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Abstract: Temperature measurements are widely used in structural health monitoring. Optical fiber
distributed temperature sensors (DTS) are developed, based on Raman spectroscopy, to measure
temperature with relatively high accuracy and short temporal and spatial resolutions. DTS systems
provide an extensive number of temperature measurements along the entire length of an optical
fiber that can be extended to tens of kilometers. The efficiency of the temperature measurement
strongly depends on the calibration of the DTS data. Although DTS systems internally calibrate
the data, manual calibration techniques were developed to achieve more accurate results. Manual
calibration employs reference sections or points with known temperatures and the DTS scattering
data to estimate the calibration parameters and calculate temperature along the optical fiber. In
some applications, manual calibration is subjected to some shortages, based on the proposed fiber
installation configuration and continuity of calibration. In this article, the manual calibration approach
was developed using the model-independent Parameters Estimation (PEST), together with the
external temperature sensors as references for the DTS system. The proposed method improved
manual calibration in terms of installation configuration, continuity of dynamic calibration, and
estimation of the calibration parameters.
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1. Introduction

The optical time domain reflectometry (OTDR) technique is employed in optical fiber
distributed temperature sensors (DTS) for temperature measurements. Short pulses of light
are launched by the system’s laser into the optical fiber core. Small numbers of Raman
backscatter lights (Stokes and anti-Stokes) are generated due to the vibrational energy
transition between the photons and molecules of the cable’s core. The travel time of light
is measured by the system, and the generated scattered photons are detected by the fast
photonic detector at regular time intervals [1]. The optical fiber DTS is equipped with an
optical spectrum analyzer and the required software to resolve different wavelength peaks
(Stokes and anti-Stokes), calculate the temperature, and calculate the distance between the
measuring point and the system using the detected backscattered photons. The intensity
of anti-Stokes scattered photons is influenced by the temperature variation; therefore, the
intensity ratio of anti-Stokes to Stokes scattered photons

(
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)
is used to measure the

absolute temperature (T) along the optical fiber [2,3].
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where Tr [K] is the known temperature of the reference section, R(Tr) and R(T) are the
intensity ratio of anti-Stokes to Stokes scattered photons for known and unknown sec-

tions, respectively, hp[
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s ] is Planck’s constant, cl [
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s ] is the light velocity, KB[
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Boltzmann constant, and νn[m] is the difference in wavelength between the incident and
scattered photons.

The intensity ratio of backscattered photons and, consequently, the accuracy of the
temperature measurement are related to the number of detected Stokes/anti-Stokes photons.
The accuracy of the temperature measurement is also strongly influenced by the power
and efficiency of the laser. The efficiency of a laser is inversely proportional to the fourth
power of its wavelength [4,5]. However, selecting a very short wavelength will lead to
electrical energy transition, instead of vibrational energy transition. The optical power of
the emitted light decreases with increasing distance from the laser source. This steady loss
of power with the lengthening of the cable is called the differential power loss. Therefore, a
smaller number of backscattered photons will be detected by the system from a far distance
along the cable [6,7]. The accuracy of the temperature measurement can be improved by
increasing the integrated time of the system, which gives the system a long time for the
collection of backscattered photons. However, in some applications, it is a requirement
to provide measurements in short time intervals to detect any fast adverse changes in the
structure. The cable’s attenuation can also be due to local adverse effects, such as bending
or the presence of splicers and connections. Additionally, the DTS system instruments are
temperature sensitive, affecting the temperature measurement process.

The DTS data are automatically calibrated by the system using an internal mechanism
to eliminate the attenuation effect. Typically, the longitudinal attenuation is corrected by
introducing an expected differential loss of power along the optical fiber to the DTS system.
Most of the standard optical fibers used for environmental DTS applications have losses
of around 0.3 dB/km that can be assigned in the DTS system for calibration [8]. Within
the DTS system (commonly between the directional coupler and sensing fiber), a reference
coil of fiber with a typical length of 50 m to 100 m is placed to correct the attenuation
effects related to the DTS instrumentations [9,10]. The instrumental error is corrected by
continuous temperature measurements of the internal reference coil with a precise internal
thermometer, and these measurements are compared to the temperature obtained from the
scattering analysis. Internal calibration can be improved by assigning a reference section or
point with a known temperature along the fiber [8] and placing the precise thermometer
(e.g., PT100), which is attached to the DTS system [11], at this reference point.

