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Abstract — A theoretical study of an electrostatic multipole is presented. This instrument allows the non-destructive and in situ esti-
mation of the water content of vegetation canopy horizontal layers from a measurement of their dielectric permittivitigki- The m
pole is composed of four electrodes, two electrodes injecting an alternating current, while the two others measure diffestential
ence. A prototype instrument showed that good estimations of the wheat spike water content could be achieved. A simdlation base
on the finite element method is performed to study the response of the instrument for various wheat crop dielectric pemétsies.

show that the potential difference depends on the dielectric properties of the spikes and the stems, and that the sdg8 imfiuenc
significant. An improved configuration of the instrument, using two pairs of reception electrodes, is also simulatedarberalelet

to retrieve the spike and the stem permittivities. The inversion of the potential differences is realized by using dneutificreet-

work. The spikes’ and the stems’ permittivities can then be retrieved with a good accuracy (variances on estimated g lesittiviti

than 0.01).

water content / dielectric permittivity / non-destructive method / vegetation canopy / biomass

Résumé — Etude théorique d'un multipdle électrostatique permettant d'accéder in situ a la distribution horizontale et vertica-

le du contenu en eau des couverts végétaBet article présente une étude théorique d'un multipdle électrostatique. Cet instrument
permet une estimation in situ et non destructive du contenu en eau des strates horizontales d'un couvert végétal griieeda la mes
leur permittivité diélectrique. Le multipdle est composé de quatre électrodes, deux électrodes injectant un courantaaltisnatif

que les deux autres mesurent une différence de potentiel. Un premier prototype a montré la validité de la méthode pleur estimer
contenu en eau des épis de blé. Un travail de simulation basé sur la méthode des éléments finis a permis d'étudierlarécisément
réponse de l'instrument en fonction des propriétés diélectriques d'une culture de blé. Les résultats montrent que laddifférence
potentiel dépend a la fois des propriétés des épis et des tiges, et que l'influence du sol n'est pas significative. @n&lierémn

du quadripdle, comportant deux paires d'électrodes de réception, est alors simulée afin de pouvoir retrouver la pesngiftisigi de

celle des tiges. L'inversion des différences de potentiel est réalisée a l'aide d'un réseau de neurones artificielsnLabfeaaisi

est bonne, la variance des permittivités estimées étant inférieure a 0,01.

teneur en eau / permittivité diélectrique / méthode non-destructive / couvert végétal / biomasse
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1. INTRODUCTION water content and that it can be possible to assess the
vertical distribution of water in vegetation canopies. This
New fields in agriculture, such as precision agricul- technique is accurate but the drawback is that the use of
ture, require the development of sensors and non-radioactive elements is now prohibited for field measure-
destructive methods to analyze the status of soil andments.

plants. Knowing the water content of plants is very  Therefore, a new instrument, an electrostatic multi-
important since this information can be used to monitor pole, has been developed to assess the in situ water con-
plant growth and to estimate total biomass. tent of vegetation canopy. It is based on an electromag-
At early stages, the estimation of the nitrogen require-netic method, which provides non-destructive,
ments of a growing crop is possible if we can infer the non-contact, and instantaneous measurements.
maximal potential biomass [2], using the dilution curve Furthermore, the electrostatic multipole is light and
[23]. After flowering, it has been shown in the case of portable and can be easily carried within fields. The spa-
wheat crops that the spike layer water content is correlattial range of the instrument is about 212 m so it can
ed to the total biomass and so to the final yield [31]. sample quickly the plant water content out in the field. A
On the other hand, rapid variations of plant water con-Previous feasibility study performed on wheat crops
tent are related to hydric status and can reveal watef10Wed that measurements obtained with a quadrupole

stresses. So it is important to know the water content ford'® correlated to the spike layer water content [14].

monitoring irrigation. In this paper, we perform a theoretical study of the
electrostatic multipole in order to estimate the interest of
using a multi-electrode configuration to make potential
difference readings. We first present in detail the design

