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Abstract: An innovative soft water level sensor is proposed to characterize the
hydrological behaviour of agricultural catchments by measuring rainfall and stream flows.
This sensor works as a capacitor coupled with a capacitance to frequency converter and
measures water level at an adjustable time step acquisition. It was designed to be handy,
minimally invasive and optimized in terms of energy consumption and low-cost fabrication
so as to multiply its use on several catchments under natural conditions. It was used as a
stage recorder to measure water level dynamics in a channel during a runoff event and as a
rain gauge to measure rainfall amount and intensity. Based on the Manning equation, a
method allowed estimation of water discharge with a given uncertainty and hence runoff
volume at an event or annual scale. The sensor was tested under controlled conditions in
the laboratory and under real conditions in the field. Comparisons of the sensor to
reference devices (tipping bucket rain gauge, hydrostatic pressure transmitter limnimeter,
Venturi channels...) showed accurate results: rainfall intensities and dynamic responses
were accurately reproduced and discharges were estimated with an uncertainty usually
acceptable in hydrology. Hence, it was used to monitor eleven small agricultural
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catchments located in the Mediterranean region. Both catchment reactivity and water
budget have been calculated. Dynamic response of the catchments has been studied at the
event scale through the rising time determination and at the annual scale by calculating the
frequency of occurrence of runoff events. It provided significant insight into catchment
hydrological behaviour which could be useful for agricultural management perspectives
involving pollutant transport, flooding event and global water balance.

Keywords: water stage recorder; capacitance; agricultural catchment behaviour; sensor
application

1. Introduction

Agricultural activities, by modifying land use patterns, water flow path and pollutant leaching,
strongly impact water balance and water quality at various spatial scales [1,2]. Land use modifications
through agricultural practices, such as tillage, modify surface roughness and impact soil hydrological
properties, including local surface runoff, infiltration and surface storage [3-5]. Man-made channels
resulting from the constant efforts of farmers to adapt landscapes to the constraints of agricultural
production influence water transfer from fields to catchment outlets [6,7]. Water quality is affected by
the high leaching potential of herbicides [8,9] and, in particular, by transport processes taking place in
surface water at both field and catchment scales [10,11].

Beyond these evidences, agricultural land management practices that are compatible with the
preservation of water resources have to be defined. Hydrological diagnoses are needed in order to
choose the alternative land uses, cultivation practices and/or their spatial arrangements [12-14].

Water resource managers who need to estimate and monitor water fluxes at the catchment scale
have to face epistemic uncertainties resulting from scarce data. As reported in [15], many parts of the
world are either ungauged or poorly gauged, i.e., without rainfall and stream flow measurements. Even
if water-monitoring networks exist [like those recommended by the Water Framework Directive (WFD;
2000/60/EC) in the European Union], they mostly concern large river catchment outlets at high time
frequency. The lack of hydrological records at the elementary catchment scale upstream which is the
key-scale to relate agricultural activities and impacts on water bodies, is obvious [16-18].

Facing the need for rainfall and runoff records, usual measurements involve rain gauge recorders
(weighing precipitation gauges or tipping bucket rain gauges) and liminimetric sensors (hydrostatic
pressure transmitters, air bubbling level transmitters) coupled with the building of weirs or calibrated
channels, i.e., Venturi channels, to estimate discharges. All these techniques are expensive, of high-power
consumption, invasive and require heavy maintenance operations [19,20]. As a consequence, this usual
hydrometric equipment is scarce in space but with high time frequencies. For more balanced space over
time hydrological measurements, there is room and a crucial need to develop alternative soft metrologic
approaches that permit one to estimate water fluxes in catchments with an higher spatial sampling
rate [21,22]. Capacitive sensors may constitute such an alternative [23]. As reported in [24], they can be
used to directly sense motion, chemical composition or electric fields, but also to indirectly sense
pressure, acceleration, fluid levels, and fluid composition, which can be converted into motion or
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dielectric constants. Their use still remains unusual [25], especially to characterize hydrological variables.
However, simple conditioning circuits, low cost and stability of the technology are attractive advantages.
The aim of this paper is to propose a hydrological spatio-temporal sampling design for elementary
cultivated catchments based on an innovative handy, low-cost, low power/energy consumption,
non-invasive and robust water level sensor. The sensor was used to monitor water-levels in order to
estimate both the rainfall and the stream flow characteristics of several elementary agricultural
catchments. The sensor and the experimental designs are presented. The results of tests performed in
the laboratory, under controlled conditions and under field conditions are discussed. Finally, the
proposed experimental strategy was applied to characterise the hydrological behaviour of eleven
Mediterranean catchments in term of runoff response frequency, lag-time and water budget.

