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Abstract

Soil water sensors are commonly used to monitor water content and matric potential in order to
study hydrological processes such as evaporation. Finding a proper sensor is sometimes difficult,
especially for measurements in topsoil, where changes of temperature and soil water dynamics
occur generally with greater intensity compared to deeper soil layers. We assessed the perfor-
mance of Hydra Probe water content sensors and MPS-1 matric potential sensors in topsoil in the
laboratory and in the field. A common soil-specific calibration function was determined for the
Hydra Probes. Measurement accuracy and sensor-to-sensor variation were within the manufac-
turer specification of +0.03 m3-m-3. Hydra Probes can operate from dry to saturated conditions.
Sensor-specific calibrations from a previous study were used to reduce sensor-to-sensor variation
of MPS-1. Measurement accuracy can be expressed by a mean relative error of 10%. According to
the manufacturer, the application range of matric potential readings is from -10 kPa to -500 kPa.
MPS-1 delivered also values beyond this range, but they were not reliable. Sensor electronics of
the MPS-1 were sensitive to ambient temperature changes. Beyond instrument effects, field mea-
surements showed substantial temperature-driven fluctuations of soil water content and matric
potential, which complicated data interpretation.
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1. Introduction

The water cycle is a complex dynamical system that includes hydrological processes in atmosphere, vadose zone,
and groundwater environment [1]. Understanding the spatial and temporal dynamics of water and energy trans-
fer across the soil-atmosphere boundary layer is an important issue for hydrological sciences [2]. Generally,
there is a close interaction among soil temperature, precipitation, evaporation and soil water [3]. Researchers in-
terested in evaporation and related quantities typically use sensors to measure soil temperature and either water
content [2] [4] or matric potential [5], or both quantities [6].

Knowing sensor performance is a prerequisite when selecting a device for a certain application. Substantial
properties describing this attribute are measuring range, precision (closeness of repeated measurements under
unchanged conditions), accuracy (closeness of measurements of a quantity to that quantity’s true value), and
temperature range and sensitivity. Sensor characteristics should also be considered when interpreting data. How-
ever, finding a proper sensor is sometimes difficult, especially for measurements in topsoil, where temporal
changes of temperature and soil water content are greater than that in deeper soil layers [7]. Since sensors are
typically tested and evaluated in the lab, another question is how a certain device performs under field conditions.

In this study we assessed the performance of a pair of sensor types for monitoring soil water content and ma-
tric potential in a topsoil in the laboratory and on a weighing lysimeter under natural conditions. We selected the
well-known Hydra Probe soil moisture sensor (Stevens Water Monitoring System, Inc., Portland, OR, USA) and
the MPS-1 water potential sensor (Decagon Devices, Inc., Pullman, WA, USA). The Hydra Probe represents a
robust sensor that is used in various fields of applications both permanently installed as handheld device [8]-[12].
Regarding calibration, following approaches exist: A default calibration is provided by the factory and consists
of a unique function supposedly being suitable for all soils and all individual sensors of the same type. A
soil-specific calibration generates a function with soil-dependent parameter values averaging the behavior of in-
dividual sensors. Sensor-specific calibration applies only to a particular sensor and a certain soil.

Several authors studied performance of the Hydra Probe sensor in laboratory, including calibration and tem-
perature effects [13]-[17]. However, there are some inconsistent conclusions. Seyfried et al. [15] indicated that a
soil-specific calibration of Hydra Probes is sufficient for most applications. In contrast, Evett et al. [13] found a
larger inter-sensor variability in soil, and Vaz et al. [17] reported a coefficient of variation of repeated measure-
ments in core samples of 8.6%, which the authors assumed to arise from sensor electronics and oscillation fre-
quency, probe geometry, and sensitivity to soil heterogeneities and air gaps. Moreover, there is a lack of infor-
mation about temperature effects in natural conditions, especially regarding diurnal fluctuations of soil tempera-
ture and soil water content. The MPS-1 was presumably suitable for measuring matric potential in topsoil due to
its design and its attributes, particularly the comparatively large measuring range of —10 kPa to —500 kPa [18].
Since default calibration has proven to be improper, sensor-specific calibrations are recommended for the
MPS-1 [19] [20]. Furthermore, Malazian et al. [19] reported small and inconsistent temperature effects at a con-
stant matric potential of —25 kPa, which seems insufficient regarding the large measuring range. They also
compared measurements from field-installed MPS-1 to tensiometer readings as reference quantities; however,
the range of matric potential was only between zero and —60 kPa, and the correlation was not very good. Beyond
that, little is known about the performance of MPS-1 in natural conditions, especially regarding temperature
sensitivity at small matric potential values.