The destructive estimation of the plant water content
or the biomass by the classical gravimetric method is

very long and tedious. The development of remote sens . -
y ‘ond b and theory of the multipole and then we numerically

ing techniques offers an efficient alternative [36]. . .
) ) ] ) model the response of the instrument as a function of the
Using optical radiometry, it has been shown that the g|ectromagnetic properties of crop and soil. These results
Leaf Area Index of a crop is related to spectral vegeta-are then used to develop an inversion method which can

tion indices like the NDVI [3, 5]. The efficiency of the pe ysed for estimating the spike water content as well as
light interception by plants can then be estimated fromtne stem water content.

the LAI [24], or directly from spectral measurements [9,

32]. Once the efficiency of light interception has been

estimated, production models such as those presented by THE ELECTROSTATIC MULTIPOLE

Monteith [25, 26] can then be used to predict the total

crop biomass [4, 22]. The final yield can also be predict- 2 1. Presentation of the instrument

ed using spectral indices [1, 7, 8, 17]. Generally, the pre-

cision of the estimated yield can be evaluated to within ' The instrument is an electrostatic multipole and is

about 10%. derived from the quadrupoles used for prospecting in
The plant water content is often estimated from geophysics [33]. Two electrodes inject an alternating
microwave measurements. This has been done in severalurrent while two others allow the measurement of a
studies but results on crops are not accurate since there i@ltage (Fig. 1).
interaction between the E_:Iectromagnetic waves _and the  The two pairs of electrodes are placed at the altitude
plant geometry [15]. With radar, the estimation of 4t the studied organs in order to have the best response
the water content in crops is quite difficult because of the, their water content. The vertical distribution of the
small optical depth of the vegetation [34], while estimat- ¢ \ater content can then be assessed. Figure 2 shows
ing forest biomass is possible and quite accurate [106 glectrodes in the spike layer for the estimation of the
) &vheat spike water content. The electrodes do not have to
correlated with plant water content [18, 19], but the bestpg iy contact with the plants as the instrument is based
accuracy is about 15% [37]. on the propagation of an electromagnetic wave.
Previous studies aimed at the in situ biomass estimaHowever, as the electrodes are plunged into the vegeta-
tion and daily variations of water content do exist. For tion volume, the multiple contacts have no consequences
example, Gosse and de Parcevaux [16] have tried to estien the measurements as long as vegetation can be con-
mate the plant water content using microwave horns, butsidered as a dielectric medium. The dimensions of the
the accuracy of the measurements are not good enougtmultipole are quite small and make the instrument easily
Schétzler and Kuhn [30] and Batra et al. [6] have showntransportable in the field: each electrode is cylindrical
that the absorption of radiation can be related to the plantvith a diameter of about 12 cm and a thickness of 5 cm.
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Figure 1. Electrical principle of the multipole.

Figure 2.In situ schematic view of the multipole.

The four electrodes are placed on the vertices of 8 40 \yhere:
40 cn? horizontal square. Using this geometrical config-

uration, it is possible to make measurements at several g£=¢'-ig" (2)
places in a field and then to assess the horizontal distrib- —e-i 9 (3)
ution of the water content. 2, f

2.2. Theoretical background €' is the real relative dielectric permittivity, the permit-

tivity of air (g, = 8.85-10'2F-ntY), o the electric con-

- . . ductivity (S-nt!) andf the frequency of the electromag-
The frequency of the injected current is 447 kHz. This netic wave (Hz). Thus, the signal is composed of two

frequency has been chosen between two limits: an upper : . X
frequency (about 100 MHZ) for which there are interac- voltages in quadrature. The component in phase with the

tions between the electromagnetic waves and the plan.njeCtGd current coyrgspondhsl to r‘[]he imaginary part of ghe
acroscopic permittivity while the component in quad-
geometry, and a lower frequency (about 100 kHz) under : .
A . , rature with the signal corresponds to the real part of the
which ionic effects are predominant, especially the . L )
Maxwell-Wagner effect [28]. At 447 kHz thg Maxvaell- macroscopic permittivity. As the crop canopy is a non-