2. Materials and Methods
2.1. Sensor Design
2.1.1. Capacitive Sensor

The Institute of Fluid Mechanic of Toulouse (IMFT) initiated the development of a limnimetric
sensor that works as a capacitor, usually constituted by two plates and an insulator. In this study, the
sensor is constituted by four main elements (Figure 1): (i) a copper wire which forms one plate of the
capacitor that is wrapped in (ii) a polytetrafluoroethylene (PTFE)-insulated wire, the dielectric, which
is fixed to a stainless steel rod, (iii) water that forms the other plate of the capacitor and determines the
length L of the capacitor and (iv) the data logger, composed of the micro-controller card and two usual
batteries (AAA 1,5 V), which is housed in a waterproof container.

Figure 1. Sensor scheme.
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Considering that the sensor capacitance will vary with the thickness and dielectric constant of the
insulation, it is necessary to use a stable material, such as PTFE, which does not absorb water. The
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capacitance is calculated in function of the geometry of the conductors and the dielectric properties of
the insulator between the conductors. For a cylindrical capacitor the capacitance expression is:

_2nxgyxe xL

CS@’!SU}”
lni R (1)
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where Ci.50r 1 the capacitance of the sensor (F), ¢y an electric constant (gy =~ 8.854 x 10712 pF.mfl), &
is the relative static permittivity (sometimes called the dielectric constant) of the material between the
plates (&, = 2.1 for the Teflon), L the length of the capacitor (m) and R; and R>, the radii of the inner
and outer cylinders, respectively. Capacitance is proportional to the plate area and therefore works as a
spacing-variation capacitor. m, &y, &, R;, R, being constants, the capacitance is linearly related to L and
consequently to the water level. For L equal to 0 m the capacitance was 903.6 pF and for L equal to
1.20 m the capacitance was 7,665 pF. Hence, the sensor could be used as a water level sensor where
the higher the water level is, the greater the capacitance. A digital signal was required for easy
interfacing to a computer. This requirement was met by coupling the capacitor with a capacitance to
frequency converter (LMC 555 CMOS timer).

The converter produces a frequency output which is linear with water level. Used in astable mode
operation, charge, discharge time, period and frequency of the signal could be calculated as follows:

t, =0.693(R, +R,)C,, @
L, = O, 693(Rb) Ctot (3)

with:
Clol = ngnsor + Cconverte" (4)

and:
T = t] +t2 = 0693(Ra +2Rb)ctot (5)
polo_ 14

T (Ra +2Rb) Ctot (6)

where #; is the charge time (output high), #, the discharge time (output low), R, and R, resistors
(=47 kQ), Ceonverer the capacitance of the converter, which is constant (=100 pF), C,, the total
capacitance, 7 the period of the signal and fthe frequency of oscillation of the signal.

As shown by Equation (5), T and f are function of the total capacitance that varies according to
Csensor and hence to the water level. For L equal to 0 m the frequency was 11,325 Hz and for L equal to
1.20 m the frequency was 1,335 Hz. Then, the water level was estimated by counting the number of
signals over 1/16 s during an adjustable period (1 min up to 1 day). The higher the water level is, the
lower the frequency. Output frequency is then recorded using two Electrically Erasable Programmable
Read-only Memory (EEPROM) units with a 32 KB memory capacity each, which allows us to realize
32,000 measurements. Full memory is reached after three weeks of measurements when the data
acquisition step is set at one minute. Sensor memory could be extended to 128 KB by adding two more
EEPROM memory on the available slots.
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2.1.2. Data Logger

A low consumption Microchip PIC16LF628 micro-controller with firmware written in Pascal
(mikroPascal) controls the data logger. To ensure a better battery life by low energy consumption, the
micro controller remains in a sleep mode but automatically wakes up every 4 s for a very short time.
During this short time, the clock verifies if a measurement is required: in that case, the measurement is
performed and stored on EEPROM memory in the previously acquired data queue. At the same time,
the micro-controller reads the binary state of a pin. When this state is 0, corresponding to a connection
of the data logger to a communication wire, the micro-controller is maintained awake (in a normal
mode) in order get ready to communicate with a PC.

Concerning the sensor device control by operators with a PC, a specific software, ‘Levelmeter’, has
been developed in the Delphi language. This software allows one to configure the logger, to
synchronize the sensor and PC clocks, to define the time frequency for measurements in periods
ranging from 1 to 10 min, to define the linear law between frequencies and levels and to upload the
data from the memory. It also permits visualization of the acquired data loaded in the memory
[Figure 2(a,b)]. Communication between sensor and PC is performed through a wire with RS232
protocol without handshaking (TX,RX,GND). Digital data transfer speed is fixed to 19,200 baud. This
results in a 68 seconds duration to download the total memory capacity.

