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Abstract The heat pulse probe method can be implemented with actively heated fiber optics (AHFO) to
obtain distributed measurements of soil water content (u) by using reported soil thermal responses meas-
ured by Distributed Temperature Sensing (DTS) and with a soil-specific calibration relationship. However,
most reported applications have been calibrated to homogeneous soils in a laboratory, while inexpensive
efficient in situ calibration procedures useful in heterogeneous soils are lacking. Here we employed the Hyd-
rus 2-D/3-D code to define a soil-specific calibration curve. We define a 2-D geometry of the fiber optic cable
and the surrounding soil media, and simulate heat pulses to capture the soil thermal response at different
soil water contents. The model was validated in an irrigated field using DTS data from two locations along
the FO deployment in which reference moisture sensors were installed. Results indicate that u was meas-
ured with the model-based calibration with accuracy better than 0.022 m3 m23.

1. Introduction

Understanding dynamics of local hydrological processes generally requires dynamic quantification of soil water
content (u) at spatial scales from 0.1 to 1000 m [Krajewski et al., 2006; Selker et al., 2006a, 2006b; Robinson et al.,
2007; Bittelli, 2011]. Fiber optic Distributed Temperature Sensing (DTS) offers the potential to address these
requirements due to its ability to obtain distributed temperature measurements over these spatial scales with a
high temporal resolution [Smolen and van der Spek, 2003; Tyler et al., 2009; Sayde et al., 2010, 2014].

Fiber optic cables can also be employed to define the thermal characteristics of the environment surround-
ing the cable through observation of the timing and magnitude of the thermal response to an energy input.
Categorically this is referred to as the Actively Heated Fiber Optics method (AHFO). The interpretation of
temperatures resulting from such active heating can employ the results of Heat Pulse Probe theory (HPP)
[Weiss, 2003; Perzlmaier et al., 2004; Aufleger et al., 2005; Sayde et al., 2010, 2014; Sayde 2012; Ciocca et al.,
2012; Striegl and Loheide, 2012; Gil-Rodr�ıguez et al., 2013; Ben�ıtez-Buelga et al., 2014]. Though conclusions
from previous studies claim that DTS measurements do not have the precision to quantify soil moisture
aside from qualitatively distinguishing wet from dry [Weiss, 2003], this has been addressed both through
much improved instrument performance, and more appropriate methods of interpreting the DTS data
[Sayde et al., 2010, 2014]. Likewise, the application of DTS for soil moisture estimation may be affected by a
hysteretic response of the DTS sensor. The relationship between h and the temperature increment, during
the heat pulse, depends as well on the previous wetting and drying cycles within the soil profile and soil
structure healing [Sourbeer and Loheide, 2015].

The AHFO approach can be undertaken either to estimate soil moisture or to determine the soil thermal
properties. In this paper, we focus on the objective of obtaining soil moisture. Specifically, we seek a
method to obtain the local calibration coefficients required to translate observed heat pulse data to mois-
ture content, which depends strongly on the soil density, texture, particle shape, and chemical composition
[Shiozawa and Campbell, 1990].

In this manuscript, we will seek a calibration based on the measured cumulative temperature increase
(Tcum) introduced by Sayde [2012] using numerical simulation (Hydrus 2-D/3-D) in place of physical experi-
mentation. We validate the calibration procedure based on observations from a heated fiber optic DTS field
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installation in Spain. We select a 6 m transect of the FO deployment and collect soil samples at two specific
locations in order to define the soil thermal and hydraulic properties. Testing the model to estimate h is
developed at these locations using reference moisture probes and independent DTS measurements.

