 of 18

disease. Ten bunches were then located and ten grapes blindly selected to minimise bias in
selection. Grapes were picked from the top, bottom, vine-facing side, and inter-row facing
side of the bunch to control for sunlight exposure and ripening potential variation within
the bunch. The 100-grape samples were subject to laboratory processing within 24 h of
picking to minimise the effect of decomposition. Samples were crushed and filtered before
being centrifuged to separate the must and ensure particle size < 10 um for refractometry.
A 6 ml sample was placed on an OenoFoss Fourier Transform Infrared sensor to perform a
scan of the sample through a full-mid infrared spectrum [23] with four output parameters,
and then recorded for training machine learning models.

Analysis focused on the grape total acid measuring total hydrogen ions in the sample,
which impacts the mouthfeel and taste of the wine [24]. TSS, measured in Brix, quantifies
the sugar content of the sample, an important component for fermentation and alcohol con-
tent [25]. Also, alpha amino acids are a source of nitrogen for the fermentation process [26],
and finally, the berry weight was measured as the weight of the 100 grape samples. Each
of these quantifiable parameters are important for the final wine characteristics and are
popular metrics within viticultural literature [27-32].

3. Results
3.1. Sentinel-2 and UAV Imagery

Figure 3 presents the reflectance values for NIR, red, and green bandwidths for UAV
and Sentinel-2. Due to their operational altitudes and sensor parameters, the two platforms
can acquire data at different spatial resolutions, UAV orthomosaics are presented at 0.063 m
spatial resolution, and S2 orthomosaics are presented at 10 m spatial resolution. UAV and
Sentinel-2 bandwidths are displayed as a reflectance value between 0 and 1 and highlight
the interaction of the electromagnetic spectrum with vegetation and soil. Higher biomass
vines will reflect more energy in the NIR wavelengths and absorb more energy in the
red wavelengths, whilst lower biomass inter-row areas will have lower reflective and
absorption behaviours. Due to this behaviour, the vine rows can be clearly observed in the
higher-resolution UAV imagery. However, within the Sentinel-2 data, the spatial resolution
being greater than the interrow space size (approximately 2.0 m) results in mixed-feature
pixels where the vine cannot be separated from the cover crop.

Figure 3. Near-infrared (NIR), red, and green bandwidths from UAV (top) and Sentinel-2
(bottom) were used in this study. The different resolutions between the platforms is evident, with the
vine rows indiscernible within Sentinel-2 imagery.
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3.2. Airborne Remote Sensing for Identifying Grape Yield and Quality Variation

Remote sensing UAV and Sentinel-2 data were input as independent variables within
ML models to predict four grape yield and quality parameters. Model evaluation results
for mixed-pixel Sentinel-2 data, pure vineyay, and pure cover-cropyay pixels are presented
in Tables 3-5 and Figures 4—6. These results are presented with the objective to understand
the success of each sensor (UAV vs. Sentinel-2) and the spectral target (vine vs. cover crop)
for predicting the grape yield and quality parameters.

Table 3 and Figure 4a—d present the model evaluation results and regression outputs
for total acid, berry weight, alpha amino acid, and total soluble solids (Brix) from Sentinel-2
bands. The plots indicate the relationship between the remote sensing prediction and
lab-derived yield and quality parameters. Total acid presents strong modelling results
(R? = 0.60, MAE = 0.81 mg/L), TSS also demonstrates successful modelling but with
a number of outliers where Sentinel-2 has over-predicted TSS values. Both total acid
and TSS also present two clusters within the data. Alpha amino acid (Alpha) (R? = 0.44,
MAE = 10.02 mg/L) and berry weight (R? = 0.18, MAE = 9.18 g) produce successful but
weaker modelling results, with higher variance within predictions.

18
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Sentinel-2 TS5 (Brix)
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7 8 9 10 11 14 15 16 17
Total Acid (mg/l) TSS (Brix)

150
140
130

120

Sentinel-2 Berry Weight (g)
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Alpha (mg/l) Berry Weight (g)

Figure 4. Sentinel-2 XGBoost regression outputs for four-grape yield and quality parameters (a): total
acid; (b): total soluble solids; (c): alpha amino acids; and (d): berry weight. Results plot the predicted
Y variable from remote sensing data against the observed laboratory-derived quality parameter.
Shown with 95% confidence intervals.
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Table 3. Extreme gradient boosting (XGBoost) model performance for the Sentinel-2 prediction of
four yield and quality parameters. Model evaluation statistics include coefficient of determination
(R?), mean average error (MAE), and mean square error (MSE). Total acid range = 4.6 mg/L, alpha
amino acid range = 71.8 mg/L, total soluble solids (TSSs) range = 5.5 Brix, berry weight range = 53.3 g.