Figure 2. (a) Water level sensor used as a stage recorder at field. (b) Software ‘levelmeter’ interface.
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2.1.3. Monitoring Setting

The proposed monitoring setting was designed to be as handy, discrete and easy to install as
possible, compared to usual hydrological devices, so building a small, lightweight device, which could
provide efficient and high temporal resolution rainfall-runoff measurements was investigated in this
study.

Considering these criteria, the monitoring setting was composed of a stage recorder coupled with a
rain gauge using the capacitive sensor described above. Figure 3 shows the functional scheme. First,
the sensor was used as a stage recorder installed in a channel. The sensor was installed into a
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break-through rigid plastic tube of 15 cm diameter [Figure 3(a)] in order to protect the PTFE wire from
vegetative debris (leaves, piece of woods) and cobblestones that are frequently carried downstream
when flow occurs in agricultural catchments. Secondly, the sensor was also used as a rain gauge
[Figure 3(b)], built with a 22 cm diameter collection funnel, two connected vessels of 1 m high with the
water level sensor installed in one of the two vessels. Based on the connected vessel principle, rainfall is
collected through the calibrated funnel in the first tube. Water level is measured in the second vessel at an
adjustable time step acquisition ranging from one minute up to few hours or days.

Figure 3. Monitoring setting scheme: (a) stage recorder, (b) rain gauge.
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The uses of such a proposed monitoring setting are numerous: it can be built quite cheaply and
consequently can be densely distributed in space; it is a nomad sensor in the sense that is easy and
quick to install and uninstall in the field; due to its simple battery system, it does not need any
connection to a high energy source and can be installed everywhere; due to its small size, it is a
non-invasive and unnoticeable sensor which protects it from vandalism. Of course, to balance these
advantages, it is expected to be less accurate than conventional sensors. The cost of the components is
approximately 80 € and 100 €, respectively. The logger has a maximal temporal resolution of one
minute that allows for characterizing, at a given location, rainfall-runoff events such as water level
dynamics, events duration, rainfall intensity, rainfall amount (at event or annual scale) or high flow
and low-flow periods. Furthermore, other variables of interest such as the water discharge could be
estimated too.



Sensors 2011, 11 4662

2.2. Water Level to Water Discharge Conversion

To transform a water level to water discharge, there are four practical ways: (i) to measure the flow
velocity at the same time as water level, (ii) to use some particular hydraulically controlled section (iii),
to use pre-calibrating rating-curves and (iv) to use the mean empirical Gauckler-Manning-Strickler
law [26], simply denoted hereinafter as Manning’s equation. The three first ways need additional
heavy sensors or equipments and, long-term studies under flow conditions.

In a given cross-section of a channel, the water level can be converted to water discharge using the
widely used Manning equation. The Manning equation was developed empirically in laboratory
channels with optimal draining conditions and uniform flow and no downstream influences must be
assumed to apply the equation. However, referring to [27] “...lacking a better solution, it is assumed
that the equation is also valid for non-uniform reaches that are invariably encountered in natural
channels if the energy gradient is modified to reflect only the losses due to boundary friction [28]”.

The instantaneous flow velocity (v [m.s']) and discharge O [m’.s'] in a channel are estimated
as follows:

y=

% R”® . Vs 7
Q: v . A (8)

where S [dimensionless] denotes the slope of the water surface, which can be approximated by the
slope of the channel bed; 4 [m?] denotes the cross-sectional area; R, [m] is the hydraulic radius equals

to the ratio between A and P, the wetted perimeter [m]; n [s.m "]

denotes the Manning roughness
coefficient. The channel’s slope and cross-section shape being temporally stable, it can be both
estimated from topographic ground survey. The hydraulic radius depends on water level which is
measured by the stage recorder. The term n can be estimated by choosing, in the abundant literature,
the most suitable coefficient [29,30], according to cross-section characteristics (dimensions and shape),
bed substrate and cover types (vegetation, concrete, plastic, etc.).

Assuming that Manning’s equation is relevant, the uncertainty in discharge estimation comes
mainly from the uncertainty around n, i.e., possible values for this parameter. Indeed, vegetation is a
primary factor in the increase of the roughness and resistance in channels [31,32]. Hence, a maximum
value should be used during periods of low flows and high vegetation density, and minimum values
during high flows and low vegetation density. Therefore, discharge estimation is associated to an
envelope curve which corresponds to an upper and a lower acceptable limits on discharge estimation.
Hence, when the water level sensor is installed at a catchment outlet, discharge could be estimated
with a given uncertainty and several indicators could be derived to characterize catchment
hydrological behaviour.

