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Abstract

We used twelve load cells (20 kg capacity) in a idysimeter system to measure
evapotranspiration simultaneously from twelve @agriowing in separate pots in a glasshouse.
A data logger combined with a multiplexer was usedonnect all load cells with the full-
bridge excitation mode to acquire load-cell sigrigdch load cell was calibrated using fixed
load within the range of 0-0.8 times the full lozapacity of load cells. Performance of all load
cells was assessed on the basis of signal setiliteg excitation compensation, hysteresis and
temperature. Final calibration of load cells in@ddstatistical consideration of these effects to
allow prediction of lysimeter weights and evaposgimation over short-time intervals for
improved accuracy and sustained performance. Aisalylsthe costs for the mini-lysimeter
system indicates that evapotranspiration can besuned economically at a reasonable accuracy
and sufficient resolution with robust method ofdezell calibration.
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1 Introduction

Evapotranspiration (ET) is an important hydrologipeocess affecting water balance of all
vegetated landscapes. Catchment-scale hydrologiicdkls tend to use ET data obtained at a
local scale (Bormann, 2008) as direct, large-soabaitoring of ET is expensive (Silva et al.,
2010). Alternative methods to estimate ET overdaamgea requires calculation of reference ET
(ETy) with Penman-Monteith equation from measured wezattata (Allen et al., 2006) or via
weather forecasting (Silva et al., 2010). As tramasion and photosynthesis processes occur
simultaneously on leaves, ET rate is considerednamdicator of growth and productivity of
vegetation.

On agricultural landscapes, ET represents the ne@josumptive use of irrigation water and
rainfall (Burt et al., 2005). There has been cosrsitlle research in the past decade to define ET
for various crops to establish the relationshipveein ET and crop yield (DeTar 2008; Karam et
al., 2007; Kirda et al., 1999; Ko and Piccini, 200% et al., 2002). Due to the world-wide
shortage of water in some regions and competitavnwiater from other sectors, there is an
impetus to find new ways to conserve water or tigadre efficiently (Fereres and Soriano,
2007; Hsiao et al., 2007). Irrigation schedulingiisrop ET based decision to determine when
and how much water to apply to a crop field.

Lysimeter is a container or tank used to measuresgmd losses of water including ET. Plants
can be grown within lysimeters to measure gainoses lof water from the container using the
principle of water balance. ET represents the tissater that can be measured directly with
lysimeters when other inputs (gains) and outputss@s) for the lysimeter are known.
Lysimeters have been used for the determinatioRToby direct weighing and since 1970s,
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load cells have been used to determine total Iysimmass with an accuracy of 0.05 mm of
water (Malone et al., 1999).

All load-cell based lysimeters require calibratenmd frequent calibration may lead to excessive
workload although a sensible level of quality cohtis warranted (Malone et al., 1999). In
previous studies, load cells have been testedrfeality, repeatability, thermal shift and creep
as important aspects of measuring the overall peeoce of lysimeters (Martin et al., 2001).
Since data loggers and on some occasions, mukifdeate used for the collection of lysimetric
data, these can affect the accuracy and resolutibhsimeters (Evett et al., 2009). A recent
review by Payero and Irmak (2008) of the perforneaotvarious types of lysimeters indicate
that the sensitivity of lysimeters (in mm of wategn vary considerably depending on the area,
weighing and data recording system used. The parpbthis work is to describe the design and
performance aspects of a mini-lysimeter systemgusirelve load cells with specific focus on
calibration to test the system’s suitability fomgpterm monitoring of evapotranspiration in
controlled environmental conditions (i.e. glasst®us

2. Materialsand methods

2.1 Featur es of the mini-lysimeter system

An aluminium frame with adjustable feet was congid in an engineering workshop to mount
12 load cells and, arranged in ®34grid. A circular aluminium plate was attachedetch load
cell that allowed experimental containers (lysimgtdilled with soil to be placed over it for
monitoring of lysimeter weights at short time inals.

