WATER RESOURCES RESEARCH, VOL. 45, W00D23, doi:10.1029/2008 WR007052, 2009

Click
Here
for
Full
Article

Environmental temperature sensing using Raman spectra
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[1] Raman spectra distributed temperature sensing (DTS) by fiber-optic cables has
recently shown considerable promise for the measuring and monitoring of surface and
near-surface hydrologic processes such as groundwater—surface water interaction,
borehole circulation, snow hydrology, soil moisture studies, and land surface energy
exchanges. DTS systems uniquely provide the opportunity to monitor water, air, and
media temperatures in a variety of systems at much higher spatial and temporal
frequencies than any previous measurement method. As these instruments were originally
designed for fire and pipeline monitoring, their extension to the typical conditions
encountered by hydrologists requires a working knowledge of the theory of operation,
limitations, and system accuracies, as well as the practical aspects of designing either
short- or long-term experiments in remote or challenging terrain. This work focuses on
providing the hydrologic user with sufficient knowledge and specifications to allow sound
decisions on the application and deployment of DTS systems.
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1. Introduction

[2] The use of heat as a tracer in hydrologic systems has a
long and successful history. Both the temporal and spatial
distribution of fluid temperature (either as a surrogate for or
input into energy conservation formulations) has provided
process insights from deep in the crust to the atmosphere.
Tracking thermal pulses, estimating fluid fluxes, tracing
surface water—groundwater exchange, and predicting
groundwater recharge have all benefited from the study of
thermal signatures (the reader is referred to Anderson [2005]
and Stonestrom and Constantz [2003] for thorough reviews
and analyses of thermal methods in near-surface hydrology).
Measurement systems have ranged from handheld mercury
thermometers to forward looking infrared imagery and
typically provide either a “point-in-time” measurement
across a landscape or borehole or, alternatively, a “point-
in-space” measured over a time span. As a result, thermal
measurements are often spatially or temporally constrained,
and few approaches are available to provide coverage both
in space and in time.
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[3] The Raman spectra distributed temperature sensing
(DTS) for use in hydrologic applications presents an
opportunity for continuous interrogation of streams, catch-
ments, lakes, the atmosphere, and the oceans. These
temperature-sensing systems were first developed in the
1980s [e.g., see Dakin et al., 1985; Kurashima et al., 1990]
and were utilized primarily for fire monitoring, pipeline
monitoring, and other industrial applications. While reports
of DTS applications in geothermal wells first appeared in
the mid-1990s to late 1990s [Hurtig et al., 1994; Sakaguchi
and Matsushima, 2000], it is only since 2006 that hydro-
logic applications have employed dedicated installations
rather than opportunistic use of existing communication
cables [Selker et al., 2006a, 2006b; Westhoff et al., 2007,
Lowry et al., 2007; Henderson et al., 2008; Moffett et al.,
2008]. For example, Figure la shows a time series of
vertical temperature measurements taken through the ther-
mocline at Lake Tahoe in northern California on 7 June
2007. At each time slice (1 min), over 400 temperature
measurements were made through the water column by
suspending a fiber-optic cable and interrogating it from the
surface. Figure 1b shows only the upper 100 m of the profile
to highlight the thermocline interface. The oscillations that
can be seen in the thermocline (for example, between 30 and
40 m depth) at a frequency of ~10~> Hz may be the result
of internal gravity waves traversing the lake after several
days of high winds. The internal gravity waves propagate
along the thermocline interface, where the vertical gradient
in water density (due to surface heating) is greatest. With a
I-min integration time, the temperatures are resolved to
~0.1°C over each meter of fiber. Unlike thermistors or
thermocouple strings suspended at fixed depths sampling in
time or conductivity-temperature-depth casts at high vertical
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Figure 1. Time series of water column temperatures

collected from a 420-m fiber-optic cable suspended from
a research buoy to the bottom of Lake Tahoe (~430 m) on
7 June 2007. (a) The entire depth profile displaying a strong
thermocline at ~20—40 m and constant (in time and depth)
profile of bottom waters. (b) An expanded view of the upper
100 m of the profile, suggesting a record of temperature
fluctuations in the thermocline (clearly visible at 25-35 m
depth) consistent with internal gravity waves generated
from a series of storms several days before the measure-
ments were made. (c) The time evolution of temperature at a
depth of ~27 m below the water surface, displaying a
periodicity of ~25 min.
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resolution but without repeating in time, DTS offers an
unparalleled spatial and temporal-sampling resolution for
many hydrologic applications.