. . conducting medium (in dry atmospheric conditions), the
Wagner effect does exist but Féchant [12] has Shownimaginary part of the macroscopic permittivity can be
that it is very weak in comparison with the measure-

ments made with a multipole functioning at 44 kHz. ignored. Furthermore, the crop is mainly composed of air

Therefore, the electromagnetic waves are supposed to bﬁnd water, and the real permittivity of water is eighty

only absorbed by the constitutive water of the canopy mesfthhe macrqsppmg perrglttlwty IOf alr.hSo, the real
volume. Resulting data then represents a vqumetricpart of the permittivity depends mainly on the crop water

measurement (grams of water pefor n?) content. And then, the higher the measure_d voltage, the
' lower the crop water content. Moreover, in controlled

The injection electrodes inject a current of intensity conditions, Féchant and Tabbagh [13] have measured the

(200 pA); the resulting electromagnetic field then inter- permittivity of a set of spikes by using a capacimeter

acts with the canopy, the air and the soil, and the devicg18 x 18 x 2 cn) and have shown that the real dielectric

measures a potential differendebetween the reception permittivity at 430 kHz is linearly correlated to the water

electrodes. The rati¥/l is the macroscopic impedance content of the spikes.

of the medium and is a functidn of the inverse of the

apparent relative dielectric permittivigy:

2.3. Experimental results

\Y; 1 : .
T: F( ) (1) Figure 3 represents measurements made by Féchant
€ [12] with an initial prototype of the multipole
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650 — , ; : : potential outside the injection electrodes, the purpose is
600 |- \ : then to solve the Laplace equation:

AV=0. ()

» a
a (=3
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I !

A solution of this equation is:

Potential difference (mV)
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Spike water content (g.m2) wherer' are the positions of the chargemcluded in

the volume V.

Figure 3. Correlation between measured potential differences A Simplification of this equation can be achieved by
and wheat spike water content. Adapted from Féchant [13].  considering point electrodes:

2

VO oy

4re =Fr-r

(6)

instrument. These measurements are plotted against the
spike water content estimated by the gravimetric tecr"whereqi are the electric charges of the two electrodes.

nique. One can see that there is a good relationshi ; : L |
between the potential difference and the spike water conEiBUt the size of the electrodes is not negligible in compar

tent, and that it is then possible to estimate the spikeIson to the size O-f the plants. So, we have to take into

' . . . “account the real size of the electrodes.
water content from the potential difference. But there is i ) )
some noise that limits the accuracy of this estimation. Since equation (5) cannot be computed analytically
This noise may be due to three causes: (1) the influenc&ve used the finite element method to numerically solve
of the other materials like the stems and the soil, (2) thethe partial differential equation [38]. The software used

electronic noise, and (3) the uncertainty on the estima-to compute the electrostatic potential is Modulef [11].
tion of the spike water content by the gravimetric tech- In the finite element method, the 3D domain of simu-
nique. Féchant [12] has estimated the uncertainty of theation has first to be meshed, and the potential is then
potential difference measurement due to the electroniccomputed on every knot of the mesh. To prevent bound-
noise to be 5%. ary effects the domain of simulation must be much larger
than the area of interest. In this case, we used a cube of
10 m side. The crop is modeled as four horizontal layers:
3. SIMULATION OF THE INSTRUMENT the air, the spikes, the stems, and the soil. The instrument
is modeled by four cylinders placed in the spike layer.
A simulation study has been performed to determine Elgure 4 presents a vertical s_ectlon of th_e r_nesh (on this
the influence of the dielectric permittivities of the vari- figure electrodes appear as discs). On this figure, we can
ous media on the potential difference measured by the€€ that the mesh is very fine close to the electrodes and

instrument. that it becomes larger as the distance from the electrodes
increases.
Since each medium is assumed to be homogeneous, a
3.1. Theoretical and computational aspects fixed real dielectric permittivity is attributed to each

