
1. Introduction

Precision Viticulture (PV) may be defined as the
methodology that allows site-specific vineyard moni-
toring and management. Crop monitoring is a very
important task in PV, because it concerns the gather-
ing of information obtained through crop observa-
tions, such as phenological phases, nutritional state,
plant health, production expectations, and production
maps [Mazzetto 2006, Vieri 2010]. Presently, Remote
Sensing (RS) is the most diffused techniques em-
ployed in PV systems. It concerns the elaboration of
reflectance data collected by multispectral optical sur-
veys in order to obtain virtual images of vegetation
indices that may be correlated to phytosanitary plant
status. Generally, multispectral systems collect im-
ages in few visible wavebands (green: 555-580 nm,
red: 665-700 nm) and in the Near Infrared (NIR: 740-
900 nm), which are related to crop growth. Normally,
reflectance data are used to calculate vegetation in-
dices. As it is known, NDVI (Normalised Difference
Vegetation Index) is one of the most studied of them.
It is used to identify different vegetative vigour levels
of crop canopies, on which production depends
[Lamb 2001; Johnson 2003] and it is often obtained
by aerial RS surveys.

RS data gathering strongly depends on climatic
conditions and their use is a complex matter, particu-
larly in viticulture because of: a) canopy architecture,
b) grass or soil presence in the inter-row space, c)
shadowing among the rows [Stamatiadis 2006]. In or-
der to overcome RS limits, research was carried out to
develop crop monitoring tools named “ground-sens-
ing” technologies. Currently, there are several com-
mercial active optical ground sensing devices avail-

able: one of the most used devices is the GreenSeeker
RT100 (Ntech Industries Inc., Ukiah, USA). Recently
the GreenSeeker application in viticulture has been
studied to characterise spatial distribution of vine veg-
etation vigour [Drissi 2009; Mazzetto 2009]. Ground-
sensing optical sensors were also investigated to de-
tect disease symptoms on wheat and to discriminate
between pathological and nutritional stresses
[Moshou 2006]. In addition to multispectral devices,
other types of sensors used in crop monitoring tasks
have been studied. For example, ultrasonic sensors
[Zaman 2006], or the LIDAR laser scanner [Gil 2007]
are able to evaluate the variability of canopy volume
within vineyards or orchards. Doruchowski [2009]
studied a system to optimize the agrochemicals distri-
bution in an orchard based on spectral and ultrasonic
sensors. Other authors proposed the use of NDVI
combined with ultrasonic sensors to estimate the bio-
mass vigour of winter wheat [Scotford 2004] and cot-
ton [Inamasu 2008].

In this study, a mobile monitoring system based on
ultrasonic sensors for canopy thickness estimation and
GreenSeeker for a multispectral vegetation investiga-
tion were developed. It intends to evaluate the per-
formance of the proposed system with regards to the
canopy volume derived from a set of ultrasonic sen-
sors, its capability to represent the canopy evolution
during the growth season, and its efficiency in detect-
ing the dynamic diffusion of grapevine downy
mildew through the integration of multispectral and
ultrasonic data collected in vineyard conditions as
similar as possible to normal field operations.
Grapevine downy mildew is caused by Plasmopara
viticola (Berk. et Curt.) Berl. and De Toni, and it is
one of the most serious diseases of Vitis vinifera L.. It
induces the appearance of pale yellow oil-spots in
leaves and extended necroses on clusters. The spots
eventually become necrotic and result in a premature
defoliation of vines, mostly in severely affected vine-
yards. The macroscopic symptoms of the grapevine
downy mildew are particularly evident and can allow
a significant evaluation of the GreenSeeker device
performance in detecting different disease levels in
vineyards.
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2. Materials and methods

In order to evaluate the possibility to carry out a di-
agnosis in vineyards with the proposed mobile moni-
toring system, canopy health and vigour status were
monitored simultaneously. To achieve this objective,
tests were carried out during the 2007-2008 campaign
in a commercial vineyard. Tests were conducted in
three different growing season stages: June, 21 (T1,
berries pea-sized), July, 9 (T2, bunch closure), July,
31 (T3, softening of berries).