General questions that are addressed in this study refer to calibration and accuracy, measuring range and
temperature effects of HP and MPS-1 in order to enhance data interpretation when using both sensors in topsoil
under natural conditions.

2. Materials and Methods

Three sensor pairs, each with one Hydra Probe and one MPS-1 (HP-MP), were tested first in the laboratory and
afterwards in a lysimeter at the experimental station of the University of Natural Resources and Life Sciences,
Vienna (BOKU) in Gro-Enzersdorf, Austria.

2.1. Sensor Specifications

The Stevens Hydra Probe measures soil water content & (m*-m ), dielectric permittivity eg rc (dimensionless),
electrical conductivity EC (S-m?), and soil temperature T, (°C) [21]. The main structural components of the
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Hydra Probe are a tine assembly and a body housing all electrical components including a thermistor for mea-
suring soil temperature. The tine assembly consists of a base plate that is 25 mm in diameter and four 58 mm
long metal rods, whereof three rods form an equilateral triangle around the center rod. The tines serve as wave
guides for a 50-MHz-signal that is generated in the probe body. When the tines are pushed into soil material, the
probe measures the behavior of an electromagnetic wave in the soil in between the conductors. The probe con-
verts the signal response into the dielectric permittivity [21]. Hydra Probe characteristics according to the man-
ufacturer are indicated in Table 1.

The MPS-1 measures soil matric potential v, (kPa) in the range of —10 kPa to —500 kPa (pF 2 to pF 3.71).
Each sensor consists of two circular ceramic disks with a diameter of 3.2 cm mounted between a shared circuit
board and a perforated stainless steel screen. The sensor measures the water content of the ceramics with a fre-
quency domain principle, and converts it to an analog output signal from 0.5 V (dry) to 0.8 V (wet) [18]. When a
sensor is installed in soil, the matric potential of the water inside the ceramic disks reaches equilibrium after
some time by water uptake or release. Consequently, a relationship between the sensor signal and the matric po-
tential of the surrounding soil can be found. MPS-1 characteristics according to the manufacturer are indicated
in Table 2.

2.2. Data Acquisition

A telemetry system from Adcon Telemetry GmbH (Klosterneuburg, Austria) was used for data logging and data
transmission. So-called Remote Terminal Units (RTUs) collected and transmitted data from Hydra Probes and
MPS-1. The logging interval was set to 1 hour. Readings were temporarily stored in another RTU, and transmit-
ted via UHF to a central logger. From there, data were transferred to a server and made available via Internet
access [22]. Digital versions of Hydra Probes that output T and eg 1c via SDI-12 protocol were used. Three Hy-
dra Probes were connected to an RTU via an adapter. Three MPS-1 sensors were linked to the telemetry system
with a standard interface from Decagon Devices, Inc. The interface supplied the sensors with the required stabi-
lized excitation voltage of 2 VV to 5 V DC and transmitted the sensor output to an RTU [18].

2.3. Sensor Calibration

Generally, a sensor is a device that converts a physical phenomenon into an electrical signal; hence, a calibration
function is necessary to convert sensor readings into physical quantities. Usually the parameters of the calibra-
tion function are determined by minimizing the deviations between calibrated and real values and by the way
optimizing accuracy. Therefore, a proper calibration is expected to increase sensor performance considerably
[15] [17] [19]. A sensor-specific calibration takes into account sensor-to-sensor variations usually originating
from marginally different sensor materials and electronics. A calibration may also be necessary to compensate
temperature sensitivity of sensor electronics.