layer. The potential is fixed on the injection electrodes
The frequency of the injected current is 447 kHz. It (in accordance with the injected current), and, since we
corresponds to a wavelength of 670 m. This wavelengthdSsume that the electrodes are perfect conductors,
is very large comparatively to the dimensions of the We fo_rce the reception electrodes to _be_eqmpotenfual. We
plants. Thus, we can assume that the phase of the ele@lso fix the potential to zero on the limits of the simula-
tromagnetic wave is constant over the scanned spacdion domain. The electrostatic potential is then calculated
The quasi-steady state approximation can then be usel! the 3D space on every knot of the mesh.
and the electrostatic conditions can be applied (see Simulations are computed for one hundred couples of
appendix for details). Since we are interested in thespike and stem permittivities; the spike permittivity
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varies within the range [1:20] while the stem permittivity
varies within [1:5]. A first set of simulations (S1) has
been realized with a soil permittivity fixed to 20. A sec
ond set of simulations (S2) has been done with soil pt
mittivities randomly chosen in the range [5:35] in orde
to estimate the soil contribution. Values of permittivitie:
have been chosen in a large range to include previc
measurements of permittivity made at 430 kHz b
Féchant and Tabbagh [13]. Notice that the highest vall
of permittivity are those of materials having the highe!
water contents.

3.2. Results

First, Table | reports the results of an analysis of vai
ance performed on the S2 data. This analysis shows t
the potential difference between the reception electroc
is mainly explained by the spike and the stem permittiv
ties, and that the soil influence is very low, even whe Figure 4. Vertical section of the mesh. The pairs of injection
the electrodes are close to the ground (40 cm above €léctrodes and reception electrodes are placed in the spike
soil). The Fisher's coefficientso fre indeed very high {ayéer. The mesh is finest in the vicinity of the two pairs of elec-
for the spike and the stem permittivity (32 g ¥ 390) rodes.
while F is low for the soil permittivity (F< 0.05). So,
we can conclude that the soil contribution can be consi
ered as a noise in this geometrical configuration.

Secondly, Figure 5 represents the potential differenceexplain the origin of the noise observed on the spike
between the reception electrodes as a function of the perwater content as estimated by Féchant (see Fig. 3).

mittivities of the_ spikes and the stems (S1 data). As pre-  The idea was thus to add a second pair of reception
dicted by equation (5), the potential difference decreasesectrodes in order to have two simultaneous potential
as the spike and/or the stem permittivity increases. Theyjfferences and then to be able to retrieve the spike and
potential difference depends both on the spike permittiv-the stem permittivities from these two potential differ-
ity and the stem permittivity, but the stem contribution ences. We have tested five geometrical configurations
decreases when the spike permittivity increases. (configurations #1, #2, and #4 are reported in Fig. 6):
Third, as a consequence of the influence of the stems(1) || the electrodes in the spike layer,
it is impossible to estimate precisely the lower values of . S
spike water content (corresponding to the lower permit-(2) the néw pair in the stem layer under the pair of injec-
tivities) from the potential differences. We have indeed (O electrodes,
two independent variables (the spike and the stem per{3) the new pair in the stem layer under the first pair of
mittivities), and only one potential difference. This could reception electrodes,

Table I. Analysis of variance showing that the potential differen¢eandV, are determined by the spike and stem permittivities
(Espikes@NdEgeyd @nd not by the soil permittivity, ;. V; andV, are the potential differences when the multipole is 80 cm and 40 cm
above the ground respectively i& Fisher's coefficient and Pr(F3Hs the probability of having F>FThe inter-electrode distance

is equal to 40 cm.

€eik € €

£ pr(F>F) £ ™ prRsR) £ Pi(F>F)
v, 390 0.0000000 85 0.0000000 0.03 0.8605228
v, 307 0.0000000 32 0.0000002 0.05 0.8203480
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18 1 ' Stom permitiviy 1 —— permittivities (S4 data). S3 data is reported in Figure 7
16l 2 e | (the other configurations give results close to those pre-
sented in this figure).
~ 14 r
2
5 2 4. INVERSION OF THE SIMULATION DATA
E 1
= The purpose of this section is to retrieve the spike per-
5 087 mittivity € from the potential difference data. This is the-
2 o6l oretically possible with the instrument composed of two
pairs of reception electrodes because each couple of
04| potential differences corresponds to a unique couple of
0. , , , , , , . ) , permittivities (spike and stem permittivities) (see Fig. 7).