Tests involved two groups of rows of cv Pinot Gri-
gio at a commercial multi-wire vertical trellis vine-
yard located in Oltrepò Pavese:
• non-treated rows: plants that have never been treat-

ed with fungicides effective against P. viticola dur-
ing the entire productive season (rows 1-3);

• treated rows: plants continuously protected against
P. viticola (rows 4-7).
In this way, a great variability in vine status 
was artificially caused between the two groups of

rows in order to allow an accurate evaluation of the
monitoring system.

Measurements of the layout of planting are report-
ed in Table 1 for each monitored row.

Tests consisted in mobile surveys carried out with
a 18 kW tractor equipped with the monitoring system
mounted in front of it (Fig. 1). A DGPS double fre-
quency receiver with Real Time Kinematic correction
(Topcon mod. GB-500, Capelle a/d IJssel, The
Netherlands), with in-field master station (Topcon
mod. HiPerPro) was used to geo-reference data col-
lected while travelling in the vineyard. Real time
communication between the two receivers was con-
ducted using two radiomodems.

The monitoring system included two coupled
GreenSeekers and three couples of ultrasonic sensors
mounted on a metallic frame that allowed the adjust-
ment of the sensor’s height (Fig. 1). Ultrasonic sensor
signals were acquired through a 12 bit data acquisi-
tion device with 8 digital channels. The acquisition
device was powered via USB (5 V) and connected to
a data-logger. Optical data were directly acquired by
the data-logger, which also stored sensor outputs and
recorded GPS coordinates associated to each data ac-
quisition (Fig. 2). Sampling frequency acquisition of
the DGPS and GreenSeeker was set at 5 Hz during
tests.

The GreenSeeker RT100 is a device with an active
lighting optical sensor made up of an electrolumines-
cent diode , LED, emitting high intensity light 660+/-
10 nm (red) and 770+/-15 nm (NIR) wavebands.
LEDs are pulsed at 100 Hz with an average reading of
10 Hz. The light reflected by leaves is captured by a
silicon photodiode positioned in front of the device.
Electronic filters remove background reflections.
GreenSeeker computes NDVI values in real time.

The two GreenSeekers were positioned at 1.16 m
above ground level, in order to investigate the vine
fruit zone. 

Each couple of ultrasonic sensors (Jameco Part. n.
134105, Senix Corp., USA) were mounted at three
different heights (H1 = 0.9 m, H2 = 1.3 m, and H3 =
1.7 m) above ground level. The entire vertical devel-
opment of the vegetation wall could be investigated
and the site-specific canopy volume derived from the
horizontal distance to the foliage measured while
travelling in the vineyard [Schumann 2005]. Ultrason-
ic sensors have a range of measurements between a
minimum of 10 cm and a maximum of 152.4 cm, with
a 0.56 cm resolution. The beam pattern of the ultra-
sonic sensors was conical with a total angle of about
15 degrees. Ultrasonic sensors were placed 1.07 m
from the vegetation wall, so the cone started at the
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TABLE 1 - Measurements of the layout of planting; vine-spacing mean value is 1.2 m.

Row Row length (m) Inter-row distance (m) n° of plants
1 90.88 2.29 76
2 89.57 2.18 75
3 92.28 2.30 77
4 93.39 2.30 78
5 94.43 2.29 78
6 95.24 2.19 79
7 95.49 80

Fig. 1 - Schematic layout of the mobile monitoring system em-
ployed for tests in vineyard. A and B: GreenSeeker; 1, 2, 3: couples of
ultrasonic sensors.
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face of the sensor at about 0.04 m in diameter, diverg-
ing to 0.19 m in diameter when reflected by the
canopy (Fig. 3). Frequency acquisition of ultrasonic
sensors was set to 10 Hz.

In order to calculate canopy thickness, ultrasonic
sensors were calibrated before their use in vineyard.