Table 1. Sensor characteristics of Hydra Probe [21].

Quantity Range Precision Accuracy
Temperature —30°Cto 36°C +0.6°C
Soil Water Content £0.003 m*>m® £0.03 m*m™
Real dielectric permittivity 0°C to 35°C? 0.5% 5%

®Range of temperature correction.

Table 2. Sensor characteristics of MPS-1 [18].

Quantity Range/Accuracy/Precision
Matric potential range —10 kPa to =500 kPa

Accuracy +40% with default calibration

Precision 1 kPa from —10 kPa to —100 kPa

4 kPa from —100 kPa to =500 kPa
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The Hydra Probe requires a soil-specific calibration considering its mineral and organic soil composition [15].
Before converting the raw relative permittivity values ¢z (dimensionless) of the Hydra Probe into soil water
contents @ (L>L"®), the readings must be corrected for temperature [15] [21]. The standard function for temper-
ature compensation is [23]

Zr1c (67,T) =101z, /(1.045-0.00225T), €

where T is the temperature in °C and eg ¢ is t the temperature-corrected relative permittivity ([er tc] = 1).
For the soil-specific calibration we used a standard function of the form

0(6qrc)=A-e3% —B )

with two parameters A and B to convert the temperature-corrected real dielectric permittivity eg 1c into soil water
content 6 (m*-m%).

The MPS-1 was tested by Malazian et al. [19] in the lab. They reported a highly nonlinear sensitivity, a large
sensor-to-sensor variation, a good consistency of sensor readings, and minor hysteresis and temperature effects.
Since the default calibration was inaccurate, they calibrated each sensor specifically in a pressure plate apparatus
from —10 kPa to —400 kPa, which is the only suitable method for that range. For this study we used sensor-spe-
cific calibration functions from a previous study (also determined by means of a pressure plate apparatus) [20].

2.4. Experimental Setup in the Laboratory

2.4.1. Inter-Sensor Variability and Sensing Volume of the Hydra Probes

To assess variations between the three Hydra Probes, eg was measured with three replications in air and tap wa-
ter with low electrical conductivity EC = 0.03 S-m™*, eliminating any critical aspects associated with soil. After
measuring in air, the sensor rods were slowly moved towards the water table. Since the sensor readings did not
change until the tops of the tines contacted the water table (data not shown), it was evident that the electromag-
netic field of the sensor did not extend considerably beyond the tines. While slowly immersing the sensor rods in
water, the measured dielectric permittivity changed linearly with penetration depth, which is consistent with re-
sults of Loiskandl et al. [24]. The readings at full submersion were later used for the sensor-specific calibration.

2.4.2. Temperature Effects of the MPS-1

For the MPS-1 Malazian et al. [19] reported small and inconsistent temperature effects at —25 kPa. Since tem-
perature fluctuations of v, were assumed to be larger at small values, we performed a simple test to get an idea
of possible temperature effects on the instrument. We watered the three MPS-1 (#1, 2, and 3) to a certain y, and
sealed them with thin rubber caps to avoid evaporation from the sensor ceramics. Sensor output at a temperature
of 24°C in the air-conditioned lab, at 6°C in a climatic chamber, again 24°C, 6°C and 24°C was recorded, where
each temperature condition was triply measured with one hour time interval in between. This added up to 3 x 3
readings for 24°C and 2 x 3 readings for 6°C for each sensor. Moreover we measured in tap water at 24°C (only
one reading) in two ways, submerging only the ceramic discs of the sealed sensors and the whole sensor.