For the mini-lysimeter system, aluminium, singlenpoload cells (Model PT2000, PT Limited,
Australia) of 20 kg capacity with an expected ragoh of 0.1 g were used. Essential
parameters for the type of load cells used in apegment are given in Table 1.

Table 1. Typical values of variables (from load cell speztion documents) for the load cells
used for the mini-lysimeter system.

Parameters Value
Full scale output (mV V) 1.982
Zero load output (mV V) -0.825
Input resistance (Ohm) 426.97

Each load cell comprised of four cylindrical hofes mounting: one pair of holes at the bottom
and the other pair at the top at the opposite endse load cell. The holes at the bottom of a
load cell were used to mount the load cell on toenaium frame. A 6 mm thick, circular
aluminium plate (205 mm in diameter) was fixed lie top of each load cell through the two
holes on the top. PVC pots (with a drainage distietneath) were placed over selected load
cells as lysimeters so that any variation in itggivecould be monitored over time.

The Wheatstone bridge of each load cell had a esirsylielded cable that enclosed four
individually insulated signal cables, colour codedrepresent excitation voltage (red for +ve
and black for —ve voltage) and signal voltage (gree +ve and white for —ve voltage). The
cable from each load cell was connected to a @iffesl channel of an AM16/32B analogue
relay multiplexer (Campbell Scientific, Townsvilldustralia). Each differential channel
represented two consecutive odd and even, singledechannels that could be switched to high
(H) and low (L) with a programmable delay periodtovide excitation voltage to the load cell
and collect signal data from the load cell. Aftencecting all 12 load cells to the multiplexer,
the multiplexer was connected to a CR1000 datadodg@ampbell Scientific, Townsuville,
Australia). The data logger included a 16-bit magnatroller with 32-bit internal CPU
architecture that permitted 13-bit analogue totdigionversions with a single DAC (Digital to
Analogue Converter) for both signal excitation aeduisition for ratio-metric measurements of
signal. Power to the data logger was supplied faormeep cycle, 12 V battery. Typical
excitation voltage of +2500 mV was supplied to edoaid cell for making a full bridge



measurement. On most occasions, output signal f@road cells was sampled with the data
logger at 1 min interval and then averaged ovemi® During signal collection, a 1 s delay
was used to allow the relay multiplexer to switadni one load cell to another.

2.2 Sengitivity of load cellsto operating environment

Collection of long-term data from load-cell basedirineters requires consideration of the
adequacy of the data logging system to maintaionsistent performance. It has been noted in
various technical notes from the data logger mastufar that when CR1000 data logger is used
in a bridge measurement that involves switchedagaltexcitation, it requires a settling time for
the signal to reach its stable value. Sample ladld @ere subject to settling times within the
range of 100-200(Qus to determine appropriate settling time that cooédused for signal
sampling. During testing for settling time, eachnsil measurement was repeated 10 times at
the selected settling time. The relay multiplexeediwith our lysimeter system can also induce
a voltage drop that may reduce the excitation geltat the Wheatstone bridge of the load cell.
In order to test if voltage drop has any effectsognal an additional AM16/32A multiplexer
was used to bypass the signal relaying multipléxerovide power for signal excitation. This
setting was used to compare signal measurementsand without excitation compensation.
For these measurements, signal was collected frdoaded load cells at 1-min interval and
signal was averaged over a period of 4 min. Foivangload cell, 4-min average signal was
collected 14-15 times by extending the signal ctilbe period tol h.

Sensitivity of load cell to variation in temperawvas evaluated over a period of 1 week to
capture the range of temperature variation expegttin the glasshouse. Since all components
of the mini-lysimeter system including load cellere aluminium, there was a possibility of
partial exposure of aluminium plates (with or wihaignificant load) to radiation affecting
thermal stability of load cells. Thus, an experitesms conducted with random selection of
four lysimeters (as replicates) to allocate thieedgng treatments to determine the sensitivity of
lysimeters to variation in temperature (Table 2).