2.3. Hydrological Indicators
2.3.1. Catchment Dynamic Responses

Time series obtained using rainfall and stage recorders allowed separating the flood events. The
separation was done according three steps [33]: (i) screening of the peak stages, (ii) identifying the
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starting time of the corresponding rainfall event and (iii) identifying the ending time of the rainfall
event, which correspond to the ending time of the runoff event and when the discharge is equal to zero.
Separating events allowed us to calculate the frequency of occurrence of a runoff event: B, defined as
the frequency of rainfall event that did generate runoff on a given catchment (we chose to define a
rainfall event if the amount was higher than the threshold equals to 5 mm). B is calculated as follows:

_Number of events not producing runoff

B
Total number of events )

At the rainfall event scale, the rising time was calculated as the time from the beginning to the peak
of the flood at the catchment outlet. This variable informs on the time of reaction of a catchment to a
rainfall event: the shorter the rising time, the more sudden the catchment response. The rising time is
the time interval between the start and the peak of a runoff event.

Considering the catchment hydrological behaviour, the main issues concerned temporal analysis of
the intermittent outflows in the pollutant transport and the flood management perspectives and
estimation of the water budget at a catchment scale from the global water resource management
perspective.

2.3.2. Water Budget at the Catchment Scale

Access to good-quality water-balance data at the local to global-scales is one of the most important
prerequisites for sustainable development planning [34]. The water balance equation for a given time
period is:

R= Q + AET + DL + AS (10)

where R (mm) is the amount rainfall, O (mm) denotes the catchment runoff, AET (mm) denotes the
actual evapotranspiration, DL (mm) denotes the deep drainage and 4S (mm) denotes the variation of
the storage in soil and groundwater.

On the annual scale, it is possible to assume that 4S is non significant compared to the other terms.
Moreover, considering the lithological configuration of the catchments and specificity of the
Mediterranean climate and main hydrological processes diagnosed (“Hortonian overland flow”), we
assume in a first step that the deep drainage was also non significant compared with the other terms.
The equation was therefore simplified as follows:

R = Q +AET (11)

By measuring rainfall depth and estimating outflows through stage records and rating curves based
on the Manning equation, the proposed experimental strategy permitted us to calculate two terms
of the water balance on the eleven studied catchments. The third term (AET) was deduced from
Equation (11).

2.3. Study Area

The soft metrologic approach was proven in a real field application case. On the basis of the use of
the water level sensors as rainfall and stream flow recorders, the indicators mentioned above were
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calculated in order to compare a set of catchments. Eleven small headwater catchments located in

southern France were monitored during the hydrological year 2008—-2009 at one minute time-intervals.

The location of the catchments is given in Figure 4 and their main characteristics are listed in Table 1.

Figure 4. Catchment location.
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Table 1. Catchment characteristics.

. Area Geology Land use

Catchments Location ) . .
(km")  (Main type) (Main type)

Cl 43°28°29”N, 03°14’40”E 0.33 Molasse and Limestone ~ Vineyard
C2 43°23°43”N, 03°17°40”E 0.60 Limestone Row-crops
C3 43°28°29”N, 02°58’11”E 0.10 Schist Forest
C4 43°28°17”N, 02°58°43”E 0.50 Schist Vineyard
C5 43°23°04”N, 03°17°03”E 0.20 Limestone Vineyard
C6 43°25°37”N, 03°22°42”E 0.34 Molasse Vineyard
C7 43°21°51”N, 03°08°07”E 0.20 Molasse Vineyard
C8 43°25°58”N, 03°29’11”E 0.40 Limestone Vineyard
() 43°22°27”°N, 03°02°11”E 0.40 Limestone Vineyard
C10 43°16°54”N, 03°09°34”E 0.40 Limestone Scrubland
Cl1 43°16°49”N, 03°09°48”E 0.30 Limestone Scrubland
Gl 43°29°46”N, 03°19°26”E 0.91 Limestone Vineyard
G2 43°37°07”N, 03°53°48”E 116 Limestone Forest/urban
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The catchments are located all over the Hérault region and were chosen to be different from each
other considering their physiographic descriptors. Three pairs of catchments (C3 and C4 which are
nested catchments, C2 and C5, C10 and C11) are very close from each other in order to investigate
their hydrological behaviour under the same rainfall conditions.