2.4.3. Soil-Specific Calibration

The MPS-1 were coupled with the three HP sensors (pairs HP 1-MP 1, HP 2-MP 2, and HP 3-MP 3) and in-
stalled in a 6 cm layer of 2 mm-sieved loam soil (33% sand, 46% silt and 21% clay, USDA texture) filled into a
small plastic box (16 cm x 26 cm). The topsoil material had been taken a few meters apart from the lysimeter
cited above. Soil and its packing in the box were similar to the calibration procedure of Nolz et al. [20]. The
rods of the Hydra Probes with a length of 57 mm were completely inserted into the soil vertically, measuring the
entire depth of the layer. The MPS-1 sensors were bedded into the wetted soil in a horizontal position with the
center of the ceramic disks with a diameter of 3.2 cm in the middle of the soil layer. Considering the thickness of
the soil layer of 6 cm, the disc was covered on top and at the bottom at least 1.4 cm. Distances between the
probes were <10 cm. After initial wetting and sensor installation the soil had time to dry via evaporation at la-
boratory conditions (air temperature: 18°C to 22°C, relative humidity: 60% to 70%), and to consolidate. Since
the Hydra Probe responds to the average water content within the sensing volume-independent of the distribu-
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tion of water within that volume [24]—we could neglect the influence of the vertical water content distribution
in the soil layer on average 6 determined with the calibration equation. After the initial wetting-drying-cycle,
three more cycles were initiated for which yy, er1c, and T were measured continuously. Wetting to full satura-
tion was done gradually within few hours from the bottom, so that air had time to escape from the soil. Dry bulk
density and water content for sensor calibration were determined by means of four 35 cm® core samples taken
during the third drying-cycle at four different soil moisture conditions from wet to dry. The height of the sam-
ples comprised the full thickness of the soil layer, their dry bulk density was pq = (1.32 + 0.05) g-cm °. Water
content # was determined by weighing each sample, drying at 105°C until mass remained constant, weighing
again, and dividing the volume of water by the total sample volume. eg tc-readings from the 3 Hydra Probes
were averaged for each 6 step and the parameters A and B of Equation (2) were fitted by minimizing the sum of
squared deviations between volumetric water content from soil sampling and full submersion in water (5 points)
and the function values 0 (eg 1c) with a standard software (Table Curve 2D v5.0).

2.5. Experimental Setup in the Field

After the laboratory experiments, the three sensor pairs were installed 2011 in the upper soil layer of a large
weighing lysimeter [25] after harvest of spring barley from August 18 (day of year DOY 230) to November 21
(DOY 324). Soil texture was loam with 28% sand, 49% silt and 23% clay; dry bulk density determined from
three 200 cm? core samples taken nearby was pg = (1.36 + 0.16) g-cm>. In order to get a well-defined measuring
zone of the topsoil layer, the Hydra Probes were pushed into the undisturbed soil vertically, measuring from soil
surface to a depth of 57 mm (length of sensor rods). In that way they can be used for monitoring, but also for
manual measurements along transects, e.g. to determine near-surface soil water dynamics of different tillage
systems, or to determine spatial variability of soil water content. Generally, inserting the rods downwards is not
typical for field studies, because the large head of the sensor shields the soil below from precipitation, and it
may disturb evaporative and soil heat fluxes. However, vertical placement is applied for certain tasks focusing
on water content in the topsoil layer [8] [12]. For the MPS-1 a vertical slot of few millimeters thickness was
made with a knife with a rounded blade and soil was wetted. The sensors were put into the prepared slot and the
soil was carefully compacted by hand, aiming at a proper contact between the soil and the sensor material with-
out disturbing the structure of the surrounding soil. The center of the ceramic disks rested at a depth of 3 cm.
Distances between each Hydra Probe and the respective MPS-1 were more or less 10 cm, and the sensor pairs
were installed <1 m apart. Soil water content and matric potential changed under natural conditions due to rain-
fall R and evaporation E, determined daily from lysimeter measurements [25]. Several wetting-drying-periods
were monitored by continuous measurements of y, and &g 1c. Due to loss of Hydra Probe temperature readings,
soil temperature data Ts in 5 cm depth (=5 cm) and air temperature T, 5 cm above ground (+5 cm) were taken
from separate temperature sensors a few meters distant.