The calibrating equation of distance vs. voltage 
(r2 = 0.99) is as follows:

dVW = 13.696 · Vout + 14.941 (1)

where:
dVW : sensor horizontal distance to the vegetation

wall (cm); 
Vout : output voltage (V).

Ultrasonic sensors and optical tools of each pair
were oriented in opposite directions in order to meas-
ure the horizontal distance to the foliage and the
canopy spectral reflectance, on both sides of the tractor
passing the inter-row track. During the tests, the tractor
was driven at a speed of 3 km/h (0.8 m/s), in order to
obtain a spatial resolution of approx. 0.09 m and 0.17
m according to the working frequency of the system,
respectively for ultrasounds and optical measurements.

During the same day, three passes were performed
per inter-row track, two with the same driving direc-
tions and one with a reverse direction. This, in order
to evaluate the repeatability of optical and analogue
measurements, refers to the same vegetation wall, ei-
ther using the same sensor in different passes, or us-
ing different sensors with regards to the same target.

Contextually, four replicate plots (A, B, C, D) were
identified in non-treated rows (Fig. 4). Each plot con-
sited of 12 vines. Each sampling point was georefer-
enced in order to match them with data automatically
collected by the monitoring system. Disease visual as-
sessments were carried out on each replicate plot on
50 randomly selected leaves per row side. A disease
class was attributed to each leaf according to an 8-
class scale of symptomatic leaf area percentage. Dis-
ease classes range from 0, healthy, to 7 (75-100% of
symptomatic surface). Classes are based on the exten-
sion of the organ surface showing downy mildew
symptoms [Rho 2004] (Tab. 2). Then, the intensity of
damage – i.e. the percentage infection index (I%I) –
concerning P. viticola was calculated according to the
equation proposed by Townsend [1943]:

(2)

where:
n = frequency of leaves for each disease class;
v = numeric value of each disease class;
nC = number of classes;
N = sample size.

Optical measurements collected by the GreenSeeker
were processed through spatial interpolation proce-
dures (using 3D-Field software) with the inverse dis-

3

Fig. 2 - Diagram of the data acquisition integrated system for crop monitoring activities.

Fig. 3 - The conical beam pattern of the ultrasonic sensor between
the face of the sensor and the vegetation wall. TABLE 2 - Classes used for disease visual assessment.

Disease Class Symtpomatic leaf surface (%)
0 0 (healthy leaves)
1 0 – 2.5
2 2.5 – 5
3 5 – 10
4 10 – 25
5 25 – 50
6 50 – 75
7 75 – 100
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tance weighting method (IDW) in order to obtain ND-
VI maps [Milics 2008], which immediately show dif-
ferences in vegetative development among plant
groups.

At this processing stage, data gathered by ultrason-
ic sensors were used only to identify each monitored
row and to eliminate turning-manoeuvre data points.
The beginning and the end of each row was identified
through an ultrasonic sensors voltage measurement
chart analysis, which highlighted constant and saturat-
ed signals corresponding to data collected outside the
rows. The preliminary data screening was necessary
because NDVI values associated with turning-ma-
noeuvres affect the accuracy of the interpolated maps.

NDVI maps were preliminary produced for the en-
tire monitored area within the vineyard and then for
each plot. In each plot, NDVI maps were compared to
I%I maps produced through the spatialization of I%I
values calculating from disease visual assessment. 

Concerning ultrasonic sensors, voltage data were
converted into distance measurements according to
Equation 1, then measurement repeatability was veri-
fied according to the same procedure used for an
analysis of NDVI values. After repeatability verifica-
tion, for a point r of the vineyard, Ultrasonically
measured Canopy Thickness UCT(r) at each measure-
ment height can be calculated as:

UCT(r) = RS – [dA(r)+dB(r)] (3)
where:

RS = row spacing (m);
dA(r) and dB(r) = foliage-sensor distances (m) at

point r, measured from the opposite sides of the
canopy during two contiguous tractor passes.