Variation in air temperature and solar radiatiomirty the experimental period was measured
within a distance of 2 m from the lysimeter systesmg HMP50-L Vaisala Humitter (mounted
within a radiation shield) and SP110 Apogee silicelt pyranometer levelled with AL-100
base, respectively (Campbell Scientific, Townsyillastralia). The effects of hysteresis on load
cell signal was tested on five load cells to measwariation in signal under loading and
unloading conditions within the weight range ofL®+ kg.

Table 2. Treatments used to evaluate the effects of variath air temperature on the
performance of load cells. Lysimeter plates useddsting are shown by plate nos. PR12.

Treatments Plates used for testing Load (kg)
Zero load + zero shade P2, P4, P5, P11 0

Small load + full shade P1, P7, P10, P12 0.1

Large load + full shade P3, P6, P8, P9 7.4

2.3 Calibration of lysimeters

Signal measured with a load-cell based lysimetguires calibration in order to convert signal
(mV V) data into actual load or weight. Before placimy @xperimental lysimeters over the
load cell plates, all load cells were calibratethgsa set of four loads (including a zero load)
within the range of 0-8.5 kg. Later the calibratiwas expanded to include a wider range of
loads (0-14.9 kg) to combine with the data useds@arsitivity-tests of load cells to hysteresis.
During calibration of lysimeters, the weight of ttesired load was first measured with a pre-
calibrated electronic platform balance of 32 kgamjy (+ 0.01 g). For a given load, the load
cell signal (mV V') was captured at 1 min interval over a period-aD5min. Then the signals
were averaged over 5-10 min and plotted against(ga



2.4 Analysisof calibration data
The deflection behaviour of a proving ring as usedlassical mechanics is analogous to the
stretching behaviour of a strain gauge under lo@tlinvthe elastic range of deflection or
deformation. The spring (or in case of a load ttedl strain gauge) has a stiffness constant that
relates to the linear deflection behaviour undseteof loads. ISis considered as the measured
signal (in mV V%) when the load cell is under a given lo&d @) andS, the signal (mV V) at
zero load W= 0 g), then

S=S + WK, (1)
where k = stiffness constant of the load cell (mV §*). Rearrangement of the terms in Eq. 1
gives

k=W(SS). 2
When a load cell is subject to zero load, includimg situation when a plate is fixed to the load
cell, W=W, = 0 andS=&,. Similarly, at a maximum loadly = W, andS = Syax
The stiffness coefficient (k, mV Vg?) is the slope of the line joining the poiny( &) and
(Whnax Smay)- Thus,

k - Wmax _WO - Wmax (3)

Smax - SO Smax - SO
becausé\, = 0 g.

This is the basis of a 2-point calibration of adozell that can be used to determine k for
prediction of weight\{,, g) within the range oV andW;,. for any signal within the range &f
and S, Statistical fit of a linear relationship betweSrandW can be used to minimise the
deviation (measured weight — estimated weightntaeeptable limit.

2.5 Mini-lysimeter performance

Since the major focus of this work was on calilonatibrief details of an experiment with wheat
(Triticum aestivum L., cv. Lang) are given here to indicate typicehgotranspiration data that
could be collected with the mini-lysimeter systéio.reduce costs, we used PVC pots (25.2 and
16.7 cm, top and bottom diameters respectively, 2@ cm height) with a detachable PVC
drainage dish as lysimeters. The conical frustuapstused for the lysimeter did not influence
its performance. The drainage holes of all lysimseteere first sealed with a porous, synthetic
fabric to prevent any soil loss during drainageldy soil (black vertosol, Isbell, 1996) from the
top 15 cm was collected from Kingsthorpe reseatatios, Australia (27°30'44"S, 151°46'55"E,
and 431 m elevation) for all experiments. Propsrtiethis soil are well documented (Foley and
Harris, 2007). The soil collected from the fieldsaair dried, crushed and sieved to reduce all
soil aggregates to <9.5 mm and packed in the ysirméo a height of 19.2 cm to achieve a bulk
density of 0.89 g cffi During packing of each lysimeter, the weight ofday soil used Y\,

kg) and its gravimetric water contenw,(%) was measured (on a subsample). This allowed
oven-dry soil weight\{;) for each lysimeter to be estimatedvds= (W, x100) / (100 +w).