In a stationary condition, a high-accuracy temperature measurement is obtained by
the internal calibration of the DTS system; however, the accuracy of the DTS internally
calibrated temperature is dramatically reduced when rapid temperature changes occur
along the fiber. Additionally, the accuracy of the temperature measurement is decreased
when short integration time and sample intervals are employed. Internal calibration can
also be subjected to errors due to the assignment of a constant differential loss over the entire
cable length. Therefore, manual calibration of the DTS data is required in many practical
applications for high-accuracy temperature measurement. In manual calibration, the
scattering data obtained from the DTS system are employed together with the temperature
measurements in reference sections/points to calculate the calibration parameters. In
other words, the role of the internal software is partially eliminated by manual calibration,
and the temperature is calculated using the obtained intensity of Stokes and anti-Stokes
backscattered photons, and by considering the different interference factors. The manual
calibration technique was developed based on the equation introduced by Farahani and
Gogolla in 1999 [12]. The temperature along the cable at a distance of z[m] from the laser
source of the DTS system is calculated from the detected power of Stokes Ps(z), anti-Stokes
Pas(z), and the calibrated parameters.

T(z) =
γ

ln
Ps(z)
Pas(z)

+ C − ∆αz
(2)

where T(z) is the temperature [K] at distance z [m], γ [K] is a calibration parameter related
to the energy shift between the incident photon and the Raman scattered photon, C is a
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dimensionless calibration parameter that represents the influences of the incident laser
properties and the DTS instrument itself, and ∆α = αs − αas

[
m−1] is the differential

attenuation of the backscattered Stokes and anti-Stokes signals [13]. γ is dependent on the
distribution of quantum states and can be estimated by Equation (3) [13,14]:

γ ≈
hpΩ
KB

(3)

where Ω = ω0 − ωs is the difference in frequency between the incident laser pulse and the
Stokes backscattered photon.

The three calibration parameters (γ, C, and ∆α) are independent. In manual calibra-
tion, the calibration parameters are obtained by comparing the temperatures measured
in reference sections/points with thermometers and the temperature calculated from the
scattering data reported from those sections/points. The manual calibration can be per-
formed statically. The calibration parameters are obtained from an initial measurement
integration time, which is assumed to be uniform along the cable and constant over time [9].
However, in many applications, the calibration parameters should be determined for each
measurement time step, called dynamic calibration. The calibration is generally performed
in three configurations: simple single-ended, duplexed single-ended, and double-ended
measurements [15]. In a simple single-ended configuration, the temperature is only mea-
sured from one end of the cable connected to the DTS system. In the duplexed single-ended
configuration, the cable is formed from two co-located fibers following the same path.
The cable is connected to the DTS system from one side. However, the system provides
two temperature measurements for each point along the optical cable; one from the DTS
outward and the other from the cable coming back to the system. In the double-ended
configuration, the temperature measurement is performed from both ends of the fiber
connected to the DTS system [10]. These three installation configurations are shown in
Figure 1.

Figure 1. Optical fiber installation configurations for manual calibration purpose.

The three calibration parameters in Equation (2) can be calculated based on the instal-
lation configuration, using different approaches. If three reference sections or reference
points are presented, the three parameters can be calculated by simultaneously solving
Equation (2) for the reference sections [10]. The calibration can also be performed using two
reference sections or points in the absence of three references. If one of the reference sections
is long enough, the differential power loss (∆α) is calculated from the Stokes/anti-Stokes
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intensity of the two ends of the section using Beer’s law. ∆α can also be estimated using
two reference sections/points with the same temperature. Obtaining the value of ∆α, both
references can be used to calculate the other two calibration parameters.

In practice, for dynamic calibration, the reference section of the fiber is immersed
within a bath of water with a constant temperature, while its temperature is measured
continuously by a separate temperature sensor [7,8,14,16]. The main limitation of this
approach is the complexity of forming the reference bath and keeping its temperature
constant over time. The temperature distribution within a reference bath can also be non-
homogenous. In some applications, water circulation and mixing techniques were used to
equalize the water temperature within the reference bath [13,17]. Additionally, providing
a reference section at the end of the cable to improve the calibration is not applicable in
some field applications. A comparative overview of different calibration techniques and
their potential disadvantages can be found in [15]. For the most conventional calibration
techniques, the calibration parameters are found by minimizing the root mean square error
(RMSE) between the calibrated temperatures obtained from the reported Raman spectra
and the observed temperatures in the reference baths [10,18,19].