The climate is Mediterranean type, exhibiting a bimodal temporal distribution with two major rainy
periods (one in Spring and the other in Autumn) and high intensity, short duration storms. Two gauged
catchments are among this catchment network. The experimental Roujan catchment (0.91 km?
catchment G1), monitored by the French National Institute for Agricultural Research (INRA) since
1992, was used to diagnose the main hydrological processes in this region due to it representative
position. The Lez catchment, which is larger than the others (116 km?) and has permanent flows, is
monitored by the DREAL Languedoc-Roussillon Institute. The annual rainfall varies between 500 and
1,400 mm, the mean annual temperature is approximately 14 °C, while the mean annual Penman
evapotranspiration is about 1,090 mm. Runoff genesis is dominated by Hortonian overland flows
occurring when rainfall intensities exceed soil infiltration capacity [35].

At the small catchment scale, this implies that streams are ephemeral and catchment outflows
correspond to runoff events of low frequency (around six per year) but high magnitude and short
duration [16].

3. Results

The proposed experimental strategy aimed to estimate rainfall and stream flow temporal patterns at
the catchment scale. Tests have been conducted in the laboratory and under field conditions in order to
improve the monitoring setting. This section shows how hydrological indicators were derived from
data collected with the capacitive sensors.

3.1. Laboratory Tests

The sensor was preliminary calibrated, i.e., the linear relation between output frequencies and water
levels was estimated. Secondly the sensor capacity and accuracy to measure rainfall amount and
intensity was determined. A tipping bucket rain gauge was taken as the reference device. Both devices
received the same rainfall event: 41 mm at a constant intensity of 11.5 mm per 10 min. Figure 5 shows
the obtained cumulated rainfall amount during a test period of thirty minutes. The results highlight that
the rain gauge using the capacitive sensor gives accurate results. The error on the total recorded
rainfall amount is 1.60%.

While extensive laboratory testing was completed, the sensor needed to be tested in the field
condition to determine its relevance.
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Figure 5. Rain gauge test in laboratory. Comparison between the rain gauge using the
capacitive sensor and a reference tipping bucket rain gauge.

44 7

40 + <¢—Rain gauge - water level sensor

——Tipping bucket rain gauge

36 1
32 ¢
T28

0 : T T T T T T T T
10:22 10:27 10:33 10:39 10:45 10:50 10:56 11:02 11:08 11:13
Time

3.2. Field Tests

Field testing was carried out considering two rivers which have agricultural catchments, both
located in the Mediterranean Hérault region, South France: the Lez and the Roujan catchments. The
Lez catchment is monitored by the DREAL Languedoc-Roussillon Institute with a hydrostatic pressure
transmitter limnimeter. The gauged channel cross-section is about 10 m wide and 2 m deep and water
level ranges between 0.50 m during low-flow period to 2 m height (expressed in limnimetric relative
height) during the high-flow period. The Roujan catchment is smaller (0.96 km?) with intermittent
flows and is monitored by the French National Institute for Agricultural Research (INRA) with a
Venturi channel and a meteorological station. The gauged channel cross-section is 1.50 m wide and
1 m deep and water levels range between 0 to 1 m during a runoff event.

The water level sensor was tested as a stage recorder by comparing the water level measurements to
the observations given by the reference stage recorders from DREAL and INRA Institutes.
Figures 6 and 7 show the results during two different events and different flow conditions, intermittent
and permanent. In both cases the streamflow dynamics were well reproduced, especially during rising
limb compared to falling limb where hysteresis phenomena can occur due to the remaining moisture in
capacitive wires. The time precision of obtained limnigrams is related to sensor time sampling rate
(1 min) with no trend was observed. Water level was estimated as unbiased with an accuracy of
0.7 cm for one standard deviation. According to those results, water level to water discharge
conversion was realized using Manning’s n roughness coefficients (min. and max.) for intermittent
flow and grass cover. Figure 8 shows the comparison between the observed and the estimated
discharge at Roujan’s outlet. It highlights that discharges are well estimated as the envelope curve
includes the observed discharge. Peak discharges estimated from water level range between 210 to
300 L/s and the observed peak discharge is 270 L/s. This relative error of —22% and +10%,
respectively, is within the usual confidence band of discharge measurements during peak flows using
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rating curves [36,37]. The relative error on runoff volume is acceptable too, ranging between 7.5 (for
n = 0.05) and 29.5% (for n = 0.07). If peak discharge and runoff volume are estimated with an associated
discharge, the water level sensor allows to calculate exactness (unbiased) the time to peak characterizing
catchment reactivity to a rainfall event.