0 2 4 6 8 10 12 14 16 18 20
Spike permittivity
4.1. Results with parametric and non-linear
Figure 5. Potential difference between the reception electrodes regressions
as a function of the spike permittivity and the stem
permittivity. Among the numerous existing inversion techniques
[35], we first tried to invert the simulated data (S3 and
S4 data) with a classical parametric and non-linear
regression method. We chose to test several models of
(4) the new pair in the air layer above the pair of injec- "€gression curve (parabolic, hyperbolic, power Iaws...)..
tion electrodes, Figure 8 reports the best accordance between the esti-
mated and the exact spike permittivities. This regression
(5) the new pair in the air layer above the first pair of was obtained with a power law model:
reception electrodes.

= KV
In this paper, we focus on results concerning the con- Eesimaet = KV1'V @)

figuration #1 presented in Figure 6, which is a compro-

mise between the sensitivities to the spike permittivity wherek = 1310,a = -5.58, and3 = 4.60. Notice that
and the stem permittivity. As previously, we performed these parameters, obtained by a statistical adjustment,
two sets of simulations: a first set with a soil permittivity have no particular physical significance. The correlation
fixed to 20 (S3 data), and a second set with random soilis good for this modelr = 0.9983,02 = 0.062), but we

Air Air Air
O
Spike: O O [ ] Spikes O o Spikes| @] o
Stems Stems o Stems
Soil Soil Soil
Configuration #1 Configuration #2 Configuration #4

Figure 6. Presentation of three tested configurations. Configurations #2 and #4 improve respectively either the sensitivity to the ste
permittivity or the sensitivity to the spike permittivity. Configuration #1 is a compromise. (Injection electrode in blapkpnec
electrodes in white.)
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"First bair of electrodes
Second pair of electrodes

08 r

0.6

Potential difference (V)

04t -

02| -

10 12 14 16 18 20
Spike permittivity

Figure 7. Potential difference between the electrodes of th
first pair of reception electrodes (solid lines), and between tr
electrodes of the second pair of reception electrodes (dast
lines), as a function of the spike permittivity. Potential differ-
ences are plotted for five stem permittivities (stem permittivi
ties from 1 to 5 downward).

can observe in Figure 9 the existence of a relationst
between the residuals of the fitted data and the spike [
mittivities: they are over-estimated for the lowest and tt
highest values, while they are under-estimated for t
mean values.

4.2. Radial basis function neural network
architecture

In order to get better results, we have chosen to inv
the data set by using an artificial neural network (ANN
which can be considered as a non-parametric regress
tool [29]. More precisely, we have considered a radi
basis function neural network (RBF-NN). RBF-NNs ar
composed of three layers: the input layer, the hidd:
layer, and the output layer [28, 29]. The input layer is tt
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Figure 8. Comparison between the estimated spike permittivi-
ties and the exact spike permittivities. Results obtained for a
non-linear regression with a power law model.

12 T T T T T T T T

Reduced residuals

2t x x

4t

-6 I L L L L L ' L ' .
0 2 4 6 8 10 12 14 16 18 20 22

Estimated spike permittivity

Figure 9. Plot of the reduced residuals of the estimated spike
permittivities against the estimated spike permittivities show-
ing the correlation of the residuals.

vector of the known potential differences and the outputfunctions are chosen as Gaussian centers:

layer is the estimated spike permittivity (Fig. 10).

Mathematically, we have:

e=ywo(Lv)=>wa ). @

The purpose is to compute the values of the weighf w
each neuron, knowing the radial functiaps The radial

2

V —-c

9)

—expl-1
9:(V) =exp| =2

wherec; is the center of the ith basis aofdthe band-

width.

In order to compute the weightg (i.e. to train the
network), we implemented a forward selection algorithm
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Figure 10. Architecture of the RBF neural network. The net- 0 5 10 15 20
work estimates from V, andV,. Functions¢; are known, Exact spike permittivity

weightsw, are adjusted.
Figure 11. Comparison of the spike permittivities estimated

with the RBF-NN with exact spike permittivities.