The main objective of this work is to improve the manual calibration of DST mea-
surements in terms of the installation configuration and calibration process. Nowadays,
real-time thermometers are available on the market to provide accurate temperature mea-
surements remotely. This article proposes an installation configuration where the real-time
temperature sensors are wrapped up by the optical fiber to form the reference sections.
To obtain the calibration parameter, a calibration process was developed using the model-
independent Parameters Estimation (PEST) tools. PEST is a software package developed
by John Doherty for the calibration and uncertainty analysis of complex environmental
models [20]. The main advantage of the PEST application is that it performs high-accuracy
parameters estimation in a relatively short computing time, even for a very complex cali-
bration model. In addition to the uncertainty analysis, the calibration model’s sensitivity to
each parameter can also be calculated by PEST. The calibration method developed in this
article eliminates the need for a reference bath, and increases the calibration capability in
terms of the accuracy, continuity, and simplicity of installation and operation.

2. Materials and Methods
2.1. Installation Configuration

An optical fiber DTS system (manufactured by Silixa Ltd. [11]) was employed to
measure the temperature within a laboratory model that was designed to study seepage
propagation in sand. In addition to the temperature measurement, the Raman scattering
data (Stokes and anti-Stokes intensities) provided by the DTS system were used in the
calibration process. A duplexed single-ended configuration was performed. Temperature
sensors were embedded within the sand to calibrate the DTS data. The temperature sensors
can be installed in the center of sensory rings formed by the optical fiber, or the fiber can be
wrapped around the sensors to create the reference sections. The scheme of installation
configuration for the calibration purpose is shown in Figure 2. Temperature sensors can
be installed in any proper location along the optical fiber to form the reference section for
calibration, including within the monitored structure.

The laboratory model consisted of a sand-filled box with dimensions of 150 cm × 50 cm
× 60 cm (length, width, and height) together with the upstream and downstream tanks to
study water propagation through the sand. A total of 130 m of optical fiber was embedded
within the sand in vertical and horizontal layers to monitor the temperature variation due
to water flow. A sampling interval of 25.4 cm (10 inches) was selected for temperature
measurement, providing 520 reported temperatures within the sand for each integration
time. Duplexed single-ended measurement was performed using an optical cable formed
by two co-located 50/125 multimode fibers. A fixed value of 0.255 dB/km was assigned
for the internal calibration of the DTS system, as suggested by the manufacturer [11].
Six temperature sensors (HOBO water level and temperature logger) were placed within
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the sand at two elevations (see Figure 3). HOBO sensors provide relatively accurate
temperature measurements with a maximum error of ±0.44 ◦C [21]. The reference sections
were formed by creating sensory rings around the temperature sensors using a 50.8 cm
cable length. Considering the sampling interval, three temperatures were reported by the
DTS for each sensory ring. Since the temperature of the first and third sampling intervals
can be influenced by the adjacent intervals, the temperature of the middle sampling interval
was considered for the calibration. The temperature of each reference point was measured
by the HOBO temperature sensor every 60 s and by the optical fiber DTS at each 30 s time
interval. Considering the duplexed measurement, 12 temperatures were reported by the
DTS system for the six references. The response times for both the temperature sensors
and the optical fiber were considered in the calibration process. The response time of the
DTS system was determined as 60 s by a laboratory measurement [22], while the response
time of temperature sensors was 5 min [21]. The real-time clocks of the DTS system and
temperature sensors were precisely synchronized before the preparation of the model.

Figure 2. Installation of optical fiber and temperature sensors as references.

Figure 3. Scheme of temperature sensors and optical fiber arrangement within the sand.

2.2. Calibration by PEST

The calibration parameters were estimated using the PEST tool. PEST is a software
package used for calibration purposes, especially in the field of environmental model-
ing [23–27]. Calibration tasks, including uncertainty and sensitivity analysis, are performed
automatically by the PEST software package. Specific tasks should be accomplished in
PEST by the user. The adjustable calibration parameters, and their initial and boundary
values, should be determined. Additionally, the PEST file preparation, operation, and
result interpretation should be performed by the user [20,27]. Therefore, knowledge of the
model and PEST file preparation is required for calibration tasks. Three files are needed
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to introduce inputs into the model for the PEST operation. The first is the template file
introducing the variable parameters that control the calibration model. The second file is
the instruction file assigning the values that PEST should read from the output file of the
previous run. The third input file is the control file introducing all required characteristics
of the problem and calibration model. Some mandatory sections should be provided in the
control file. The problem dimension, the mode of PEST operation, and the termination cri-
teria should be determined in the control data section. The variables that control derivative
calculation are assigned in parameter groups. The parameters’ initial values, boundaries,
and scale are set in the parameter data section. The name of the observation group, or the
name of the file containing them, is provided in the observation group section, while the
measured values of observation are assigned in the observation data section. The control
file is completed by the model command line and model input/output sections [20,28].
The schematic methodology of the PEST application for calibration purposes is shown in
Figure 4.