Figure 6. Stage recorder field test carried out at the Lez catchment. Comparison, over a
period of sixteen days with a 3-minute data acquisition step, between the stage recorder
using the capacitive sensor and a reference stage recorder (DREAL Institute).
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Figure 7. Stage recorder field test carried out at the Roujan catchment. Comparison, over a
period of two days with a 1-minute data acquisition step, between the stage recorder using
the capacitive sensor and a reference stage recorder (INRA Institute).
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The sensor was also tested as a rain gauge by comparing cumulated rainfall amount estimated using
the capacitive sensor to observations collected with the reference tipping bucket rain gauge of the
INRA. Figure 9 shows the results for a 5 days period. Note the rain gauge gives accurate results over
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the test period: the two curves fit well, including during the period of 29/03/09 and 01/04/09 where no
rainfall occurred. Moreover, the error on total rainfall amount is low, 5.40%, which represents a
difference of 2 mm between observed and estimated data.

Figure 8. Stage recorder field test carried out at the Roujan catchment. Comparison, over
a period of two days with a 1-minute data acquisition step, between discharges estimated

using the capacitive sensor and discharges measured with a reference Venturi channel
(INRA Institute).
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Figure 9. Rain gauge field test carried out at the Roujan catchment. Comparison between

the rain gauge using the capacitive sensor and a reference tipping bucket rain gauge
(INRA Institute).
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All experimental tests provided accurate results. The monitoring setting has thus been validated
under laboratory and field conditions at different scales by comparing measurements with those
obtained with reference devices (tipping bucket rain gauge, hydrostatic pressure transmitter, Venturi



Sensors 2011, 11 4669
channel): rainfall intensities and dynamic responses were accurately reproduced and discharges were
estimated with an uncertainty usually accepted in hydrology. On the basis of these validation results,
the monitoring setting has been deployed to characterize hydrological behaviour of eleven small
headwater agricultural catchments in Mediterranean climate.

3.3. Multi-Sites Hydrological Characterization

The annual stream flow time series and B were calculated for each of the eleven catchments and
shown with mean rising times in Figure 10.

Figure 10. Annual stream flow time series. B is the frequency of occurrence of a runoff
event and #r denotes the mean rising times, both indicators are calculated for the
eleven catchments.
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The results show a high variability in the catchment responses. B values range between 9% and
90% meaning that runoff could appear at the catchment outlet less than one rainfall event on ten (C7)
or near to all considered rainfall event. Differences are particularly interesting in the couple of
catchments (C2, C5 and C10, C11) which have been exposed to the same rainfall characteristics and
where B could be twice higher in one catchment than the other.

Minimum value of mean rising time is about 37 min, while the maximum value is about
654 min (C3). The rising time value of a catchment is not so easy to pre-determine for small
catchments because a lot of factors could impact its value: drainage area, topographic variations,
drainage density and internal hydrological connectivity. Therefore, it is crucial to be able to estimate it
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by measurement. The proposed soft monitoring approach allows to this estimation. Such variability
gives promising perspectives in understanding the reasons how catchments could react to a rainfall
event and offers important insight for catchment agricultural water management.

3.2. Water Budget at Catchment Scale

Figure 11 shows the water budget estimated on the eleven studied catchments for the hydrological
year 2008-2009. The annual rainfall depths range between 352 and 548 mm showing variations in the
studied spatial extent (40 km by 30 km) according a North-South gradient well known in the region.
The actual evapotranspiration is clearly lower than the mean inter-annual potential evapotranspiration
(1,000 to 1,500 mm). These result emphases the water stress encountered in Mediterranean regions.
Catchment runoff is much less than actual evapotranspiration and highly variable from one catchment
to another (near 0 for C7 and between 53 and 99 for C2). Differences between catchments are high
compared to the errors made during the discharge estimation step. These differences showed that
rainfall may remain inside the catchment limits (in C2 case for example) or leave these limits by
surface runoff at the catchment outlet. In this late case, the water can wash off pollutants spreading on
agricultural area or can be part of a problematic flooding downstream. Comparison of Figures 10 and
11 show that annual catchment runoff may be due to few flood events: at C2, the higher annual
catchment runoff is explained by only four events (B has one of the lower value of 10%). However this
fact cannot be generalized because we show also catchments on which runoff and B were high (C4),
runoff was low and B high (CS8).

Figure 11. Water budget estimated on the eleven studied catchments for the hydrological
year 2008-2009 (R, the rainfall amount, Q, the catchment runoff and AET, the actual
evapotranspiration are given as water depth in mm).
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These results highlight the potential offered by the experimental strategy in estimating water
balance. This estimation is an actual challenge in many ungauged catchments in developing countries
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where data are lacking as well in other parts where long term monitoring are needed to evaluate the
impacts of land use and climate change.

4. Conclusions

The proposed experimental hydrological strategy for agricultural catchments monitoring is based on
innovative soft capacitive sensors designed to be able to record both rainfall intensities and water
levels with an accuracy which is still relevant for catchment behavioural inference. Low cost and
energy consumption optimization of the proposed sensor allows one to multiply it in space and to
study a collection of catchments. Moreover, its design and properties (handy, easy to install and
uninstall, low-cost, etc.) make the proposed sensor mobile and soft, which allow one to simultaneously
monitor several catchments with high temporal resolution.