Since ultrasonic sensors provide data directly
linked to distance measurements, an evident but re-
markable property of Equation 3 is that it does not
need any species- or cultivar-specific calibration.
Nevertheless, it has to be underlined that results of
Equation 3 are valid, subject to the assumption that
the tractor deviations from the inter-row axis are neg-
ligible. Contextually to automatic surveys with the ul-
trasounds, MCT (Manually measured Canopy Thick-
ness) as measured on four selected plots (4.5 m long)
located on non-treated rows (Fig. 4, A, B, C, D). Mea-
surements were conducted according to a sample grid
at the three heights investigated by ultrasonic sensors,
in order to compare MCT and UCT, and to verify that
UCT values corresponded to the actual canopy width.

3. Results and discussion

3.1 Optical data

In order to evaluate result reliability, repeatability
of NDVI measurements was verified through determi-
nation coefficient computation (r2); r2 is within a min-
imum of 0.70 and a maximum of 0.80 for data collect-
ed when driving in the same direction and in the re-
verse direction (Fig. 5). NDVI maps were then pro-
duced. Fig. 6 refers to three monitoring surveys car-
ried out in three different growing stages: June, 21
(T1, berries pea-sized), July, 9 (T2, bunch closure),
July, 31 (T3, softening of berries). The NDVI repre-
sentation scale is within a minimum of 0 to a maxi-
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Fig. 4 - Spatial layout of plots identified within the vineyard for
manual surveys and indicated with progressive alphabetical letters.
Rows 1 thru 3 were not-treated with fungicides effective against P.
viticola, whereas rows 4 thru 7 were continuously protected against P.
viticola.

Fig. 5 - Correlation between NDVI values measured during two subsequent passages of the tractor performed in the same direc-
tion (chart A) and one in the reverse direction (chart B).
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mum of 1, divided into classes of size 0.02. The
threshold value applied is 0.60 and it was selected in
order to emphasise the small differences in vegetative
vigour level within the vineyard. This value has been
identified through the examination of values proposed
in literature and the frequency analysis of data collect-
ed during preliminary tests carried out in greenhouse
[Mazzetto 2009]. NDVI maps clearly show differ-
ences in vegetation conditions in the two groups of
rows. Their comparison highlights that several zones
of the non-treated rows (1-3) were characterised by
low vegetation vigour associated with a high inci-
dence of grapevine downy mildew, as confirmed by
disease assessments listed in Table 3. Conversely, in
the treated rows (rows 4-7) there was a high vigour
level, that increased until July 9 because of the side
shoot development. Afterwards, the vigour level also
decreased in the treated part of the vineyard due to the
natural grapevine phenological development.

3.2 Ultrasonic data

At first, measurement repeatability was verified ac-
cording to the same procedures used for the NDVI
value analysis. Good repeatability was also observed
in this case (r2 = 0.72 for data collected when driving
in the same directions; r2 = 0.77 for data collected
when driving in reverse directions Fig. 7).

A first analysis of canopy semi-thickness measured
on tied and non-tide vines was carried out. In particu-
lar, in non-tied vines, the large part of the vegetation
was concentrated at two lower investigated heights
(0.90 and 1.30 m). On the contrary, on completely tied
vines, less differences in canopy thickness in the three
investigated zones were observed. According to these
preliminary positive results, UCT was compared to
MCT through a determination coefficient and two-
tailed Student t-test at a 5% level of significance for a
two-sample, assuming equal variance (tests on the
variance ratio confirmed that variances do not differ
significantly). Data analysis was carried out on all data
sets firstly distinguished by monitoring day (T1, T2,
T3) and then by the investigated height (H1, H2, H3).
In both cases, the statistical analysis confirmed that the
UCT values were not significantly different from the
MCT values (Tab. 4 and Tab. 5). Tab.4 shows that the
mean value of canopy thickness (CT) (computed on
the entire data set) varied during the monitoring peri-
od. It was between a minimum of 0.25 m (T1) and a
maximum of 0.29 m (T2), and it increased as the
growing season progressed. The mean CT values ob-
served during the experimentation are included within
a range of 0.25-0.35 m, which normally corresponds to
an optimal canopy density of 2.5-3 leaf layers, as
demonstrated by Oberti [2007]. Regarding the analysis
conducted on all datasets distinguished by investigated

5

TABLE 3 - The downy mildew I%I assessed on leaves in the untreated four replicate plots.