Figure 4. Schematic methodology of the PEST calibration.

The calibrated model was prepared using Equation (2). The input data were assigned
temperature measurements by the reference thermometers, and their respective scattering
data (Stokes and anti-Stokes intensities), were obtained from the DTS system. The calibra-
tion parameters for each time increment were obtained using 12 temperature measurements
in 6 different reference points. Using the obtained calibration parameters, the temperature
along the entire length of the optical fiber was calibrated in each time increment for more
than two hours of the experiment.

3. Results and Discussion

The temperature measurement was conducted by the optical fiber DTS using the
duplexed single-ended installation configuration in a sand model subjected to seepage
flow. With seepage propagation in the model, the sand temperature decreased due to
heat transfer by water. The measured temperatures by the DTS system (before manual
calibration) are shown in Figure 5 for two hours of the experiment.
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Figure 5. DTS temperature measurement during the seepage experiment.

The temperature within the sand varied between 22 ◦C for initially dry sand and
16.5 ◦C when fully saturated. The temperature outside of the experimental model (ambient
temperature) was constant during the measurement. The DTS temperature was calibrated
using the proposed technique with PEST calibration tools for a time increment of 1 min.
The scattering data and thermometers’ temperature measurements in the reference points
were used to determine the calibration parameters. The Stokes and anti-Stokes intensities
were provided by the DTS system. In Figure 6, the scattering data at 15:50 are presented.

Figure 6. Stokes and anti-Stokes scattering at 15:50.

As shown in Figure 6, the intensity of Raman scattering is decreased gradually at a
constant rate due to differential laser power loss. Additionally, an abrupt drop in scattering
intensity can be observed at 362 m from the DTS system. This is the loss of optical power
associated with the presence of the fusion splice, where the two optical fibers have been
fused together. Typically, there is a loss of 0.1 to 0.3 dB for each optical splice [29]. The splice
loss shown in Figure 6 can be estimated from the intensities of Raman scattering reported
ahead and behind the splice’s location. A power loss of about 0.1 dB was estimated for
the fusion splice. This power loss can be considered as a local source of attenuation in the
optical fiber. This drop in optical power is translated into the temperature measurement
by the DTS system. The influence of this drop on the temperature measurement can
be observed in Figure 5 for the entire measurement period. A higher temperature can
be observed at this connection during the experiment. In Figure 7, the DTS reported
temperatures and calibrated temperatures associated with the Raman scattering in Figure 6
are presented.
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Figure 7. DTS measured temperature and calibrated temperature at 15:50.

The influence of local power loss (the optical splice) on both the calibrated and the DTS
measured temperatures was observed as a temperature jump at the splice’s location. The
true temperature at the splice is the same as the ambient temperature. The effect of such
local attenuation on temperature measurements can be significant. In a field measurement,
the local attenuation can be due to optical connections and the presence of adverse effects,
such as bending. As can be observed for the DTS temperature (black line in Figure 7),
the abrupt attenuation in splice fusion not only affects the temperature measurement at
the connection, but it also affects the temperature measurements beyond the connection.
The temperature measurement accuracy beyond the optical connection is lower than the
measurement accuracy close to the system. Adding the splice attenuation to the differential
attenuation, the number of backscattered photons and, consequently, the accuracy of the
DTS for temperature measurements decreased beyond the optical connection. The influence
of the optical connection and differential power loss is shown in Figure 8a–c in a more
explicit way for three reference points. Two DTS reported temperatures are presented for
each reference point; one close to the DTS system and before the optical splice, and the other
far from the system and after the optical splice. In Figure 8, the temperatures measured
by the reference thermometers and the DTS, as well as the calibrated temperatures, are
presented.

Figure 8. Cont.
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Figure 8. Temperature data for three reference points during the seepage experiment. (a) reference
point 2, (b) reference point 3, and (c) reference point 5.