3. Results and Discussion
3.1. Inter-Sensor Variation in the Laboratory

Hydra-Probe (HP) readings of &g 1c in air at T = 24°C are shown in Table 3. Standard deviations SD of repeated
measurements representing precision were equal or smaller than the sensor specification of +0.5 (Table 1). The
inter-sensor variation of the readings in water were within £0.3, thus also smaller than 0.5. Only the readings of
the three sensors in air had a variation in the order of +1 (Table 3). However, using a default calibration such a
difference would result in a different water content of +0.03 m®-m™2 in the dry range, which is of the same mag-
nitude as the measurement accuracy specified by the manufacturer (Table 3). Under wet conditions eg tc-vari-
ation of +1 is negligible.

Table 3. Hydra Probe readings of eg,tc at T = 24°C in air and water (mean + standard deviation).

Sensor # Air Water
HP 1 0.2+0.06 81.2+0.42
HP 2 -0.7 £0.00 81.0+0.50
HP 3 1.3+0.06 81.4+0.21

()
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The three wetting-drying cycles in the soil box lasted 20, 30, and 20 days, respectively (Figure 1). The sen-
sors reacted immediately on wetting; after start of the wetting phase it took several hours until the readings
reached their maximum. Although all cables were fixed to the box, measurements were sensitive to disturbances
that were accidentally induced by touching the cables or moving the box, e.g. on day after start (DAS) 8 and 64.
Readings of the three Hydra Probes were between g tc = 23 and 27 at saturation and between 4 and 6 at dry
conditions (Figure 1(a)). SD ranged from 2.8 to 0.6, which was considerably larger than the variations measured
both in air and water (Figure 1). Apparently, the variations did not arise from the sensors themselves, but from
soil conditions such as fine cracks, air gaps within the measuring area of a sensor, or heterogeneous water dis-
tribution. Since SD was greater after wetting and decreased successively during drying (Figure 1(b)), structural
soil heterogeneities such as cracks or macropores appeared to have a greater effect on inhomogeneous water dis-
tribution at or near saturation. We concluded that the differences between replications were rather due to soil
characteristics than sensor variability. Hence, we decided to determine a common (soil-specific) calibration
function for all three Hydra Probes for both laboratory and field application.

The MPS-1 reacted also immediately to wetting (Figure 1(c)). Sensor output ranged from 750 mV to 770 mV
at saturation and from 560 mV to 580 mV at dry conditions. In total, SD ranged from 12 mV to 5 mV. In wet
soil MPS-1 readings needed some time to approximate and reach equilibrium with soil water. SD decreased for a
few days after wetting (Figure 1(d)). During this phase sensor output was not entirely reliable. In the course of
the subsequent drying the output values decreased continuously to a certain value—apparently representing the
measuring range—and then decreased only slightly or even became larger again. At the same time the readings
diverged, thus SD became larger (this trend is contrary to Hydra Probe readings as mentioned above). The effect
can be explained through the pore-size distribution of the sensor ceramics, which was obviously optimized for a
certain measuring range, hence both hydraulic contact and equilibrium status between sensor and soil is not
guaranteed anymore.

30 (a)

25 | I +HP 1
HP2
20 |, % . ‘HP3

15‘\,

>

HP readings &grc / (-)

(b)

O = NWOo o»

SD &rre/(-)

750

700

650

600

MP readings Uy / mV

550
15 (d)
10

SD Uyp I mV
(3]

0 10 20 30 40 50 60 70
DAS (day after start)

Figure 1. Sensor readings during the laboratory experiment from (a)
three Hydra Probes (HP1, HP2 and HP3) with (b) standard deviation
(SD), and readings from (c) MPS-1 with (d) standard deviation.

