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ABSTRACT years (Oster and Willardson, 1971). Response characteris-
Commercially produced salinity sensors removed from field and JCS °f SCnfrS ™df * the U"S' ̂ ^ ̂ l^ haVC

lysimeter experiments lasting from 3 to 5 years were tested for been tested Under laboratory conditions, and based upon
calibration stability relative to the original factory calibration. tnat testing, assumed to be adequate for field installations
Significant changes in calibration occurred in up to 14% of the sensors where changes in salinity are relatively slow (Wesseling
after 4 and 5 years of use. Response to a step-change hi salinity was and Oster, 1973). This paper reports response characteris-
also examined for commercial units in a field installation. Calculated tics of commercial sensors under field conditions and
response factors were lower than those found in a previous laboratory calibration stability after 3, 4, and 5 years of use.
experiment. However, response was sufficiently rapid to assure
accurate readings if changes in salinity occur in time intervals METHODS AND PROCEDURES
exceeding 5 days.

Sensor Calibration
Additional Index Words: sensor conductance, response factor, - , r , . „ , ,

electrolytic element, thermistor element. Se"S°rS wefe r™f fr°m three experiments allowed to dry,
rewetted, and tested for calibration stability. In two field ex-

—————————————————— periments lasting 3 and 4 years, sensors were recalibrated and
reinstalled after each crop harvest. In • the third, a lysimeter

K EMPER (1959) developed the first sensor for in situ experiment, sensors remained undisturbed for 5 years. A majority
measurement of soil solution electrical conductivity. of these latter sensors were also calibrated at this Laboratory

Subsequently, Richards (1966) modified the sensor design immediately after purchase and prior to installation,
to decrease response time and eliminate external electrical Calibration involves determining the linear relationship be-
current paths. Since then, the use of salinity sensors has tween th.e sen^or

t
s e ect;±ic ̂ T cond"ctance

f
a"d solution. . . . . . . . , , , , ' . electrical conductivity (EC), and the resistance of the sensor

steadily increased in agricultural research where continuous thermistor element at 25°C. After an initial wetting period of 10
monitoring of soil salinity in soil columns, lysimeters, and days> au sensors were calibrated according to the techniques
field experiments is required. Their use has been dem- described by the manufacturer, Soilmoisture Equipment Cor-
onstrated by Oster and Ingvalson (1967) for monitoring poration.3 Sensor conductance was measured, after a 24-hour
fluctuating salinities between irrigations, Todd and Kemper equilibration period, in four 1:1 mixtures of Na-Ca chloride
(1972) for determining dispersion coefficients from salinity solutions of known EC and temperature. If the solutions were at

,. , *• ,-* i ,,n-,^ * temperatures other than 25 C, the sensor conductances correctedgradients and evaporation rates, Oster et al. (1972) for to 2^c> c were obtained using lhe equation
assessing the effectiveness of sprinkling and ponding
techniques for the reclamation of saline soils, Ingvalson et c25 = C^O.CKXMr2 - 0.043T+ 1.8149) [1]
al. (1976) for determining time-integrated salinity and its
effect on alfalfa yields, and Oster et al. (1976) for obtained by a polynomial regression of the temperature correction
controlling irrigation using a dual feedback system based data given by the U.S. Salinity Laboratory Staff (1954), where CT
on soil matric potential and salinity measurements. Ex- is sensor conductance at temperature, T. The linear relationships
amples of sensor use in large scale field experiments have ^gained were then compared to those supplied by the man-
been reported by Wierenga and Patterson (1974), U.S.
Salinity Laboratory Staff (1977), and Kruse (1976). To determine thermistor stability, the resistance of the thermis-

Experiments at the U.S. Salinity Laboratory in which tor element in each sensor was measured at temperatures of 13,
commercially produced sensors were used have provided 25, and 35°C. The values at 13 and 35°C were compared to
an opportunity to evaluate sensor calibration stability over calculated values for the same temperatures using the newly
long periods of continuous use and response to changing determined 25°C resistance and a second degree polynomial
salinity after field installation. Previous evaluations of fittinS the resistance-temperature function characteristic of the
stability indicated that 85% of the sensors tested would S^^aSS^T^^'taSK*
rcmaiiKWithm 15% of the average calibration for up to 1.5 differences between measured and calculated resistance at 13 and

————— 35°C.
'Contribution from the Agricultural Research Service, USDA, U.S.

Salinity Laboratory, Riverside, Calif. Received 15 July 1977. Approved ——————
18 Oct. 1977. 'Trade names and company names are included for the benefit of the2Soil Scientist, U.S. Salinity Laboratory, 4500 Glenwood Drive, reader and do not imply any endorsement or preferential treatment of the
Riverside, CA 92501. product listed by the U.S. Department of Agriculture.
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Table 1—Mean differences (factory minus recalibration) in
calculated EC and associated standard deviations at

conductances of 0.1 and 0.2 S for three age groups
of sensors. ___
A EC (S/m) at 0.1 and 0.2 S conductances

0.1 S 0.2 SYears No. of sensors —————————— ——————————
installed tested Mean S.D. Mean S.D.

3
4
5
5t

8
16
28
22

0.091
0.095

-0.075
-0.019

0.032
0.062
0.114
0.125

0.062
0.123

-0.193
-0.061

0.073
0.127
0.169
0.162

t Subtracted from laboratory preinstallation calibration instead of factory.