Total Acid (mg/L) Alpha (mg/L) TSS (Brix) Berry Weight (g)
R? 0.60 0.44 0.60 0.18
MAE 0.81 10.02 0.59 9.18
MSE 1.02 12.85 0.81 11.51

Table 4 and Figure 5a—d present the model evaluation results and regression outputs
from vine,y bandwidths and VIs. The results demonstrate the successful modelling of total
acid (R? = 0.67, MAE = 0.73 mg/L) and TSS (R? = 0.77, MAE = 0.50 Brix), yet consistent with
Sentinel-2 results, clear clusters of values are again present. Alpha amino acid (R? = 0.58,
MAE = 8.29) and berry weight (R2 = 0.34, MAE = 8.22 g) are weaker models, with more
variation; however, no clustering is observed.
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Figure 5. UAV vine XGBoost regression outputs for four grape yield and quality parameters ((a): total
acid, (b): total soluble solids, (c): alpha amino acids, and (d): berry weight). Results plot the predicted
Y variable from remote sensing data against the observed laboratory-derived quality parameter.
Shown with 95% confidence intervals.
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Table 4. Extreme gradient boosting (XGBoost) model performance for the pure vineyay pixels predic-
tion of four yield and quality parameters. Model evaluation statistics include a coefficient of determi-
nation (R?), mean average error (MAE), and mean square error (MSE). Total acid range = 4.6 mg/L,
alpha amino acid range = 71.8 mg/L, total soluble solids (TSSs) range = 5.5 Brix, berry weight

range = 53.3 g.
Total Acid (mg/L) Alpha (mg/L) TSS (Brix) Berry Weight (g)
R? 0.67 0.58 0.58 0.32
MAE 0.73 8.29 0.50 8.22
RMSE 0.93 11.09 0.68 10.35

Table 5 and Figure 6a—d present the model evaluation results and regression outputs
from cover-cropyay bandwidths and VIs. The results demonstrate the successful modelling
of total acid (R? = 0.45, MAE = 0.93 mg/L) and TSS (R? = 0.45, MAE = 0.76 Brix); yet,
consistently with Sentinel-2 results, the clear clusters of values are again present. Alpha
amino acid (R? = 0.43, MAE = 10.02) and berry weight (R? = 0.37, MAE = 8.10 g) produce
similar model performance metrics with a limited evidence of clustered values.
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Figure 6. UAV-derived cover-crop XGBoost regression outputs for four grape yield and quality
parameters ((a): total acid, (b): total soluble solids, (c): alpha amino acids, and (d): berry weight).
Results plot the predicted Y variable from remote sensing data against the observed laboratory-
derived quality parameter. Shown with 95% confidence intervals.
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Table 5. Extreme gradient boosting (XGBoost) model performance for pure cover-cropuay pixels’
prediction of four yield and quality parameters. Model evaluation statistics include the coeffi-
cient of determination (R2), mean average error (MAE), and mean square error (MSE). Total acid
range = 4.6 mg/L, alpha amino acid range = 71.8 mg/L, total soluble solids (TSSs) range = 5.5 Brix,
berry weight range = 53.3 g.

Total Acid (mg/L) Alpha (mg/L) TSS (Brix) Berry Weight (g)
R? 0.45 043 0.45 0.37
MAE 0.93 10.02 0.76 8.10
RMSE 1.21 13.00 0.95 10.09

R? values between UAV and Sentinel-2 platforms and the viney,y and cover-cropyay
suggest that modelling is successful; however, prediction strength is limited. Sentinel-2
models for total acid, TSS, and alpha amino acid produce similar model success to vineyay
models, whilst berry weight predictions were weak for each methodology. Pure cover-
cropuav produced successful models; however, R? values ranging between 0.37 and 0.45
were marginally weaker than both pure viney,y and Sentinel-2 models.