(=)
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3.2. Sensor Calibration

Fitting the average readings of the three Hydra Probe to the respective sampled soil water content Gsumpe by
means of Equation (2) resulted in A = 0.1382 and B = —0.2426. The resultant soil calibration is similar to the re-
commended factory calibration for silt loam for A-horizons with A =0.1226 and B = —0.1903 [23] (Figure 2(a)),
which is assumed to provide good performance in many mineral soils [15]. The calibrated water content 6yp;
overestimated Gsampie, While Gnp, underestimated and 6ps-values were in between (Figure 2(b)). However,
RMSE was 0.022 m*-m™2 and all 6-values differed less from Osample than the specified accuracy range of +0.03
m?3-m 2 [21] apart from one, deviating 0.039 m®-m 3. With the standard calibration for silt loam RMSE would be
+0.025 m®-m® and 3 values would lie outside +0.03 m*m™,

Figure 3 shows calibration functions of the utilized MPS-1 for a similar soil according to Nolz et al. [20]. It
has to be stated, however, that even by using those sensor-specific calibrations a mean relative error of 10% is
supposed to remain, and that due to the form of the calibration function a small change of the sensor output
causes a great change of y,, when the soil becomes dry.

0.4 (a) calibr:t?c?;_ 0.4 (b) 1:1
o AN
= calib. for 0
g silt loam T
mg 0.3 o 0.3 %
- = -0.03
c V]
£ 0.2 £ 02 /
c <]
8 s HP1 o * HP 1
- (V]
% 0.1 HP 2 = 0.1 HP 2
= 4 HP 3 = A HP3
0.0 - 0.0
0 10 20 30 0.0 0.1 0.2 0.3 0.4
Dielectric permittivity & ../(-) Water content 6, /(-)

Figure 2. Hydra Probe user calibration: (a) Water content versus dielectric permittivity with calibration func-
tions, and (b) Calibrated water content with measuring accuracy according to the manufacturer.
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Figure 3. Sensor-specific calibration functions for the MPS-1 ac-

cording to Nolz et al. [20].
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3.3. Soil Water Dynamics and Measuring Range in the Laboratory

Calibrated 6 ranged from 0.50 m*-m to 0.05 m®-m® during the three wetting-drying phases in the laboratory
(Figure 4(a)). Estimating porosity n via the relation n = 1 — pg/ps with pq = 1.32 g-cm > and particle density ps =
2.65 g-cm? resulted in n = 0.50. This value was not entirely reached by HP 3, maybe due to air gaps or soil
compaction within the sensing volume. Under dry conditions temperature-related fluctuations became remarka-
ble, especially from day after start (DAS) 30 to 45 (Figure 4(a)).

Each MPS-1 started with a certain yyvalue between zero and —6 kPa. However, these measurements were not
consistent, because in some cases the values changed with decreasing water content, while in other cases they
did not (data not shown). Since it seemed rather impractical to define a specific starting point for each MPS-1,
we decided to neglect readings larger than —10 kPa. Apparently, this makes the sensor unsuitable for measuring
dominant flow processes such as infiltration. Nevertheless, measuring range depends on pore-size distribution
within the sensor ceramic; hence, single sensors might be appropriate to measure also between zero and —10 kPa.
In dry soil all sensors delivered values below the specified minimum value of =500 kPa (down to —1.2 MPa).
But these data were also not reliable, because after a sensor reached its limit, the output value decreased to some
extent, and fluctuated correlating with temperature around an individual level (Figure 4(b)). Soil temperature
ranged from 17°C to 27°C with distinct diurnal variations (Figure 4(c)).

3.4. Soil Water Dynamics and Measuring Range in the Field

During the field experiment soil water content and matric potential changed evidently due to several rainfall
events and considerable evaporation (Figure 5). We measured a range for # from 0.45 m*>m 2 to0 0.17 m*m™
(Figure 5(a)), thus smaller than at laboratory experiment. € values from HP 1 and HP 2 were similar near satu-
ration, but diverged until HP 1 delivered smaller values than HP 2 when getting drier. In the laboratory, on the
contrary, HP 2 was always below HP 1 (Figure 4(a)), so it is evident that these differences were not caused by
systematic errors from calibration. Due to a software failure there were no data from HP 3. Fluctuations of
HP-readings as a result of temperature effects were distinctive, so small rainfall events, e.g. 4 mm on DOY 257
were hardly reflected in #-measurements. w,, was similarly difficult to interpret because of oscillations, espe-

05 | . (@)