Field Response Time
Commercial sensors were equilibrated in solutions ranging in

EC from 0.8 to 1.4 S/m (siemens per meter) (or 8-14 mmhos/cm)
then immediately installed in a field of Ravola loam soil (Typic
Torrifluvent) having a soil solution EC of 0.4 ± 0 . 2 S/m. The
sensors were read soon after installation and at various times
thereafter until stable readings were obtained. The step change in
EC, encountered by the sensors at the time of installation,
averaged 0.6 S/m. Soil temperature was between 15 and 20°C and
average moisture content was 13.3% by weight. Relative sensor
response, F, was calculated for each reading using the formula

F=(C i-C () / (C i-C /) [2]

where C, and Cy represent initial and final sensor conductance, and
C, is sensor conductance at time t. Using the theoretical re-
lationship between F and t (Wesseling and Oster, 1973), the
sensor response factor, a, was determined for each time interval
and averaged for each sensor. The sensor response factor is
dependent on the diffusion coefficient, D (cm2/sec), and the
length, L (cm), of the ceramic element of a sensor according to the
relationship a = 7r2 D/4L (Wesseling and Oster, 1973). The
response factor in solution was determined by equilibrating a
sensor in a 0.4 S/m solution, transferring it to a 1.6 S/m solution,
and reading conductance at various time intervals.

RESULTS AND DISCUSSION

Calibration Stability
To illustrate calibration shifts, the differences in EC (ECfactory

—ECrecai.) at electrolytic element conductances of 0.1 and 0.2 S
were calculated from the calibration equations. These differences
are estimates of the error in EC which could result from
calibration shifts. Average differences and standard deviations
were calculated for each group of sensors (Table 1). In all but the
3-year-old sensors, the degree of shift was greater at 0.2 S
conductance. The sign of the numbers indicates that the 3- and 4-
year-old sensors would tend to read higher than actual EC, while
those used for 5 years would read lower than actual. However,
based on laboratory calibration data obtained for the 5-year-old
sensors immediately after purchase and prior to installation,
essentially no significant shift occurred for the average sensor.
This could indicate a systematic error resulting from either
differences in calibration techniques or calibration shifts as a
result of allowing sensors to dry between calibrations.

Some individual sensors did exhibit significant shifts. To
illustrate this, frequency distribution data in Table 2 were
compiled using the greater absolute value of the two differences in
EC at 0.1 and 0.2 S, which, for 73% of the sensors, occurred at
0.2 S. The division at 0.15 S/m was selected because it represents
15% of the EC value at the midpoint of the calibration range.
[Fifteen percent was chosen by Oster and Willardson (1971) as the
cutoff point for stable sensors]. By this criteria, these data indicate
that all of the 3-year-old sensors remained stable, and relative to

Table 2—Frequency distribution of sensor stability according to
maximum difference in EC calculated from the initial and final

calibrations of the electrolytic element._______
Percent of sensors within designated

EC range by years installed
atcond. of 0.1 or 0.2 ST

±0.00 to 0.15
±0.15 to 0.30
± 0.30 to 0.60

3

100
0
0

4

57
29
14

5

41
38
21

5t

68
18
14

173% of the maximum values occurred at 0.2 S.
j Relative to the laboratory preinstallation calibratioa

Table 3—Change in thermistor resistances at 25°C for sensors
installed for 3,4, and 5 years.

Number of sensors Thermistor shift, ohms
installed

3
4
5

Tested
12
18
32

Eliminated
2
1
4

Minimum
10
45
65

Avg.

31
125
234

Maximum
65

325
615

the initial laboratory calibration, 68% of the 5-year-old sensors
remained stable. Large calibration changes can be expected to
occur for 14% of these sensors after 5 years.

The changes in thermistor resistance at 25°C for three age
groups of sensors are listed in Table 3. All resistance values
increased. The thermistors in the sensors installed for 3 and 4
years showed an average increase of 31 and 125 ohms, or 1.6 and
6.3%, respectively, based on a nominal thermistor resistance of
2,000 ohms at 25°C. (A 3.9% resistance change corresponds to a
— 1°C temperature error, which could induce about a 2% error in
temperature corrected EC.) Thermistors in sensors installed for 5
years displayed the largest and most varied inereases. Note that if
the measured vs. calculated resistance at either 13 or 35°C
differed by more than 100 ohms, the thermistor was considered
nonfunctional and the data eliminated from the average. Data
from 13% of the thermistors in sensors installed for 5 years were
eliminated. In the remaining sensors, resistance increases of up to
615 ohms were recorded, with an average of 234 ohms, or about
12%.