3.3. The Spectral Similarity Between UAV and Sentinel-2 Acquired Data

With model evaluation results evidencing that remote sensing data from both UAV and
Sentinel-2 can successfully predict grape yield and quality parameters, the following results
will compare the similarity between UAV and Sentinel-2 imagery. Within viticultural
literature, the authors stated the inhibiting influence of the inter-row space and cover
crop upon Sentinel-2 imagery when attempting to monitor vine variation. Quantifying
the similarity of the two platforms will aid in understanding of the influence vine and
cover-crop spectra upon a mixed-feature Sentinel-2 image.

Figures 7-9 present Sentinel-2 10 m NIR and 10 m resampled UAV data, alongside
the difference raster and SSIM outputs for three vineyards in 2022. Firstly, across the three
vineyards, the maximum difference in NIR reflectance is between 0.15 and 0.20, with one
pixel falling above 0.20, suggesting that despite a difference in observation dates, NIR
reflectance is highly similar between the two platforms. BC is the least similar vineyard,
with areas to the north and east with multiple pixels of NIR difference above 0.15. An edge
effect can also be observed in BC and BH, where NIR values drop significantly around the
edge of the image due to bare ground areas in the vineyard headland.
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Figure 7. Structure similarity index and difference between Sentinel-2 (S2) near-infrared (NIR) and
uncrewed aerial vehicle (UAV) NIR data at Butness (BT).
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Figure 8. Structure similarity index and difference between Sentinel-2 (S2) near-infrared (NIR) and
unmanned aircraft vehicle (UAV) NIR data at Bottom Camp (BC).
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SSIM quantifies the similarity of images based on their luminance, contrast, and
structure, with values of 1 representing identical images and values of 0 representing
images with no similarity. To note, the SSIM raster does not report the edge pixels where a
3 x 3 kernel cannot be applied. The SSIM for all three vineyards is very high, with overall
SSIM scores in excess of 0.99. Using a 3 x 3 pixel kernel, the SSIM score suggests that the
Sentinel-2 and UAV rasters have similar pixel values and spatial structures. Across the
three rasters, the least similar pixels are located in areas where the NIR difference value is
highest. In BC, these pixels are found to the north and east of the image, whilst for BT, the
lower SSIM score is observed near a single pixel which has a large NIR difference between
the two platforms. A further observation is the apparent gradient of SSIM, occurring from
left to right in BT and BH, and then from bottom to top in BC.
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Figure 9. Structure similarity index and difference between Sentinel-2 (S2) near-infrared (NIR) and
uncrewed aerial vehicle (UAV) NIR data at Boothill (BH).

SSIM has identified that the spatial similarity between UAV NIR and Sentinel-2 NIR
is exceptionally high. To understand the individual effects of cover-crop and vine spectra
upon Sentinel-2 imagery, the viney,y and cover-cropyay values are plotted against their
spatially corresponding Sentinel-2 pixel in Figure 10. Across the three sample vineyards, it
is clear that cover-cropyay NDVI (R = 0.954) holds a more linear relationship with Sentinel-2
NDVI than vineyay NDVI (R = 0.547). The data values are largely clustered by both the
sample year and sample vineyard, with BT cover-cropyay reporting the highest NDVI
values (NDVI = 0.88-0.92) for both UAV and Sentinel-2 imagery. BC and BH present a
0.20 NDVI difference between the sample years, whilst BT presents as a single larger cluster
for both vineyay and cover-cropuay NDVI. Whilst it is clear that considering results by
individual sample vineyard and sample year reduces the strength of the relationship, this
intra-vineyard relationship is still significant on six occasions for cover-cropuay and on no
occasion for vineyay.
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Figure 10. The relationship between 52 NDVI with vineyay NDVI (a) and cover-cropuyay NDVI
(b) with data points classified by sample vineyard: Bottom Camp (bc), Boothill (bh), and Butness (bt).

4. Discussion
4.1. Grape Quality Modelling Using Cover Crops and Machine Learning

This research assessed the ability of drone-derived vine and cover-crop pixels and
mixed-feature Sentinel-2 pixels to predict grape yield and quality parameters. With the
segmentation of high-resolution UAV imagery, further understanding was gained on the
roles that cover-crop spectra play in the application of medium-resolution satellite imagery
for vineyard monitoring.