0.4 )\
03 " \

"\

0.1 \

0.0

Water content 6,5 / (m3-m=3)

Temp. Tye I °C

0 10 20 30 40 50 60 70
DAS (day after start)

Figure 4. Soil water dynamics during the laboratory experiment. The dotted
line illustrates the limit of operation specified by the manufacturer.
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()

cially when the soil got dry, e.g. from DOY 250 to 260 (Figure 5(b)). Compared to the laboratory results, the
range of vy, was generally smaller with a minimum of =750 kPa. Under wet conditions MPS-1 provided evident
wm-readings only when greater than —10 kPa, which corresponded well with the findings from the laboratory
experiment. While from DOY 230 to 240 MP 2 gave the smallest y,,, MP 1-values were lesser than the others
from DOY 245 to 255. Similar to the & measurements, the differences were not supposed to be related to sensor
calibration, but rather to soil heterogeneity and inhomogeneous water distribution. On DOY 316 and 317 read-
ings of both sensors (measuring from zero to —6 cm) were obviously incorrect due to freezing.

Soil temperature in 5 cm depth (soil =5 cm) was between 2°C and 28°C, temperature fluctuations above
ground (surface +5 cm) were substantially larger. This illustrates the challenging conditions under which the
sensors were operated (Figure 5(c)).
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3.5. Temperature Effects in Laboratory and in the Field

Generally, temperature effects are related to both sensor electronics and soil hydraulic properties, making tem-
perature compensation a very complex problem [17]. As mentioned above, we used Hydra-Probe readings with
a temperature correction from zero to 35°C (er1c) [15] [23]. Table 4 exemplifies calculated eg 1c values (Equa-
tion (1)) for different § and temperature that occurred in laboratory as well as in field. One can see that the
maximum difference between zero and 35°C was 0.01 m®-m 2 at dry and 0.03 m*®-m at wet conditions, giving a
slope AG/AT of 0.0003 m*m3.°C™* and 0.0009 m*-m3.°C™*, respectively. Seyfried and Grant [16] reported,
that—with a change from 5°C to 45°C—the instrument effect was greater than 0.01 m*m 2 in dry soil, and
much lesser at greater 6. For a 20°C change they found differences less than 0.01 m®-m for all 6. In contrast to
measurements in water, where 6 decreases when temperature increases, temperature effects in soils are more
complex. Seyfried and Grant [16] found a linear temperature response in different soils of +0.03 m®-m™* for tem-
peratures ranging from 5°C to 45°C, and thus a slope AGO/AT from —0.0007 m*-m3.°C™* to 0.0007 m*m3.°C,
Comparing this slope with those above derived from the values in Table 4 indicates that the temperature com-
pensation (Equation (1)) accounts for both instrument and soil temperature effects.

In contrast to findings of Malazian et al. [19], the MPS-1 showed large temperature sensitivity during our ex-
periments. Table 5 summarises the measurements with the sealed sensors (no uptake or release of water and
water vapor) at different temperatures. The sensor output at 24°C was relatively stable during the whole mea-
suring period, but sensor readings at 6°C were less consistent. While sensors #1 and #2 delivered substantially
greater values (20% and 60%) at the smaller temperature, sensor #3 delivered slightly smaller values (Table 5).
Partly submerging of the sealed sensor into water had no effect on the sensor output, but when completely under
water, the sensor readings at once decreased evidently (Table 5). Since there was no exchange of water, the
readings were likely influenced by the surrounding water. Another effect was that touching the sensor body
decreased sensor readings within an instant, too. Evaluating these effects is beyond the scope of this paper, but it
seems that the electromagnetic field of the sensor expands beyond sensor ceramics, which is problematic
regarding calibration and data interpretation.

Looking thoroughly on the curves of Figure 4(a) (box experiment), & showed oscillations of +0.03 m*-m™
when the soil became dry (e.g. near DAS 40). This can neither be explained by instrument nor by soil tempera-
ture effects as discussed at the beginning of this section. The corresponding w,, values varied considerably +100
kPa, but were already out of the defined measuring range of the sensors (Figure 4(b)). Figure 6 displays details
of Figure 4 and Figure 5 in order to illustrate and compare temperature effects in the laboratory and in the field.
As expected, Hydra Probe as well as MPS-1 measurements in the laboratory showed no substantial fluctuations
in the wet range, with a soil temperature between 18°C and 22°C (Figure 6(a)).