[27]. This method first selects the best centers and t
best bandwidths with regard to the training data and th 5l
calculates the weights of the RBF-NN by the lea
squares technique. The training data used by the alc
rithm is the results of the 100 simulations made with
fixed soil permittivity (S3 data).

~
%
-

4.3. Results with the neural network

n
*
*

Estimated stem permittivity
w
%

The accuracy of the ANN is then estimated with th e . r=0.90319
test set composed of noisy data (S4 data). Results 11 o*F Training data 2
reported in Figure 11. One can see that the accuracy - , . , 1 ling e
the RBF-NN is very good since the estimated values 1 2 3 4 5
the spike permittivity are very close to the exact permi Exact stem permittivity

tivities introduced in the simulations?(= 0.99996 for
the test data). The variances of the estimated spike p
mittivities area? = 0.00029 for the training set awd =

0.0054 for the test set.

The RBF-NN can also be used to estimate the stempendently and accurately the spike and the stem permit-
permittivities (Fig. 12). Results are good tad:= 0.00 tivities.
on the training set, and?= 0.01 on the test set?(=
0.99319 for the test data). But the accuracy of the stem
permittivity estimation is less than the estimation of the 5 p|SCUSSION
spike permittivity because there are only five different
values of stem permittivities in the training set, whereas  geveral points have to be discussed.
there are 20 different values in the spike training set. So,
the stem permittivity estimation could be better with a
larger training set composed of more different values of5 1 Estimation of the spike water content
the stem permittivities.

Figure 12. Comparison of the stem permittivities estimated
with the RBF-NN with exact stem permittivities.

In conclusion, the ANN is well adapted to the estima- It follows the scheme:

tion of the permittivity of the organs of the plants. From

two potential differences, it is possible to estimate inde- Voe-w 9)
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25

wherew is the spike water content (g-h One could
remark that it would be possible — and less tedious —
estimate directly the water content from the potential di
ference ¥ - w). We would have to compare the multi-
pole measurements with the spike water content estim
ed by the gravimetric technique. But this would have 1
be done for every configuration of the electrodes of tt
instrument.

From an operational point of view, we propose t
measureV, to estimatee by using the inversion proce- ]
dure, and finally to retrieve. o

On the first hand, roughly two parameters define tf
amount of water by layer: the water content of individus 05 s 0 15 20
organs and the density of plants. This amount of wat
by layer, or the water profile, is then relatecetdrhus,
we can consider that the relatien— w is an intrinsic
property of the crop, and we can assume that this relati
can be inverted.

On the other hand, the second part of the madel (
€) depends only on the geometrical configuration of tt
instrument.

_ Thus, if we want to change the configuration of the tent from the permittivity. The uncertaintyw on the
instrument to estimate more precisely the plant water,ater content is then:

content, we only need to simulate the response of the
instrument in this new configuration, and then to retrieve

= o
3 =}
T T

*
e

_
o
T

Estimated spike permittivity
*:
%

g

Exact spike permittivity

Figure 13. Spike permittivities estimated with the RBF-NN
from noisy potential differences. Comparison with exact spike
permittivities and +10% error intervals.

¢ from the RBF-NN. = ne + W pa+ap 12)
o€ oa
5.2 Accuracy of the method —ane + % ra+Ab (13)
da '
We saw previously that the variance of the ANN, cal- Mgy

culated for the test data,d8= 0.0054.

This is quite a good result but it is limited by the
accuracy of the measurement of the potential difference
The uncertainty\V of the instrument, estimated from the
measurements made by Féchant [12], is about 5%. If w
add a noise of level 5% on the test data (S4), the accura- ater contents.
cy of the ANN reaches 10%; this can be seen in We then have to compasée to Aw, . If we assume that
Figure 13 where most of the estimated spike permittivi- @ difference of permittivity of 20 represents a variation of
ties lie within the +10% error interval. Thus, the absolute Water content of 1000 g-th(compare Figs. 3 and 7),
error on the spike permittivity estimation varies between o havea = 1000 _ 50 , and finally:
0.1 and 2. 20