Date Replicate 1 I%I Replicate 2 I%I Replicate 3 I%I Replicate 4 I%I Average I%I
June, 21 13.5 6.9 4.1 6.3 7.7
July, 09 45.3 27.8 29.7 26.4 32.3
July, 31 71.9 60 62.43 41.43 58.9

Fig. 6 - The NDVI maps obtained from data collected by GreenSeeker during T1, T2, T3 tests.
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height (Tab. 5), the UCT mean value reached its maxi-
mum (0.31 m) at H1, which corresponds to the fruit
zone, and its minimum (0.20 m) at H3. At the top of
the vegetation wall, UCT showed some negative val-
ues because of the electronic noise that sometimes oc-
curred in case of canopy absence (Fig. 8). Further-
more, the correlation between UCT and MCT values
decreased with the increasing height, reaching the
minimum value (r2 = 0.48) at the top of the canopy.
This fact could be explained by the higher error inci-
dence in ultrasonic data caused by the thinning of the
foliage in the upper part of vines, and by the detection
and distance measurements of some extended shoots at
the top of the canopy that were not considered in man-
ual measurements.

3.3 Infected area identification

I%I maps of P. viticola were produced according to
the results of the disease assessments carried out in
each monitored plot. A visual analysis of the compari-
son between I%I and the NDVI map was conducted.

It showed a good correspondence between NDVI val-
ues and the visually assessed disease incidence, even
if at a qualitative level (Fig. 9). In fact, both NDVI
and I%I maps show discoloured areas indicating low
NDVI values and grapevine downy mildew incidence
in the same zones of the plot. Nevertheless, in Fig. 9,
low NDVI values that have no correspondence to in-
fected areas can be observed in the right zone of the
map. 

Then, NDVI values and UCTs calculated on plots
were compared through a visual analysis of signals. 

Since the comparison highlighted lack of vegeta-
tion along the rows corresponding to areas presenting
both low UCT and NDVI values (indicating critical
vegetation conditions) but no disease symptoms, the
identification of the downy mildew affected areas
(high UCT values, low NDVI values, presence of in-
fection) was correctly achieved. In fact, in areas char-
acterised by lack of vegetation, NDVI indicates criti-
cal vegetation conditions, but no grapevine downy
mildew symptoms were detected by the disease visual
assessment. Therefore, the contextual use of UCT and
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Fig. 7 - Correlation between canopy thickness measured during two subsequent passages performed in the same direction
(chart A) and one in the reverse direction (chart B).

TABLE 4 - Summary statistics for manual and ultrasonic canopy thickness on different monitoring days.

Monitoring day (1) n(2) Method Minimum (m) Maximum (m) Mean (m) t (3) DF(4) r2 (5)

T1 267 MCT 0 0.70 0.25 -0.05 532 0.60
267 UCT 0 0.74 0.25

T2 270 MCT 0 0.74 0.29 0.08 538 0.56
270 UCT 0 0.80 0.29

T3 277 MCT 0 0.81 0.28 -1.78 552 0.69
277 UCT 0 0.68 0.26

Total 814 MCT 0 0.81 0.27 -0.94 1626 0.61
814 UCT 0 0.80 0.27

(1) T1 = test of June, 21; T2 = test of July, 9; T3 = test of July, 31
(2) n = number of sample points
(3) Two-tailed Student t-test for two sample assuming equal variance
(4) DF = degree of freedom
(5) r2 = determination coefficient
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Fig. 8 - Correlation between UCT and MCT at three investigated heights. Charts A, B, and C refer to H1, H2, and H3 respectively.

TABLE 5 - Summary statistics for manual and ultrasonic canopy thickness at different investigated heights.