The presented results show successful models across the three sets of spectral data
(Sentinel-2, vineyay, cover-cropyay) and the four quality parameters (total acid, TSS, alpha
amino acid, and berry weight). These outputs support the use of remote sensing data
and machine learning models to predict multiple important and industry-recognised wine
quality parameters which have a significant bearing on the flavour and mouthfeel of the
wine [24,32], whilst further understanding the spatial variability of grape yield and quality
can improve vineyard management and allow selective harvesting [6]. Therefore, the
accurate monitoring of these parameters is essential for the business success of a vineyard.

Among these successful models, perhaps the most significant finding from this re-
search is the outputs of cover-cropuay models. This is the first research to evidence that
cover-crop spectra, acquired from high-resolution data, can be utilised within machine
learning modelling to predict grape yield and quality parameters. For the total acid, TSS,
and alpha amino acid, vine models only marginally outperformed cover-cropyay models
(R? difference: total acid = —0.22, TSS = —0.23, alpha amino acid = —0.25), whilst for berry
weight, the cover-cropuay produced a stronger model evaluation than vine,,y models (R?
difference: berry weight = +0.05). The comparability of these models suggests a relationship
between cover-crop spectra and grape quality parameters. Within viticulture, growers will
often use cover crop to help manage water availability and improve soil quality, therefore
carefully controlling the vines’ access to resources [33,34]. Evidence also exists that demon-
strates plant-level interactions between cover crops and vines, with some authors further
suggesting that these interactions also manifest within grape quality [35,36]. It is therefore
possible that this interaction between cover crops and vines could be a mechanism through
which cover-crop spectral variation can be linked to yield and quality. Whilst the results of
this study are promising, viticultural literature remains inconclusive on the direct effect
that cover crop has upon yield and quality. Despite the evidence presented by Bokulich
et al. [37] and Chou et al. [35], comprehensive trial-based studies assessing different cover-
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crop mixtures also found no direct effects upon grape quality parameters [36,38—40]. A
second and more probable mechanism which may explain successful model results is an
indirect relationship, where vines, cover crops, and grape yield and quality present parallel
changes in their response to environmental changes (e.g., soil moisture and organic matter).
Whilst this would be a proxy measurement of yield and quality, rather than measuring the
direct effect of cover crop, this is the first study to evidence that cover crops have useful
spectral data for grape yield and quality monitoring.

4.2. The Influence of Cover-Crop Spectra within Sentinel-2 Imagery

A second important outcome of this study which builds upon findings that cover-crop
spectra hold beneficial information for monitoring is the effect that cover crop has upon
mixed-feature medium-resolution satellite imagery, such as Sentinel-2. Previous research
has largely stated that cover-crop and inter-row spaces act as noise when monitoring the
vineyard [3-6], therefore rationalising the use of high-resolution UAV imagery to ensure
that pure vine pixels can be acquired for monitoring.

In this work, SSIM results (Figures 7-9) between 10 m resampled UAV and Sentinel-2
imagery suggest that the luminance, contract, and structure is highly similar (SSIM = > 0.99).
Therefore, it can be stated with certainty that spectrally, both platforms have similar repre-
sentations of vineyard variance, whilst spatial resolution (UAV = 0.063 m, Sentinel-2 = 10 m)
remains the most significant difference. Further exploring this similarity and assessing
the relationship of vineyay and cover-cropuay NDVI to Sentinel-2 NDVI reveals that cover-
Cropuav holds a significantly more linear relationship (r-value = 0.954) to Sentinel-2 than
vineyay (r-value = 0.547) across the three sample years and three sample vineyards. The
strength of this result suggests that cover crop has a larger influence on a 10 m Sentinel-2
pixel than vine spectra. Therefore, in practice, the use of a moderate-resolution satellite to
monitor a vineyard with similar presentation to that in this study will describe the spectral
variance of the cover crop more than the spectral variance of the vines. This is likely the
product of the cover crop having a larger spatial area than a vine within each 10 m pixel.

Conclusions reached by Matese et al. [4], Di Gennaro et al. [2], and Khaliq et al. [5],
which aimed to monitor vine variation from moderate-resolution satellite imagery, state
that the cover crop inhibits the ability to monitor vines. As shown in this study, cover-crop
spectra have a higher influence on the Sentinel-2 pixel than the vine spectra, which will
lead to the vine signal being obscured within a Sentinel-2 pixel. Therefore, a cover crop
could be viewed as a hindrance when trying to monitor the vines.