We then have to consider the second part of the
model: e —» w. We can assume a linear relation between
the spike water content and the permittivity:

Aw, . is the error on the estimation of the water content
by the gravimetric techniquéw, ., is generally about
10%, corresponding to +10 g-Ator the lower spike
water contents, and 150 g-ffor the highest spike

10 <Aw, < 150 g-m?
5<a\e< 100 g-m?.
The main source of error is then included in the relation

between the water content and the permittivity because
To build this relation, the water content is estimated by of the relative uncertainty on the gravimetric technique.

w=ag+h. (11)

the gravimetric technique, and the coefficieatand b
are computed by regression. Orcandb are calculated,

The proposed multipole method can therefore be consid-
ered to be more precise than the gravimetric method
the linear relation can be used to estimate the water conwhich is the classical destructive method.
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5.3 Effect of the soil conductivity multiplying the injection current by a factor increases the

range of the instrument by the same factor. But in prac-
We have shown that the soil permittivity has no influ- tice, there are two limitations to the modification of the

ence on the potential differences. But we have not takercurrent: too much intensity would reduce the life of the

the soil conductivityo into account (see Eq. (3)). batteries, while a current chosen too low would reduce

Including a conductivity in the soil permittivity leads us the signal to noise ratio.

to create a phase componevit)(and can alter the quad-

rature component\{,) of the potential difference. We

have then simulated the response of the instrument for &.5 Presence of liquid water on vegetation

two layer medium composed of air and soil. Soil permit-

tivities varied from 5 to 30 and soil conductivities were As a last remark, we can note that any variation of the

chosen between 1band 16 S-n7?, including most of  water present in the volume may influence the electrosta-

the observed values. Simulations were performed fortic measurement. Especially, variations of measurement

several electrode altitudes: 0.4, 0.6, 0.8, and 1 m aboveonditions must be taken into account, such as the pres-

the ground (S5 data). Simulations without introducing ence of dew or rainwater on the plant organs and the
soil conductivity (with only real soil permittivities) were ground.

also performed (S6 data).

Concerning the phase component, the valuag, die
between 0 and 30 mV, which are low values in compari- 6. CONCLUSION
son with the quadrature component (about 1 V).

Concerning the quadrature component, the val(es As the plant water content can be directly related to
of S5 data are close to the valesof S6 data and rela-  the standing fresh biomass, its measurement is one of the
tive variations are comparable: we can see in Table 1IWays for monitoring and mapping the crop status and
that taking the soil conductivity into account increases development. The reference technique is the classical
the range of variation of the quadrature component butdravimetric method which is destructive, time consum-
the effect is very weak even when the electrodes arénd and can only be applied to a limited number of sam-
40 cm above the ground. For the other altitudes theP!€s:
effect is negligible. The electrostatic multipole developed offers a new

Thus, in these electrode geometrical configurations, itWay to assess the crop water content in field conditions.
is possible to neglect the soil conductivity as we are not! e theoretical analysis as well as the preliminary exper-

ences. simulation performed on a wheat crop shows the possi-

bility of a simultaneous assessment of the water content
of spike and stem layers with an accuracy comparable or
5.4 Variation of the injected current even better than that given by the gravimetric technique.

The multipole coupled with a geographic positioning
The injected current could be changed to adjust thesystem (GPS) could then be used for mapping the crop
signal to the volume we want to scan. Theoretically, water content at the field scale for monitoring the crop

Table II. Absolute and relative variations of the quadrature component of the potential diffeMrjcesiulated on S5 data (simu-
lation including soil conductivities), and S6 data (simulations with real soil permittivities only). Values computed fdretesera
trode altitudes.

40 cm 60 cm 80 cm 1Im
Absolute variation with soil conductivity (S5 data) 50.3 17.9 7.17 3.37
of Vo (mV) without soil conductivity (S6 data) 20.3 13.0 5.98 3.05
Relative variation with soil conductivity (S5 data) 3.9 1.3 0.49 0.23

of Vo (%) without soil conductivity (S6 data) 2.0 1.0 0.46 0.22
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