As can be observed, the calibrated temperature is well-attuned to the temperature
from the reference thermometers. The DTS temperature located far from the system
reported a more significant error, due to differential power loss and the local attenuation
in the splice fusion. The calibrated temperatures were obtained by the reported Raman
scattering at both close and far distances from the DTS system. The effect of step attenuation
on temperature measurements beyond the connection was eliminated by the performed
calibration technique. It can be observed that the proposed calibration has the ability to
correct temperature error due to local attenuation in any installation configuration. The
conducted calibration provided an accurate temperature profile with a mean value of root
mean square error (RMSE) of around 0.1 ◦C. At the same time, the mean of RMSE for the
internally calibrated temperature was 0.3 ◦C. The absolute bias with respect to the reference
thermometer was decreased from 0.27 ◦C for the DTS measurements to 0.08 ◦C for the
PEST calibrated temperature. The absolute bias and RMSE for both the temperature data
obtained from the DTS and the calibrated temperatures are shown in Figure 9.

Figure 9. (a) Absolute bias for DTS and calibrated temperature compared to reference thermometers;
(b) RMSE of DTS temperature and calibrated temperature.
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In addition to the easier installation configuration, the current calibration technique
provides some advantages related to the calibration process and parameter estimation.
PEST can analyze the uncertainties and estimate the parameters in a complex model with
large numbers of variables. Additionally, using the PEST tools, the sensitivity of the
calibration model to the estimated parameters can be obtained. The calibration process
by the PEST software tool is faster than the conventional solvers. Within the control file,
the initial and boundary values for the parameter and the termination criteria can be
defined, leading to more accurate and stable parameter estimation. The estimated values of
calibration parameters during the two hours of measurement are shown in Figure 10. A
tiny variation can be observed in all three estimated parameters, with only a few outlier
values. This illustrates the fact that the measurement conditions and DTS characteristics
remained constant during the two hours of measurement.

Figure 10. Estimated values of calibration parameters. (a) ∆α: differential attenuation parameter,
(b) C: laser and DTS instrumentation parameter, and (c) γ : energy shift-related parameter.

To assess the goodness of fit of the calibration model, the Nash–Sutcliff Efficiency
Index (NSE) of the model was calculated by the PEST tools for all measurement time
increments. The NSE index ranges from zero to one, while values near one suggest that
the model has high predictive skill [30]. The plots of the NSE index for both the PEST
calibration model and the DTS internal calibration model are presented in Figure 11. The
outlier values under 0.8 are not presented in the figure. A calibration model with a high
predictive ability was developed by the proposed calibration technique, compared to the
internal calibration model.

Figure 11. Nash–Sutcliffe Efficiency Index for calibrated and DTS temperature.
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The improvements in the temperature measurement and the efficiency of the devel-
oped PEST calibration model are summarized in Table 1, in terms of the mean absolute bias
(MAB), RMSE, and mean Nash–Sutcliff Efficiency Index (MNSE).

Table 1. Measurement improvement by the PEST calibration.

Index DTS Measurement PEST Calibrated

MAB 0.27 ◦C 0.08 ◦C
RMSE 0.30 ◦C 0.10 ◦C
MNSE 0.81 0.97

The accuracy of temperature measurements was significantly improved by the calibra-
tion. The calibration’s reliability strongly depends on the accuracy of the thermometers.
Considering the obtained absolute bias and the accuracy of the employed thermometers,
the calibrated temperature measurements were obtained with the maximum possible error
of ±0.52 ◦C. For the performed experiment, where the fiber was subjected to rapid tem-
perature changes, the obtained accuracy was satisfactory. However, the same technique
of calibration can be used with more accurate thermometers to improve the accuracy of
temperature measurements.

4. Conclusions

A fully dynamic calibration was developed using external thermometers to form the
reference points. The real-time clocks of the DTS system and temperature sensors were
precisely synchronized for the calibration. An experimental model was designed to calibrate
the temperature data in sand subjected to water seepage. The calibration parameters were
calculated using the PEST tools, which provided the best-fitted parameters in a short time.
Application of the developed method is recommended based on the following conclusions
obtained from this work:

• This approach eliminates the need for a reference bath with a constant temperature,
which is a complicated task in many practical applications.

• This technique reduces the complexity of optical fiber installation for calibration
intention. Small-sized thermometers can be placed at any location (even within the
structure), together with a coil of optical fiber, to form reference sections/points.

• Using the PEST, the number of reference points can be increased for a better calibration,
without a notable decrease in the speed and accuracy of the calibration.

• The suggested approach is appropriate for monitoring a structure subjected to rapid
temperature variations.