Wheat was grown in twelve lysimeters using fouigation treatments applied to three blocks
(replicates) for simultaneous evaluation of all lixeeload cells. The field capacity (FC) of the
soil was initially measured using separate PVC pli¢sl with the same soil as that used for the
lysimeters. Seven uniform sized wheat seeds wexetqud in each pot at 5 cm depth. After
planting, each pot was brought to FC by addingvaper to help germination and seedling
establishment. After irrigation each pot was feagitl with 0.94 g of Urea (equivalent to 100 kg
N ha?) and 3 g of Super phosphate (equivalent to 60 kg'{. Additional 0.94 g of Urea was
applied to all the experimental pots at 60 daysrgftanting (DAP). Most plants emerged within
8 DAP and subsequently thinned at 21 DAP to leapkafts per pot.

Irrigation treatments were imposed at 55 DAP ad w@iter status remained similar and
adequate in all lysimeters during the initial pdriof wheat growth. Irrigation was given to a
lysimeter when its weight or equivalent volumetsml water content reached 40%FC (T40),
50%FC (T50), 70%FC (T70) and 80%FC (T80). The tgnamnd frequency of irrigation for
lysimeter varied over time which allowed a rangesoil water deficits to develop. Irrigation



was applied on 2, 5, 10 and 15 occasions for T&0, T70 and T80 treatments, respectively
during a period of 56 -107 DAP. Tap water was usedll times for irrigation with measured
volume of water applied within a zone at the ceofreach lysimeter to avoid water flow along
the soil-container interface. The volume of irrigatand drainage was measured for each
lysimeter with a 1 L measuring cylinder throughttut experiment. Net amount of irrigation
water retained by soil within each lysimeter wasnested for all irrigation events with the
electronic balance (mentioned in the calibratioctieg) after temporary removal of lysimeters
from load cells before irrigation and 2-4 h afteigation (when drainage ceased).

Load cell signal was recorded at 10 min intervabuighout wheat growth with occasional
breaks of short periods to allow change of powepbkuunit for the data logger or during
weighing of lysimeter with the electronic balance.

3. Results

3.1 Effects of environmental parameterson load-cell performance

Load-cell signal remained constant (0.147 mV) Wver the settling time 100-20@Q® and SE at
any given settling time was small (0.00004 m¥)VThus, a default settling time of 458 was
considered adequate for all signal collection. é&ligh actual voltage used to excite a load cell
can deviate slightly when power is supplied vialdtiplexer, the measured load cell signal did
not differ significantly under unloaded conditiomiata not shown). Paired t-test of signal data
with and without excitation compensation was fotmde not significantly different (P>0.05,
Snedecor and Cochran, 1989). This analysis cleardgested that compensation of excitation
voltage was not required.

Variation in ambient temperature is known to caausieermal shift in load cell signal although it
appears to be of minor importance (Martin et &Q1). We conducted a separate experiment to
study variation of signal of sample load cells otiene when some of the load cells were
continuously shaded with or without a significamiad or remained unshaded without a
significant load (Table 3). Although air temperatutuctuated within the range of 6-2€
during the experiment, signal remained more or lemsstant over time as seen from the
magnitude of SE in Table 3 (details of temporalatan in temperature and load cell signal not
shown for brevity). These results suggested thanthl shift in the load cell signal was unlikely
to influence long term lysimetric measurements.

Table 3. Effects of variation in shading and partial loaglion load cell signal. Mean value and
standard error (SE) for signal was based on foparsge load cells(= 4).