Investigated
height (1) n(2) Method Minimum (m) Maximum (m) Mean (m) t (3) DF(4) r2 (5)

H1 284 MCT 0 0.71 0.31 -0.69 566 0.71
284 UTC 0 0.80 0.31

H2 294 MCT 0 0.81 0.29 -1.00 586 0.51
294 UCT 0 0.75 0.28

H3 236 MCT 0 0.74 0.20 -0.04 470 0.48
236 UCT 0 0.60 0.20

Total 814 MCT 0 0.81 0.27 -0.94 1626 0.61
814 UCT 0 0.80 0.27

(1) H1 = 0.9 m; H2 = 1.3 m; H3 = 1.7 m
(2) n = number of sample points
(3) Two-tailed Student t-test for two sample assuming equal variance
(4) DF = degree of freedom
(5) r2 = determination coefficient

Fig. 9 - NDVI and I%I maps of parcel A obtained from the spatial interpolation of T1 data and the comparison of NDVI and UCT signals for the
identification of disease affected areas.
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NDVI measurements allowed the identification of
downy mildew affected areas characterised by low
NDVI but high UCT values, which highlights the
presence of vegetation.

4. Conclusions

The goal of this work was to test a mobile monitor-
ing system which implements optical devices –
GreenSeeker RT100 – and ultrasonic sensors for
ground sensing surveys in viticulture, in particular for
the diagnosis of grapevine downy mildew directly in
vineyards.

Results obtained through the GreenSeeker could be
considered more than acceptable. The GreenSeeker
usefulness is confirmed by measurement repeatability
and the positive results achieved with open-field data
elaboration. NDVI maps produced at the vineyard
scale, could be considered an effective management
tool that shows vineyard areas characterised by differ-
ent vigour levels; scouting operations can be targeted
to these critical areas. 

Results confirmed a good measurement repeatabil-
ity for ultrasonic data, too. The comparison between
UCT and MCT values indicates that there is no signif-
icant difference between the two types of measure-
ments. Results highlight that an automated ultrasonic
system can measure canopy thickness rapidly and re-
liably in vineyards. 

An initial qualitative analysis that considered si-
multaneously measured NDVI and UCT values was
promising. In fact, it allows the discrimination of
zones characterised by lack of vegetation (low UCT
values) or the presence of downy mildew symptoms
(high UCT values). In this way, the identification of
downy mildew affected areas was possible. Therefore,
the integration of the two types of data represents the
first step for the application of a diagnosis at the field
level.
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SUMMARY

This paper considers the possibility to use ground
sensing technologies that can be employed directly in
vineyards. The aim of this work is to evaluate con-
temporarely the canopy health and vigour status of
vines through the use of a mobile monitoring system;
this, in order to investigate the possibility to realize a
pathological diagnosis in vineyards. To achieve this
objective optical and analogue devices were tested: a)
GreenSeeker RT100, a commercial optical device cal-
culating NDVI in real time; b) ultrasonic sensors for
canopy thickness estimation. A DGPS receiver was
employed for geo-reference data collected while trav-
elling in the vineyards. 

Tests were conducted in a commercial vineyard
which included rows treated and non-treated with
agrochemicals. Data coming from the automatic mon-

itoring were compared to manual morphological and
physiological observations carried out to characterize
the phytosanitary status of the canopy.

Optical data were processed in order to obtain ND-
VI maps. They clearly showed differences in canopy
vigour evolution in the two examined groups, and low
vegetative vigour in areas infected by Plasmopara viti-
cola (as confirmed by manual assessment). Maps of
percentage infection index (I%I) were produced ac-
cording to pathological manual survey results. The
comparison between I%I and NDVI maps confirmed,
at a qualitative level, the real vine phytosanitary status.

The integration of UCT and NDVI values allows
the identification of diseased vineyard areas among
zones presenting critical vegetation conditions. 

Keywords: ground sensing, NDVI, canopy thick-
ness, vegetative vigour.
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