Considering the conducted study, the following topics can be suggested as further
works for the calibration of DTS data:

• A real-time thermometer with higher accuracy can be employed by this method to form
a fully automatic calibration in real time. With the real-time calibrated measurement,
any defect will be detected quickly and in the early stages, providing sufficient time
for required intervention activities.

• The employment of the proposed calibration technique is recommended for future
studies. This technique is particularly suitable for field measurements where the
formation of constant temperature reference baths is more complex and costly.

Author Contributions: Y.G. designed the experimental model and calibration configuration, per-
formed the experiment, analyzed data, and wrote and edited the manuscript. A.V. prepared the PEST
calibration model and required files, participated in the instrument set, and reviewed the manuscript.
A.K. provided the resources for the experiment, supervised the study, and reviewed the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received funds from the Slovenian Research Agency (research core funding
No. P2-0180).



Sensors 2022, 22, 3890 12 of 13

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets analyzed during the current study are available on request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Odic, R.M.; Jones, R.I.; Tatam, R.P. Distributed Temperature Sensor for Aeronautic Applications. In Proceedings of the 15th

Optical Fiber Sensors Conference, Portland, OR, USA, 10 May 2002; IEEE: Portland, OR, USA, 2002; pp. 459–562.
2. Long, D.A. Raman Spectroscopy; McGraw-Hill International: New York, NY, USA, 1977; ISBN 0070386757.
3. Dakin, J.P.; Pratt, D.J.; Bibby, G.W.; Ross, J.N. Temperature Distribution Measurement Using Raman Ratio Thermometry. In

Proceedings of the SPIE 0566, Fiber Optic and Laser Sensors Ill, San Diego, CA, USA, 20–23 August 1985; Volume 566, pp. 249–256.
4. Vandenabeele, P. Practical Raman Spectroscopy; John Wiley & Sons, Ltd.: Chichester, UK, 2013; ISBN 9780470683194.
5. Larkin, P.J. Infrared and Raman Spectroscopy: Principals and Spectral Interpretation; Elsevier: Oxford, UK, 2011.
6. Crisp, J.; Elliott, B. Introduction to Fiber Optics, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2005; ISBN 0-7506-67567.
7. Selker, J.S.; Thévenaz, L.; Huwald, H.; Mallet, A.; Luxemburg, W.; Van De Giesen, N.; Stejskal, M.; Zeman, J.; Westhoff, M.;

Parlange, M.B. Distributed Fiber-Optic Temperature Sensing for Hydrologic Systems. Water Resour. Res. 2006, 42, 1–8. [CrossRef]
8. Tyler, S.W.; Selker, J.S.; Hausner, M.B.; Hatch, C.E.; Torgersen, T.; Thodal, C.E.; Schladow, S.G. Environmental Temperature

Sensing Using Raman Spectra DTS Fiber-Optic Methods. Water Resour. Res. 2009, 45, 11. [CrossRef]
9. Hartog, A.H. An Introduction to Distributed Optical Fibre Sensors; CRC Press, Tylor and Francis Group: Boca Raton, FL, USA, 2017;

ISBN 9781482259575.
10. Hausner, M.B.; Suárez, F.; Glander, K.E.; van de Giesen, N. Calibrating Single-Ended Fiber-Optic Raman Spectra Distributed

Temperature Sensing Data. Sensors 2011, 11, 10859–10879. [CrossRef] [PubMed]
11. Silixa Ltd. SILIXA XT-DTS Software Manual; Silixa Ltd.: Borehamwood, UK, 2014.
12. Farahani, M.A.; Gogolla, T. Spontaneous Raman Scattering in Optical Fibers with Modulated Probe Light for Distributed

Temperature Raman. J. Light. Technol. 1999, 17, 1379–1391. [CrossRef]
13. Suarez, F.; Aravena, J.E.; Hausner, M.B.; Childress, A.E.; Tyler, S.W. Assessment of a Vertical High-Resolution Distributed

Temperature Sensing System in a Shallow Thermohaline Environment. Hydrol. Earth Syst. Sci. 2011, 15, 1081–1093. [CrossRef]
14. van de Giesen, N.; Steele-Dunne, S.C.; Jansen, J.; Hoes, O.; Hausner, M.B.; Tyler, S.; Selker, J. Double-Ended Calibration of

Fiber-Optic Raman Spectra Distributed Temperature Sensing Data. Sensors 2012, 12, 5471–5485. [CrossRef] [PubMed]
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