1.1. Measurements of h Using AHFO via k Estimation
This approach employs the analytical solution to the transient infinite line problem with Fourier’s heat equa-
tion [de Vries, 1952; Carslaw and Jaeger, 1959]. This theory provides foundations to the widely used single-
probe technique in which the infinite line source is substituted for a cylindrical metal probe (a needle or the
stainless steel armoring jacket of a fiber optic cable in this case) that is heated during a heat pulse of dura-
tion (to) at a known power rate [de Vries and Peck, 1958]. By colocating a temperature measurement device
with the heat source (e.g., a thermocouple or fiber optic DTS measurement), k can be obtained by fitting
the dynamic temperature data to

T2T05
q0

4pk
c1Ln tð Þ½ � (1)

For the heating phase, 0< t� t0

T2T05
q0

4pk
Ln tð Þ2Ln t2t0ð Þ½ �1d (2)

For the cooling phase, t> t0

[Kluitenberg et al., 1993; Bristow et al., 1994], where, T 2 T0 is the temperature rise resulting from heating (K),
q’ is the energy input (J m21 s21), t is the elapsed time, and k is the soil thermal conductivity (W m1 K1).
Thus, by using linear regression between T T0 and Ln(t), k can be calculated.

Having obtained k, u can be estimated by applying empirical relationships (e.g., from the HPP theory:
Johansen [1975], Chung and Horton [1987], Bristow et al. [1993], and Lu et al. [2007]), or calibration relating
observed k to independent measurements of u.

A source of uncertainty when employing equations (1) and (2) arise from the nonideal thermal characteristic
of the probe and the contact resistance between the probe and the surrounding soil [Bristow, 2002; Sourb-
eer and Loheide, 2015], which has been addressed by adding a time correction factor [de Vries, 1952; Shio-
zawa and Campbell, 1990] which has also been adopted for AHFO applications [e.g., Ciocca et al., 2012].
Typically, time correction factors are not known a priori; instead, the captured temperature response against
Ln(t), excluding the early time data (preasymptotic data) from the analysis [Bristow, 2002] are known. In the
classic HPP theory, this period of omitted data typically comprises the first 5–10 s of the heat pulse, though
in AHFO applications where the heated probe (FO cable) presents a much more complex configuration,
recently, Ciocca et al. [2012] reported that a heating period of 120 s was not enough to reach the expected
asymptotic solution, i.e., a longer heat pulse was required. Sourbeer and Loheide [2015] considered the dif-
ference between the average temperature from 380� t� 580 s after the onset of induced heating of 3.07
W/m and the ambient temperature. Thus, it excludes very early time data, which are influenced strongly by
the design of the cable, and it was highly correlated (R2 5 0.96) with the Tcum employed by Sayde et al.
[2010].

Heat pulses of long duration must be handled carefully since water displacement due to excessive heating
may occur, causing the soil to dry out in the proximity of the cable [Weiss, 2003]. Also, as discussed by Sayde
et al. [2014], long heat pulses may lead to heat contamination including generation of free convection
under conditions near saturation.

Finally, the influence of the thermal characteristics of the electrical insulation about the cable as well as the
multilayer structure of protection for the fibers within the cable must be addressed in the interpretation of
equations (1) and (2) to derive accurate values of k.

1.2. Measurements of h via Tcum Estimation
An alternative interpretation of AHFO moisture measurement avoids the intermediate calculation of k
[Sayde et al., 2010], instead developing a functional relationship between h and the cumulative temperature
increase (Tcum).

Water Resources Research 10.1002/2015WR017897

BEN�ITEZ-BUELGA ET AL. HEATED FIBER OPTICS-NUMERICAL SIMULATION-SOIL MOISTURE 2986



Tcum zð Þ5
ðt

0
T zð Þ2T0 zð Þdz (3)

The function Tcum reflects the key feature of the a single-probe heat pulse method, that both heat capacity
and thermal conductivity increase with water content, Tcum is a sensitive 1-1 function of u. The accuracy of
u obtained via Tcum is greatly enhanced by the fact that this represents an integration of the data, thus gain-
ing the benefit of averaging instrument noise [Sayde et al., 2010; Gil-Rodr�ıguez et al., 2013], rather than fit-
ting a slope to the obtained data set (equivalent to computing the derivative of the data, as employed by
Perzlmaier et al. [2004]), or seeking to estimate u from intermediate parameters [e.g., Ciocca et al., 2012].

The key limitation to the use of Tcum is the required calibration process which has to date employed exten-
sive laboratory experimentation for a single soil [Sayde et al., 2014]. This approach is costly and time con-
suming, and requires large containers filled with packed soils of controlled soil bulk density and textural
composition with the AHFO installed as employed in the field. These calibrations are also susceptible to
errors due to differences of the soil structure in the repacked soil (grain to grain contacts or effect on water
bridges), affecting the soil thermal properties of the original soil. Further, AHFO applications in heterogene-
ous soils require an in situ strategy for calibration.