This study demonstrated that the proposed experimental monitoring setting was fully operational in
characterizing agricultural catchments, even under difficult conditions where rains and flows are short
and intense. It gave useful results in management perspectives involving pollutant transport, flooding
event or global water balance equilibrium. High contrasts in small agricultural catchment hydrological
behaviours were revealed. Finally, hydrological indicators could be elaborated for fast diagnosis of a
lot of catchments.

On a more technological point of view, there is probably room to increase the relevance of the
proposed sensor for agricultural catchment monitoring. For instance, future sensor developments could
involve wireless communication between sensors for dense and more secured nested catchment
monitoring. Future works could also couple the proposed sensor to an equivalent low-cost flow
velocity sensor to measure discharge even in reaches with singularities or where Manning’s law cannot
be applied anymore.

Acknowledgements

Authors are grateful to the Languedocian Water and Environment Research Consortium (IFR ILEE
http://www.ifr-ilee.org/) who have supported this study through the MUSHYCAL project. They would
also like to thank Francois Garnier from INRA for his involvement during laboratory and field tests,
the Institute of Fluid Mechanics of Toulouse (IMFT) for its constant efforts on sensor developments
and Christian Puech from Cemagref, who participated at the beginning of this adventure on soft
limnimeter sensor development.

References

1. Brown, A.; Zhang, L.; McMahon, T.; Western, A.; Vertessey, R. A review of paired catchment
studies for determining changes in water yield resulting from alterations in vegetation. J. Hydrol.
2005, 310, 28-61.

2. Fohrer, N.; Haverkamp, S.; Frede, H. Assessment of the effects of land use patterns on hydrologic
landscape functions: Development of sustainable land use concepts for low mountain range areas.
Hydrol. Process. 2005, 19, 659-672.



Sensors 2011, 11 4672

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ahuja, L.R.; Fiedler, F.; Dunn, G.H.; Benjamin, J.G.; Garrisson, A. Changes in soil water retention
curves due to tillage and natural reconsolidation. Soil Sci. Soc. Amer. J. 1998, 62, 1228-1233.
Mwendera, E.; Feyen, J. Predicting tillage effects on infiltration. Soil Sci. 1993, 155, 229-235.
Van Dijck, S. Effects of Agricultural Land Use on Surface Runoff and Erosion in a Mediterranean
Area; University of Utrecht: Utrecht, The Netherlands, 2000.

Assouline, S.; Mualem, Y. Runoff from heteregeneous small bare catchments during soil surface
sealing. Water Resour. Res. 2006, 42, W12405.

Moussa, R.; Voltz, M.; Andrieux, P. Effects of the spatial organization of agricultural
management on the hydrological behaviour of a farmed catchment during flood events. Hydrol.
Process. 2002, 16, 393-412.

Lennartz, B.; Tiemeyer, B.; de Rooij, G.; Dolezal, F. Artificially drained catchments-from
monitoring studies towards management approaches. Vadoze Zone J. 2010, 9, 1-3.
Sanchez-Camazano, M.; Sanchez-Martin, M.J.; Crisanto, T. Occurrence of Atrazine in surface
and ground waters in the province of Salamanca (Spain). Toxicol. Environ. Chem. 1995, 47,
203-211.

Colin, F.; Puech, C.; De Marsily, G. Relation between triazine flux, catchment topography and
distance between maize field and drainage network. J. Hydrol. 2000, 239, 139-152.

Louchart, X.; Voltz, M.; Andrieux, P.; Moussa, R. Herbicides runoff at field and watershed scales
in a Mediterranean vineyard area. J. Environ. Qual. 2001, 30, 982-991.

Pandey, A.; Chowdary, V.M.; Mal, B.C.; Billib, M. Application of the WEPP model for
prioritization and evaluation of best management practices in an Indian watershed. Hydrol.
Process. 2009, 23, 2997-3005.

Montero, F.J.; Brasa, A. Land and water use management in vine growing by using Geographic
Information Systems in Castilla-La Mancha, Spain. Agr. Water Manage. 2005, 77, 82-95.
Wohlfahrt, J.; Colin, F.; Assaghir, Z.; Bockstaller, C. Assessing the impact of the spatial
arrangement of agricultural practices on pesticide runoff in small catchments: Combining
hydrological modeling and supervised learning. Ecol. Indic. 2010, 10, 826-839.