Table 4. Hydra Probe: temperature corrected water content 6(eg,c) for different water contents and temperatures T.

0°C 15°C 25°C 35°C
A(erc)/(M*-m ™)

0.06 0.07 0.07 0.07

0.19 0.19 0.20 0.20

0.37 0.38 0.38 0.39

0.50 0.51 0.52 0.53

Table 5. w-values of the sealed MPS-1 at different temperatures T.

T/°C 24 6 24
Sensor exposed to Air Air Water (totally submerged)
Sensor # wmlkPa
1 43516 512 £ 25 182
2 482 £ 34 787 £ 31 240
3 386 + 17 349 + 36 134
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Figure 6. Soil water dynamics and soil temperature (a) in laboratory; and (b) in the field.

During the field experiment day-night-fluctuation of soil temperature in a selected period was between 13°C
and 20°C (Figure 6(b)). Apparently, temperature-driven variations of soil water content and matric potential
were predominant under field conditions. Despite temperature correction, 6 changed during a day around +0.03
m3.m3 in the wet range, which is larger than any temperature effect estimated from ez temperature response.
Regarding fluctuations in y,-data it was impossible to separate real soil water dynamics from instrument tem-
perature effects without detailed knowledge about the latter. Anyway, the fluctuations of ., were greater than
30 % and temperature differences were smaller (Figure 6(b)) compared to the MPS-1 temperature test (Table 5).
Consequently, the shown variations arose likely to the most part from temperature-driven changes of soil water
content itself [4] [26]. The minimum daily @ and its corresponding maximum ., usually occurred at the mini-
mum temperature at about 7 a.m., while vice versa maximum 6 and minimum ., occurred at the maximum
temperature at about 3 p.m. (Figure 6(b)). The daily mean values of € and v, were typically represented by
values measured between 10 and 11 a.m. This has to be taken into account when soil water is not monitored
continuously. Apart from that, further studies are required with respect to water and water vapor transport to ex-
plain the observations. Another open question addresses the temperature sensitivity of the MPS-1.

4. Conclusions

Performance of Hydra Probe water content sensors and MPS-1 matric potential sensors was tested in a near-
surface soil layer in the laboratory and under natural conditions in the field.

A common soil-specific calibration function was assessed for the Hydra Probes, but also a default calibration
from literature was suitable. Measurement accuracy was +0.03 m*-m 3, which is in accordance with the manu-
facturer specification. Sensor-to-sensor variation was considerable, but within the accuracy range. Generally,
Hydra Probes measure from dry to saturated conditions. Soil water content ranged from 0.50 to 0.05 m*m™
during the laboratory experiment and from 0.45 to 0.17 m®-m 2 in the field. Temperature sensitivity was minor
in laboratory, but substantial in field. However, in natural environment the diurnal fluctuations of soil water
content with its minimum at the minimum temperature and vice versa arose likely to the most part from temper-
ature-driven changes of soil water content.

Sensor-specific calibrations from a previous study were used to reduce inter-sensor variation of MPS-1.
Measurement accuracy can be expressed by a mean relative error of 10%. According to the manual the applica-

()
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tion range of matric potential values is from —10 to —500 kPa. MPS-1 delivered also readings outside this range,
but they were not reliable. Sensor electronics of the MPS-1 were prone to temperature changes, and sensor out-
put was affected by the surrounding area. In this regard, further studies are recommended. Fluctuations of matric
potential in the field were major with an opposite trend to water content. Generally, soil water dynamics in the
field was well described from both sensor types, but data showed substantial temperature-driven fluctuations
that made data interpretation difficult to some extent. The daily mean values of water content and matric poten-
tial were typically represented by values measured between 10 and 11 a.m.
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