We propose a numerical-based approach employing the known geometry and thermal properties of the
cable to reduce the amount of laboratory experimentation described in the methodology via Tcum estima-
tion. Here we employ the Hydrus 2-D/3-D code to define the Tcum-u relationship while we avoid the use of
repacked soil structures for calibration. Only the characterization of the surrounding soil hydraulic and ther-
mal properties—demanded as a Hydrus 2-D/3-D parameter—required laboratory work.

One may question the benefit gained in this approach if soil thermal conductivity must be obtained in addi-
tion to the cumulative temperature increase function. However, it must be noted that although k is here
required as a Hydrus 2-D/3-D input parameter, it is not calculated using DTS data; rather, it is a direct mea-
surement taken with a thermal sensor. If DTS data were employed to derive k, it is likely that we may occur
in two types of uncertainties, aside from the intrinsic instrument signal-to-noise ratio: (1) errors due to
employment of early time data that have not reached the asymptotic solution of the probe method during
heating, i.e., the heat pulse would be too short, and (2) errors due to heat contamination (influence of latent
vapor fluxes) or water displacement, if the heat pulses were too long.

Sourbeer and Loheide [2015] have also developed a two-dimensional finite element method numerical
model to simulate heat transfer from the cable to the soil during a 10 min heat pulse. The model was imple-
mented, among others, with the k and u relationship fitted from the observed data and it was run for vari-
ous u conditions and contact resistance.

2. Materials and Methods

2.1. Calibration
Hydrus 2-D/3-D solves the Richards equation for water and advective-diffusive equation for heat with the
finite element method [�Simu˚nek et al., 2008]. We employed the Van Genuchten-Mualem model to describe
soil hydraulic properties [Van Genuchten, 1980]. A 2-D rectangular domain (assuming homogeneity in the
third dimension) of 0.25 m by 0.25 m was simulated with the fiber optic cable located in the center
(Figure 1). The materials included in the modeled system were stainless steel, nylon, and the surrounding
soil. The exterior of the capillary tube within the FO cable (the fiber glass and the filling gel) was modeled as
the inner boundary of the domain. One observation point located at the exterior helical steel layer material
was used to capture the Hydrus 2-D/3-D thermal response of the fiber optic and to compute Tcum (Figure 1).

The model was developed in a implemented in a very refined mesh with 6282 nodes. The mesh refinement
of S 5 0.05 around nylon and steel core was used in order to avoid abrupt steps in the simulations. Here we
assume homogenous conditions along the direction of the cable, reducing the problem to varying along
two spatial dimensions.

Although the standard version of Hydrus 2-D/3-D does not allow for purely conductive boundary heat
fluxes, a modified executable routine provided by PC-Progress, allowed simulation of heat pulses when
imposing zero-flux water flow boundary condition at the inner stainless steel boundary nodes (Figure 1).

Water Resources Research 10.1002/2015WR017897

BEN�ITEZ-BUELGA ET AL. HEATED FIBER OPTICS-NUMERICAL SIMULATION-SOIL MOISTURE 2987



Heat pulses of 19.40 W m21 lasting 122 s were simulated. Additionally, in order to ensure a mass conserva-
tive heat flux within the domain, a third type heat transport boundary condition was imposed at the outer
nodes of the soil domain by setting a constant heat flux at the inner boundary of the stainless steel layer.

Since we sought to define the soil thermal response as a function of moisture content, we wanted to main-
tain the surrounding soil at constant water content—i.e., no drainage or moisture gradients. This was
accomplished by setting a constant u boundary condition at the outer nodes and a constant u initial condi-
tion throughout the domain (Figure 1).