Treatments Signal (mV Y} + SE
Zero load + zero shade 0.0425 + 0.000018
Small load + full shade 0.0445 + 0.000019
Large load + full shade 0.7679 = 0.000025

Performance of some lysimeters is influenced bytdrgsis due to a shift of calibration line
(Payero and Irmak, 2008) when load cells are expasean increase in load (for example
during irrigation) or a decrease in load (as dugmgpotranspiration). We used five sample load
cells to investigate the hysteresis effects usirgaparate loads within 0-15.7 kg. Regression
lines were fitted to these data in a way similathi@t shown by Payero and Irmak (2008). Since
there was no significant difference in signal dgrinading and unloading conditions for these
five load cells, there was an overlap of regrestiitgs fitted to signal vs. load data (graph not
shown). Regression coefficients (intercept andeslogrameters) were also compared with a t-
test that indicated no significant difference betwéoad cells due to hysteresis.

3.2 Calibration of lysmeters



Analysis of the results (slope and intercept patarsg with a 4-point calibration equation of
signal § mV V%) against loadW, g) indicated that all 12 load cells had a unigiepe of
0.0001 mV V! g* with R? = 1, except for three load cells with 0.99 &<Rl. In order to select a
method of calibration that would suit most loadicelsed for the mini-lysimeter system, a
comparison was made using 4-point calibration Wtd increasing from zero (method 1), 6-
point calibration with load increasing from zeroefimod 2) and 6-point calibration with load
decreasing from a maximum load of 15.7 kg (methhdA3plot of the difference between
estimated and measured load with each method isrshs a function of measured load (Fig.
1). It can be seen from this figure that 4-poiritbzation (method 1) was unsuitable since the
deviation of the estimated load from true load #&8 g that was three times the deviation
achieved with methods 2 or 3. Thus, a 6-point cafibn was performed for all load cells. The
calibration results are shown in Fig. 2 and relai@ration data in Table 4. It can be seen that
the standard errors for fitted parameters wereoredse for all load cells except for the load
cell no. 7 (referred to as Plate 7 in Fig. 2a) taised a maximum deviation of £80 g. In order
to minimise this large deviatioDJ for Plate 7, a 4 order polynomial function¥ = 25.8 -
0.0340V; + 1.3x10°W,? - 1.8%10°W,* + 7.7%10™W,*) was fitted as a function of estimated
weight (V) that could be used to obtain a final estimateveight from signal after applying
correction to the first estimate of weight (usimg tcalibration parameters shown in Table 4).
This correction brought deviations for all loadlsdb within +12 g of the measured load (Fig.
2b).Using this calibration approach, lysimeter wasg could be predicted well with the
measured weight (Fig. 3).

Table 4. Parameters of a 6-point calibration equalién a + bS, whereW andS, respectively
refer to fixed loads on the load cell (g) and meedisignal (mV V). Slope and intercept
parameters of the calibration equation were b améspectively. Coefficient of determination
(R? for all regression equations was 1.00 and P-valutéhe fitted regression was0.001.
Standard errors (SE) of the fitted parameterstaoe/s (= 6).

Load cell intercept SE of a Slope SE ofb

no. (a, g) (b, g mV*V)

1 -505.46 1.49 10002.33 1.59
2 -369.80 1.61 10097.97 1.79
3 -504.08 0.95 10103.12 1.04
4 -587.01 0.84 10230.93 0.91
5 -383.34 5.23 9947.36 5.72
6 -389.59 4.92 10015.72 5.31
7 -517.60 38.60 10312.50 43.30
8 -404.84 0.87 10325.66 0.96
9 -372.51 1.31 10262.97 1.48
10 -378.43 3.02 10221.60 3.40
11 -348.33 1.45 10436.40 1.64
12 -199.52 2.05 10292.36 2.36

3.3 Estimation of soil water and ET from lysimeters

Gravimetric soil water content in each lysimetersvestimated from the load-cell signal, the
oven-dry weight of soil, the calibration data frohable 4 and the deviation minimisation
function from the previous section. Volumetric seiter content§ mm) was estimated using
gravimetric soil water content, the bulk densitysofl (i.e. 0.89 g ci) and the effective soil
depth in each lysimeter (i.e. 192 mm).