These resistance changes were somewhat unexpected because
thermistors are considered to be very stable with time. It is
possible that the thermistors used in the 5-year-old sensors were
not as stable as those used in later sensors. For these sensors, the
effect of an increase in thermistor resistance at a given tem-
perature partially compensates for the negative error in measured
EC resulting from the calibration shift of the electrolytic element
of the sensor. If the mean changes in EC at 0.1 and 0.2 S for the
5-year-old sensors (Table 1) are subjected to temperature cor-
rection using the average of the newly determined thermistor
values at 25°C, the net change in EC averages 7.2% over the
calibration range. Relative to salinity changes occurring in the
field, this error is small. The expected natural variability in field
salinity at 0.6 and 1.4 S/m is 60% (Oster and Wood, 1977). A
7.2% error resulting from a shift in calibration would be
insignificant compared to this 60% field variability.

Field Response Time
Stable EC's were recorded from the sensors between 48

and 120 hours after installation. The calculated response
factors, a, for the sensors ranged from 0.030 to 0.117
hour"1 with a mean and standard deviation of 0.060 and
0.027, respectively. No correlation was found between a
and soil-water content, nor was there any variation with soil
depth, as can be seen in Table 4. General variations in a
were attributed to variabilities in sensor-soil contact and to
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Table 4—Average response factors, a, and soil-moisture content, i.o-—-—'————'———'————'—— * ^ ' _ -Q- '———-i.o g
8, for sensors installed in Ravola loam at three depths ?/ / ' *e|££"n -̂—"•i""*'""" ^

______________and several sites.______________ J ( (Ave«=o.44) ^^^^ in'foT*
~~~ J2 0.8 - • «/*n^ (Ave oc =0 O54) " ^-®

0.15-m depth 0.30-m depth 0.60-m depth § \ // ' £•
———————————————————— ———————————————————— ———————————————————— S- ' \ / D •>

~ a «, « ™ f l <£ ^ // ——Measured ^
" 9________° "________" " * 0.6- Y/ --Calculated -0.8 g

0.057 14 0.053 15 0.084 16 o /TN "i
0.057 12 0.083 14 0.054 9 g ,/ \x <3
0.036 13 0.065 12 0.033 9 CO 0.4- V \>n. -0.7 _
0.044 11 0.057 10 0.117 16 a> M ^£> -^ Electrical Conductivity 8
0.036 13 0.037 16 0.038 15 -J! '1 ^~~—-^=^, _ of Soil Water £
0.067 12 0.117 16 0.030 14 ^ 0.2 - ' ———*=-___,_ -0.6 g
0.123 14 0.051 15 0.031 16 cr // "̂  UJ
0.068 13 0.062 13

0.060 15 0 • ———,————|————|————|————|————|————,———— -0.5
____________________0-051_____13_____________________ 0 10 20 30 40 50 60 70 80

Time , Hours
Fig. 1—Measured and calculated response data obtained for a

representative sensor installed in Ravola loam. Also included are
differences in the construction of the ceramic electrolytic data for response in solution. Data are calculated using the average
element, since other conditions were quite uniform. The a a value for each case.
values were reasonably consistent over different time
intervals for each sensor, and describe the sensor response 5-days' duration should represent at least 90% of the
well, as illustrated in Fig. 1. To obtain these data, a sensor equilibrium value,
was selected, and the response factor for that sensor was
used to calculate F and EC. Sensor response in calibration ACKNOWLEDGMENT
solution, where a was found to be 0.44 hour"1, is included I thank J- D- Oster for his valuable assistance and advice and Daniel F.
for Comparison Champion, Grand Junction, Colorado, for his work at the field site.

The a value of 0.06 hour"1 determined here is sig-
nificantly lower than the values of 0.14 to 0.22 hour"1

obtained in a laboratory experiment by Wesseling and Oster
(1973) at matric potentials of -0.08 to -0.11 bar. The
matric potential in this study varied from -0.5 to -1.5
bar, which could account for the lower a values. Sensors in
field experiments are subject to more installation problems
than those in the laboratory study, and different types of
sensors were used in the two experiments. Based on data
from Wesseling and Oster (1973), a sensor with a a of 0.06
hour"' should remain within 10% of the equilibrium value
for an EC changing linearly over a time interval exceeding
5 days.

CONCLUSIONS
Calibration stability tests indicate that the electrolytic

element of a salinity sensor is stable for up to 3 years, that
about 68% remain within 14% of the original calibration
after 5 years, and that shifts vary in direction and intensity.
Increases in the thermistor element resistance were found
which could impose temperature errors of -1 to — 3°C. In
practical use, these calibration changes are tolerable. For
precise salinity measurements, sensors should be calibrated
before installation and every 3 years thereafter.

Sensor response factors averaged 0.06 hour~' in a field
situation where soil matric potential ranged from -0.5 to
— 1.5 bar. Although this response is considerably slower
than that obtained in an earlier laboratory study, 90%
response to a step change in salinity associated with sensor
installation occurred within 2 to 5 days. At higher matric
potentials, response factors would likely be greater, and EC
measured by sensors during a cyclic change in salinity of
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