In Hydrus 2-D/3-D, the user can select to have the soil hydraulic parameters estimated by the Rosetta Soft-
ware [Schaap et al., 2001] based on a neural-network model of pedotransfer functions. There are a variety of
parameters employed to specify the soil hydro-thermal behavior. Six soil samples were collected from the
study field (0.04 m diameter, 0.04 m height, and 5.02�3 1025 m3 sample volume) from two reference areas
(Figure 2). Particle size analysis indicated 87% sand, 7% silt, and 6% clay with a soil dry bulk density of
1750 kg m23 and water content of 0.062 at 233 kPa and 0.011 at 21500 kPa. These data were employed in
the Rosetta model to obtain soil hydraulic parameterization.

Volumetric heat capacity C in Hydrus 2-D/3-D is computed as the weighted sum of the heat capacities of
the dominant constituents of the soil [de Vries, 1963]. Typically three terms are employed, ascribing heat
capacity to the mineral (indicated by subscript n), liquid (indicated by subscript w, typically water), and
organics (subscript o) in the soil:

C5
Xn

i51

Ci Xi1CnXn1CoXo1Cw Xw5 1:92Xn12:5Xo14:18Xwð Þ3106 (4)

where, Xi and Ci represent the volumetric fraction and volumetric heat capacity of each constituent. The
coefficients shown in equation (4) are default values found in Hydrus 2-D/3-D expressed in J m23 K21

(Table 1). In this soil, it is reasonable to neglect the soil organic fraction, as it is less than 1%.

Soil thermal conductivity k was specified using an empirical relationship based on measurements from the
four cylindrical intact soil samples which evaluated at various water contents by a sequence of applied pres-
sures in a pressure-plate extractor and a Kd2pro dual probe (Decagon Devices Inc, USA). An excellent fit to
the data was obtained using

k uð Þ5A exp Buð Þ1C exp Duð Þ (5)

with A 5 20.14, B 5 275.27, C 5 1.33, and D 5 0.99 (Figure 3).

Figure 1. Scheme of the finite element mesh: (left) rectangular domain and (right) enlarged view showing the soil and the fiber optic
materials. Note: the boundary conditions used in the model and the observation point (white circle) are also shown.
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2.2. Description of the Field Site
The study site was 300 m2 of bare loamy sandy soil located within an irrigated sunflower field in La Nava de
Ar�evalo (�Avila, Spain) identified as ‘‘Csb’’ or ‘‘Mediterranean’’ in the K€oppen-Geiger classification [Rubel and
Kottek, 2010]. For August and September, average air temperatures are 19.5–16.18C and precipitation is 19–
29 mm/month (Spanish National Agency of Meteorology).

Installation of the cable was conducted during the first week of August 2010 by means of a custom plow
with a blade held at 458 from vertical (as employed by Sayde et al. [2014]) that simultaneously buried cables
at 0.2 (H0.2m) and 0.4 m (H0.4m). The geometry of the installation was established in six parallel passes of
40 m length with symmetric spacing between successive pairs of parallel cables being separated by 2, 1,
0.5, 1, and 2 m (Figure 2). In order to ensure uniform tight contact between the cable and the surrounding
soil, the site settled for 2 years during which time cropping was not carried on as usual, i.e., the site was
maintained as a bare soil.

We selected a fiber optic cable compatible with the use of heavy machinery and appropriate for a perma-
nent installation in the soils. The BRUsteel cable (Brugg, Switzerland) is a 3.8 3 1023 m diameter cable

Figure 2. Sketch of the field installation. Note: the cable spacing is deployed at 0.2 and 0.4 m depth; PH.1, PH.2, PH.3, N, N, N are the six electrical connections; locations labeled ‘‘N’’
indicate where cable was tied to electrical ground, and dark circles indicate the location of the soil samples for the analysis of the soil thermal properties.

Table 1. Thermal Properties of the Cable Components (Soil, Nylon, and Stainless Steel) as Entered in Hydrus 2-D/3-D

Thermal Conductivity
(W m21 K21)

Volumetric Heat Capacity
(MJ m23 K21)