Sivapalan, M.; Takeuchi, F.; Franks, S.; Gupta, V.; Karambiri, H.; Lakshimi, V. IAHS decade on
Predictions in Ungauged Basins (PUB), 2003-2012: Shaping an exciting future for the
hydrological sciences. Hydrol. Sci. J. 2004, 48, 857-880.

Camarasa-Belmonte, A.M.; Beltran, F.S. Flood events in Mediterranean ephemeral streams
(ramblas) in Valencia region, Spain. Catena 2001, 45, 229-249.

Lassalatta, L.; Garcia-gomez, H.; Gimeno, B.S.; Rovira, J.V. Headwater streams: Neglected
ecosystems in the EU Water Framework Directive. Implications for nitrogen pollution control.
Environ. Sci. Pol. 2010, 13, 423-433.

Moreno-Mateos, D.; Mander, U.; Pedrocchi, C. Optimal location of created and restored wetlands
in Mediterranean agricultural catchments. Water Resour. Manage. 2010, 24, 2485-2489.

Costa, J.; Cheng, R.; Haeni, F.; Melcher, N.; Spicer, K.; Hayes, E. Use of radars to monitor stream
discharge by noncontact methods. Water Resour. Res. 2006, 42, 1-14.

Perumal, M.; Moramarco, T.; Sahoo, B.; Barbetta, S. A methodology for discharge estimation and
rating curve development at ungauged sites. Water Resour. Res. 2007, 43, W02412.



Sensors 2011, 11 4673

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Barthold, F.K.; Sayama, T.; Schneider, K.; Breuer, L.; Vaché, K.B.; Frede, H.G. Gauging the
ungauged basin: A top-down approach in a large semiarid watershed in China. Adv. Geosci. 2008,
18, 3-8.

Seibert, J.; Beven, K.J. Gauging the ungauged basin: how many discharge measurements are
needed? Hydrol. Earth Syst. Sci. 2009, 13, 883-892.

Ross, P.J. A water-level sensor using a capacitance to frequency converter. J. Phys. E: Sci.
Instrum. 1983, 16, 827-828.

Baxter, L.K. Capacitive Sensors. Design and Applications; IEEE Press Series on Electronics
Technology; Wiley-IEEE Press: New York, NY, USA, 1997.

Reverter, F.; Li, X.; Meijerb, G.C.M. Liquid-level measurement system based on a remote
grounded capacitive sensor. Sens. Actuat. Phys. 2007, 138, 1-8.

Gauckler, P. Etudes Théoriques et Pratiques sur I'Ecoulement et le Mouvement des Eaux. Comp.
Rend. Acad. Sci. Paris 1867, 64, 818-822.

Hardy, T.; Panja, P.; Mathia, D. WinXPRO. A Channel Cross-Section Analyser, User’s Manual,
Version 3.0.; Department of Agriculture, Forest Service, Rocky Mountain Research Station: Fort
Collins, CO, USA, 2005.

Benson, M.A.; Dalrymple, T. Measurement of peak discharge by the slope area method. In
Application of Hydraulics-section A: Surface-Water Techniques; US Geological Survey
Techniques of Water Resources Investigation: Washington, DC, USA, 1967; Volume 3, p. 237.
Chow, V. Open Channel Hydraulics; Civil Engineering Series; Mc Graw-Hill: London, UK, 1973.
DEFRA/Environmental-Agency. Reducing Uncertainty in River Flood Conveyance: Roughness
review; DEFRA/Environmental-Agency: Wallingford, UK, 2003; Project w5a-057.

Green, J. Modelling flow resistance in vegetated bed streams: A review and development of new
theory. Hydrol. Process. 2005, 19, 1245-1159.

James, C.; Birkhead, A.; Jordanova, A.; O’Sullivan, J. Flow resistance of emergent vegetation.
J. Hydraul. Res. 2004, 42, 390-398.

Merz, R.; Bloschl, G. A regional analysis of event runoff coefficients with respect to climate and
catchment characteristics in Austria. Water Resour. Res. 2009, 45, W01405.

Widén-Nilsson, E.; Halldin, S.; Xu, C. Global water-balance modelling with WASMOD-M:
Parameter estimation and regionalisation. J. Hydrol. 2007, 340, 105-118.

Albergel, J.; Moussa, R.; Chahinian, N. Importance of hortonian processes on flood genesis and
development in semi-arid regions. La Houille Blanche 2003, 6, 65-73.

Baud, O.; Hager, W.H.; Minor, H.E. Toward nonintrusive flood discharge measurement. J.
Hydraul. Eng. 2005, 131, 1031-1305.

Tsubaki, R.; Fujita, I.; Tsutsumi, S. Measurement of the flood discharge of a small-sized river
using an existing digital video recording system. J. Hydro-Environ. Res. 2011, in press.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