Interestingly, within this study, the focus is not on assessing the vine in isolation,
but instead, attempting to model yield and quality variation. This study has shown that
these two parameters (yield and quality) are significantly correlated with the cover-cropuav,
and thus, a Sentinel-2 mixed pixel is capable of describing the variation in grape quality
parameters due to both vine and cover-crop spectra being beneficial for modelling.

In summary, this study finds no evidence that cover-crop spectra inhibits the ability to
monitor grape yield and quality and should be considered within future airborne remote
sensing monitoring. With cover-crop spectra being viewed as useful, the value of moderate-
resolution satellite imagery for monitoring grape yield and quality then increases. Despite
operating at lower spatial resolutions than UAV imagery, open access sensors such as
Sentinel-2 and Landsat-9 could provide yield and quality prediction models for very low
material costs; and over larger spatial scales. As discussed by Matese et al. [4], compared to
UAYV which requires trained operators and equipment, monitoring vineyards over 50 ha is
significantly more cost-effective using satellite imagery.

4.3. Limitations and Recommendations

Within viticultural remote sensing, there are many factors which complicate data
acquisition and analysis, affecting the clarity of the results. Within this study, a prominent
issue was the use of a multi-vineyard and multi-year strategy. This approach introduced
significant variation within remote sensing data which likely had a bearing on machine
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learning methodologies, clustering the data and likely inflating R? values. It is possible that
the results represent the variance between sample years and sample vineyards more than
the inter-vineyard variance. Whilst confidence remains in the ability of this methodology to
identify inter-vineyard variation, future work would be more impactful, focusing on inter-
field variation from a single survey. However, generating a yield and quality sample size
large enough for training machine learning models remains a challenge due to the impact
of sampling upon the commercial operations of the vineyard. Alternatively, exploring
methodologies to normalise variance between sample years and vineyards could also be
impactful research.

A second difficulty encountered throughout this work was the effect of vine shadows
cast across the cover crop. This issue is discussed at length by Sozzi et al. [41], and despite
targeting high-noon for data capture, shadows often persisted within UAV orthomosaics
and could be exacerbating the spectral difference between vineyards. Whilst ratio nor-
malisation VIs such as the NDVI largely mitigate the presence of shadows and variation
in illumination levels across the scene, shadows likely remained a significant driver of
difference in UAV surveys between the three vineyards. This impact of shadows could be
minimised through selective UAV survey timings and sun position, but this is complex
planning for large or commercial vineyards.

A prominent discussion within the literature also focuses on the timing of monitoring.
Whilst UAV surveys in this study were completed one to two weeks prior to harvest,
evidence suggests that targeting the veraison period (approximately 1 month prior to
harvest) produces the strongest correlations with grape quality parameters [42]. Future
works focusing on a multi-temporal monitoring design, collating the results of multiple
remote sensing data collections per growing season, could lead to significant improvements
in the modelling of grape yield and quality. Whilst also providing data to inform manage-
ment decisions, this could allow for varied canopy management, selective harvesting, and
improved harvest timing [43].

5. Conclusions

This paper investigated the ability of vine and cover-crop data acquired by high-
resolution UAV and mixed-feature Sentinel-2 data to predict grape yield and quality
parameters within an English vineyard. Successful modelling presents novel evidence of
the link between cover-crop spectra and grape yield and quality data. Moreover, demon-
strating the significance of cover-crop spectra then provides a mechanism through which
Sentinel-2 mixed pixels can be used for yield- and quality-monitoring. This work has built
on previous research which states the significant roles that inter-row space and cover crop
play in viticultural remote sensing. Yet, it has also demonstrated that cover-crop spectra
are not just noise and can be exploited to innovate remote sensing solutions within viticul-
ture. Whilst moderate-resolution satellite imagery provides a very-low-cost monitoring
solution, the importance of cover-crop spectra will also be vital for rapidly developing
hyperspectral satellite solutions. Operating at a moderate resolution (8-30 m), the effect
and possible value of cover-crop spectra will be increasingly prominent within future
viticultural remote sensing.
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