Sourceb1 b2 b3 Cn Co Cw

Stainless Steel 16.00 0 0 3.80 0 4.18 Peckner and Bernstein [1977]
Nylon 0.23 0 0 2.20 0 4.18 BruggSteel manufacturer
Soil (dry) 1.72a 0 0 1.92 0 4.18 Kd2pro (Decagon)

aSoil thermal conductivity in this example is b1 5 k (u 5 0.25) 5 1.720 W m21 K21 using equation (5).
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comprising three layers of sheathing
providing protections against crushing,
abrasion, and tension. Crush resistance
is fundamentally provided by the
innermost single stainless steel capil-
lary tube, which can encase up to four
fibers (two multimode fibers were
used here). Tensile strength is ob-
tained by a secondary sheath of heli-
cally wrapped standard stainless steel
strands. Abrasion and electrical protec-
tion are provided by the outermost
nylon sheath. A double-ended calibra-
tion setup was achieved by connecting
each cables to one channel of the
instrument, and by splicing the far
ends of the cables from the two

depths together (H0.2m to H0.4m). Thus, the laser pulse traveled alternatively from one channel to the other
traversing the entire installed cable, providing mirrored temperature traces. Approximately 20 m of cable at
the beginning and the far end of the installation was reserved for DTS calibration purposes (Figure 2).

The DTS (Ultima-S, Silixa Ltd, UK) was set to sample on 0.125 m increments and is specified to have spatial
resolution of 0.29 m (i.e., measurements at 0.125 m increments are independent with respect to the sto-
chastic instrument noise, but not independent with respect to the temperature of the fiber). The double-
ended internal calibration routine provided by the DTS manufacturer provided excellent results for this
short cable installation, with 30 min average DTS temperature readings shifting less than 0.088C with
respect to the two colocated PT100 reference thermometers.

Power delivery to the buried cables was controlled by means of electronically controlled switches, referred
to as S.1, S.2, and S.3 for loads Phase1-Neutral (P1-N), Phase2-Neutral (P2-N), and Phase3-Neutral (P3-N).
Electrical connections were made 20 m from the instrument and calibrations baths, with six electrical cables
(P1, P2, P3, and 3N) connected to the fiber optic deployment defining six electrical circuits with an electrical
length of 82 m (Figure 2) The power consumed in each heat pulse was computed as V2/R, where the stain-
less stee�ls electrical resistance was 0.365 X m21 and the voltage applied was typically 220 VAC. Data log-
ging power meters (PCE-PCM1, PCE Ib�erica S.L, Spain) showed voltage variations in the rural power grid up
to 5%, which were accounted for using linear adjustment of thermal responses to account for these fluctua-
tions (as demonstrated by Sayde et al. [2014]). All heat pulses were normalized to compute the temperature
shift that would have occurred for constant 19.40 3 W m21 heating. The duration of the heat pulses was
122 s. The soil’s initial temperature was defined as the 2 min average DTS temperature reading previous to
the heat pulse.

2.3. Field Validation
Temperature monitoring with DTS data acquisition started on 6 August 2012, and lasted for 45 days, in
which no rainfall or irrigation events occurred. To well capture the temporal evolution of the heating and its
distribution in space, the DTS reading frequency was 2 s for the first 30 days and 1 s for the last 15 days,
and the sampling resolution was set to the minimum possible, 0.125 m. However, as double-ended configu-
rations must integrate information from two channels, the actual reading frequency for a given direction of
light travel was 4–5 and 2–3 s, respectively, with some uncontrolled fluctuations in sampling interval due to
hard-drive read/write and other computer operations when run at the maximum sampling rates.

The validation process was designed to obtain a series of DTS-Tcum values at the selected FO transect across
a broad range of water contents as the soil dried out. In practice, u at 0.2 m depth H0.2m remained stable at
approximately u 0.28 m3 m3 which could be explained by the absence of vegetation, leaving only evapora-
tion to reduce u. In this sandy soil, the rate of evaporation was extremely slow once the uppermost soil had
completely dried.

Figure 3. Fitted equations from average-measured values of k at the reference
sampling areas (n 5 4), and proposed equation resulting from Hydrus 2-D/3-D
simulations for a sandy soil type according to Chung and Horton [1987].
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In order to increase soil evaporation at H0.2m and, hence, to obtain independent DTS measurements at dif-
ferent water contents, soil depth above the cables at two selected locations was reduced to 0.1 m. Hereafter
these excavated locations are referred to as sampling areas and comprised of four different sections
(Figure 4): an air-exposed section of cable, which was used to precisely locate the test on the fiber optic
cable (using the thermal signature) and used as a sampling section for soil characterization, a disregarded
0.3 m transition section, a section for DTS-data interpretation, and a section to locate the moisture probe.
The temperature increase at the air-exposed section during a heat pulse was far higher than in any buried
sections. Consequently, since the DTS has a spatial resolution of just less than 0.3 m, the temperature
increase reported within the first adjacent 0.3 m of section was influenced by these data, and its soil thermal
response was excluded from interpretation.