Daily estimates of evapotranspiration (ET, mm) ¥dneat in each lysimeter were made by
taking the difference betwedhat 24 h interval. Typical trend in ET (mm) ovené for various

irrigation treatments is shown in Fig. 4. The diffiece in ET for various irrigation treatments
remained high during 75-95 DAP, but little or nobefore 75 DAP because irrigation



treatments were imposed at 55 DAP. Values of ETeveribstantially higher from frequently
irrigated treatment (T80) than the least frequeintigated treatment (T40).
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Figure 1. Variation in deviation of estimated load from measlload for selected load cells as
a function of measured load with three methodsstifration. Dashed line indicates the upper
and lower boundaries of the deviation of load &snation of measured load for method 1 and
the solid line shows the boundaries of combinedadiew for methods 2 and 3.

It was possible to estimate ET on the basis lodldsignal data at short time intervals
(lysimetric estimate) and also from manual measergs of lysimeter weight at long-time
intervals (gravimetric estimate) coinciding with iangation event. Both types of ET estimates
were made on the basis of differences in storddwvadéer between consecutive irrigation events.
Fig. 5 gives a comparison of ET values betweenrlggiic and gravimetric measurements for
wheat. Good agreement between both methods sughastsrors due to biomass accumulation
were not significant.

4, General discussion and conclusions

For lysimeters, the resolution often indicates aimum increment of measureable ET (in mm
of water) that is an indicator of the sensitivitiyte lysimeter because the interaction between
the lysimeter area, weighing system (mechanicalectrical device used) and data recording
system can be quite complex. The mini-lysimetetesysdescribed here was able to measure the
variation in lysimeter weight with a resolution 12 g, which is equivalent to 0.027 mm of
water (based on the soil surface area of 441%used for all lysimeters). Since it is possible to
make measurements at 10 min interval, the resolutfad.027 mm of water corresponds with
an ET of 0.162 mm h The overall resolution of a lysimeter system eépehdent on the
capability of the data logger in terms of voltagsalution and its significant digits (Payero and
Irmak, 2008). However, these are not consideretthduras effective calibration and deviation
minimisation schemes described here incorporatesktfeatures of the measurement system.

The cost of all material used for the mini-lysimetgystem including data logger and
multiplexer was $5695 (excluding taxes and labothgit allowed us to monitor ET
simultaneously from 12 separate plants. Althoughi€san important hydrological process in all
vegetated landscapes, direct measurement of ET lakge area is difficult with lysimeters.
Since ET is an important component of hydrologpraicess in arid and semiarid regions of the
world where irrigation represents a major user astvquantities of water (Shen and Chen,
2010), lysimeters are often used to quantify wass over small sample area. Considering the
usefulness of ET measurements in estimating waehy plants at the resolution described in



this report, it is possible to measure ET accuyadeld economically over long period using

robust methods of calibration for load cells.
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Figure 4. Variation in daily ET from lysimeters over timerffour irrigation treatments (T40,
T50, T70 and T80) imposed on wheat.
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Figure 5. Variation in lysimetric estimates of ET as a fuantiof variation in gravimetric
estimates for wheat. The solid line representd thdine.

The design of mini-lysimeter system described is teport for twelve load cells (of 20 kg
capacity) is well suited for continuous measuren@nET from twelve separate plants. The
method of calibration can be easily adapted foeimtbad cells of different capacity. Our low-
cost approach of combining a single data loggeh witmultiplexer reduced cost considerably
with little loss of resolution in ET. Measurementsthe response of load cells to signal settling
time, excitation compensation, hysteresis and tiarian ambient temperature suggest that the
performance of all load cells were not significaratffected by these variables. Final calibration
of load cells improved performance of lysimetersiatect weights with a resolution of 0.027
mm of water that allowed measurement of temporghtian in soil water and ET with good
accuracy and adequate resolution. Since the cdseahini-lysimeter system is not excessive,
our results indicate that it is possible to obtagood lysimetric measurements of
evapotranspiration for long-term monitoring of watsse by plants with reasonable accuracy
and sufficient resolution.
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