The two sampling areas were located 6 m apart at the north end of the site and each included two inde-
pendent DTS measurements at H0.2m (the spacing between cables in this part of the site was only 0.5 m)
(Figure 2). Soil water content at the two sampling areas was monitored with two ECH2O 5TM dielectric
probes (Decagon, Pullman, WA, USA). They were lab calibrated with the same soil packed to a dry bulk den-
sity of 1.750 (kg m23) and used as reference measurements to validate de model.

3. Results and Discussion

Here we present the results of the calibration based on the Tcum values versus the moisture content numeri-
cal simulation, using Hydrus 2-D/3-D with laboratory values of soil parameters, and their comparison to the
field observations of Tcum made with a DTS.

The Tcum values predicted by Hydrus 2-D/3-D not only showed good agreement with the field-measured
values but also they were qualitatively and quantitatively consistent with those of Sayde et al. [2010]
(Figure 5). Although Gil-Rodr�ıguez et al. [2013] described a nearly linear relationship Tcum-u, our results are
closer to Sayde et al. [2010, 2014] or Weiss [2003], in which the rate of change of Tcum or �T120s in the case
of Weiss [2003] decreased at higher water contents (Table 2).

Figure 4. Picture of one reference sampling area showing the four sections used in the study (left).
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The main source of uncertainty in the
model is the assignment of soil ther-
mal properties. While heat capacity
can be acceptably defined as the
weighted sum of the heat capacities
of the soil constituents, the model
requires a functional form of k(u) to
predict Tcum. Likewise, it is observed
that for u 0.10 m3 m3, Tcum is primarily
influenced by k (Figure 6). Also, as
water increases, the thickness of the
water film enhances connectivity
between particles, the influence of C
increases, and both Tcum and k
change linearly with u, but with differ-
ent slopes from those found for drier
soils.

The Hydrus 2-D/3-D simulations
agreed very well to observations, tho-

ugh the model overestimated temperature increase at the earlier stages of the heat pulse (<10 s) (Figure 7).
Despite the fact that the heating system was synchronized with the DTS internal clock, it appears that the
effective start of the heating was delayed a few seconds relative to the time attributed to the DTS reading.
This might be explained by the DTS double-ended setup; if we consider an acquisition frequency of 1 s, for
example, the DTS instrument will actually require 2–3 s to process the data from both channels. Further-
more, in the DTS unit, the laser does not work when data are logged to the hard drive, adding another 1 s
to the sampling interval. If there is a rapidly changing temperature—as it occurs during the first 15 s of the
heat pulse—the earliest processed DTS data will be underestimated by computing in equal proportions the
reading from both channels when the measurement from the first channel actually occurs 1 s earlier and
suffers a smaller temperature increase. Thus, we do not consider this offset, which is of the order of 1 s, to
indicate a discrepancy between measurement and model.

Measurements using ECH2O 5TM moisture sensors at the sampling areas showed an average u that ranged
from 0.28 to 0.12 (m3 m3). The ability of the model to predict u as compared with average ECH2O 5TM
showed deviations within the instrument error up to 0.022 m3 m3, and with no apparent relationship
between uncertainty and the value of � (Figure 5 and Table 2). These results are in agreement with previ-
ously described in Sayde et al. [2010] and Ciocca et al. [2012] for repacked soils.

Though we have focused on calibrating a specific section of the fiber, the model could be used to calibrate
DTS installations at greater scales. If u is known at different locations in the field and report the same values,
the only differences in soil thermal responses will be proportional to variations in soil bulk density and tex-
ture. Thus, by taking a few key observations of Tcum at known water contents, the calibration equation could

be shifted in order to account for such
soil heterogeneities, especially if the
Tcum fitted equation was of similar
characteristic for different soils. As an
example, Figure 8 shows predicted
Tcum fitted equations for three soils
(sand, clay, and loam) using default
Hydrus 2-D/3-D values of soil hydraulic
and thermal properties.

The study of Sourbeer and Loheide
[2015] showed a variation in contact
resistance of fiber cable and surround-
ing soil in the data gathered for 3 years
in their field installation. In this study,

Figure 5. Values of Tcum predicted by Hydrus 2-D/3-D simulation (circles), and fit-
ted equation for heat pulses of 19.40 W m21 during 122 s (dashed line Tcum5 1/
[8.4�3 1024 1 2.6�3 1024�u 1 (21.6�3 1024)/u], with R2 5 0.99). The triangles are
the average reported DTS Tcum values at 5 u from the two sampling areas from
normalized heat pulses of 19.40 W m21 during 122 s.

Table 2. Error Analysis for the DTS-Computed Tcum and u Estimations Using
Hydrus 2-D/3-D

DTS-Tcum
a

(8C�s21)
Stand. Deva

(8C�s21)
Observed ub

(m3 m23)
Predicted uc

(m3 m23)

1101 20.1 0.284 0.285
1117 13.5 0.218 0.240
1124 19.7 0.202 0.220
1131 5.2 0.180 0.200
1171 8.5 0.120 0.110

aAverage Tcum and standard deviations from the two sampling areas and
two repetitions (n 5 4).

bAverage u observations from the two ECH2O 5TM located at each sampling
area.

cPredicted u using Hydrus 2-D/3-D calibration curve.
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the soil surrounding the cable may have settled down since this was deployed in the field by a custom
plow with a blade held at 458 (minimizing soil disturbance), for 2 years. Nevertheless, an hysteretic response
in DTS-measured heat pulses might be expected as these authors observed in their experimental site.

4. Conclusion

We have presented a calibration procedure for the measurement of soil moisture content using heated fiber
optic cables and DTS that makes use of numerical methods to simulate the soil thermal response of subsur-
face applied thermal energy. The model presents a novel approach for AHFO applications via Tcum estima-
tion to define the Tcum-u relationship. Although k(u) was required as a Hydrus 2-D/3-D input parameter, we
minimize the effort in previously described calibration procedures where the entire DTS installation needed
to be taken to the laboratory. Here we required only a few undisturbed soil samples and direct measure-
ments of k through the use of a thermal sensor and a pressure-plate extractor. Also, we avoid intermediate
calculation of k via DTS measurements and, thus, the error associated to the instrument signal-to-noise ratio
or the influence of the jacking material when using the analytical expressions proposed in the HPP theory.

Among all variables in the model, soil
thermal conductivity was found to be
the key to obtain accurate predictions
of Tcum, especially at lower h. Al-
though Hydrus 2-D/3-D provide
default values to define k(u) for differ-
ent soils, the use of independent
measurements is suggested. Also, as
Tcum linearly relates to power sup-
plied, it is strongly suggested the use
of power controller devices to mini-
mize the error associated due to elec-
trical variations in the main, especially
to those outdoor applications where
voltage variations are frequent.

Although the model approach is
shown to be feasible to calibrate the
thermal response as a function of soil
water content at a particular location

Figure 6. Simulated Tcum (black) and measured k (dashed grey) fitted functions. Note that the vertical axes increase in opposite directions
reflecting the inverse relationship between the variables.

Figure 7. DTS recorded and Hydrus 2-D/3-D predicted temperature increments for
a 122 s heat pulse of 19.40 W m21 at u 5 0.28 (m3/m3) and 19.60 W m21 at
u 5 0.12 (m3 m23).
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of an outdoor FO DTS installation, fur-
ther work is still needed in order to
address the fundamental issue of
large-scale calibration. While soil sam-
ples would be always required in order
to validate empirical DTS relationships
with u, and to cope with spatial vari-
ability, the use of numerical methods
could reduce endless soil sampling
processes to only a few direct observa-
tions. Also, in order to test the feasibil-
ity of the model in a wider range of �
measurements, further research under
typical irrigation in commercial crops
or under sequences of natural rainfall
would be a useful next step in this ave-
nue of research.
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