[4] Previous work has thoroughly described the theoret-
ical basis and physical design of commercially available
DTS systems, and the reader is referred to Selker et al.
[2006a] for more details. DTS is not, however, without
complications and requires significant initial investment and
careful experimental design to produce at its capacity. The
primary objectives of this work are (1) to provide the
readership with knowledge of the practical aspects of DTS
and DTS experiments in hydrologic applications and (2) to
assess limitations and uncertainties that must be addressed
to fully utilize these systems for hydrologic measurement.
The manuscript begins with a review of DTS theory,
followed by an assessment of the accuracy and precision
of the instruments that can be expected for hydrologic
applications, and concludes with practical experimental
design considerations for the deployment of the instru-
ment-cable system. Application of DTS in environmental
sciences is a rapidly evolving field, and we hope that this
discussion will provide guidance for the use of DTS in
hydrologic applications.

2. Assessing DTS Systems for Hydrologic
Measurement

2.1.

[s] Effective application of DTS to environmental sens-
ing requires appreciation of the physics of the measurement,
which provide context and criteria for instrument and cable
selection, deployment design, and calibration methods.
Because these choices determine the quality of the data
collected by the DTS instrument during the experiment,
they must be made in light of the goals of the experiment,
the theoretical and physical limitations of the technology,
and the physical limitations of the field deployment, includ-
ing cost.

[6] To measure temperature in the fiber, the instrument
pulses a laser and times the return signal. Finite measure-
ment speed and dispersion of light along the fiber imply that
Raman spectra DTS systems measure the average tempera-
ture along a length of the fiber-optic cable, typically 1-3 m,
rather than at a single point. Commercial DTS systems use
a variety of signal generating and processing schemes,
including time domain, frequency domain, and spread
spectrum modulation. With the speed of light in the fiber
known, it is possible to calculate the source of the Raman
scatter within 1 m for cables up to 5 km and on the order of
1.5 m for cables up to 10 km in length because of the
intrinsic dispersion of the multimode fibers employed in the
method. Achieving this spatial resolution requires trunca-
tion of the signal. For example, most commercial fibers
have an index of refraction close to 1.5, so the speed of light
in the fiber is about 0.2 m/ns. Since the backscattered arrival
includes the two-way travel time, the delay from the instant
of light injection to observation of the backscattered arrival
is approximately 10 ns/m, with the backscatter from any
particular meter arriving spread out over a 5-ns period. To
avoid temperature distortions due to dispersion of light
within the fiber, the first and last 1-2 ns of the pulse return
must be trimmed. This leads to greater signal loss for finer
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spatial resolution: assuming a 1-ns trimming, 1-m resolution
loses 40% of the signal (2 ns of the 5-ns signal), while 2-m
resolution would lose only 20% (2 ns of a 10-ns signal). The
bandwidth capacity of the fiber itself can also affect the
spatial-resolving ability of DTS. In addition, the sampling
rate of instruments (limited by the circuit-processing speeds
used by each instrument) can lead to additional signal loss at
high spatial resolution. A longer spatial-averaging interval
can significantly improve the quality of the DTS tempera-
ture measurements, so spatial averaging should always be
selected with care in accordance with the experimental
requirements.

[7] DTS temperature measurements employ the ampli-
tude ratio of the amplitudes of the backscattered Stokes to
the anti-Stokes signals [Selker et al., 2006a]. The Stokes and
anti-Stokes signals are the result of the Raman effect, in
which incident light interacts inelastically with the electrons
in the molecular bond. The molecule will emit light (scatter)
light at two characteristic frequencies (Stokes referring to
light of lower frequency and anti-Stokes returning light of
higher frequency), reflecting the quantum energy states of
the electrons which the photons encountered. The higher the
temperature, the greater will be the number of electrons in
high-energy states, increasing the fraction of anti-Stokes
scattering relative to the Stokes signal. The ratio of these
signals provides a quantity independent of light intensity
that depends only on the temperature of the fiber at the
location identified by the two-way travel time of light since
the time of injection. Since only a small fraction of the
incident light is scattered in an optical fiber, signal strengths
are very low, which is the primary limit on the precision of
DTS measurement. Greater signal strength may be achieved
by longer integration time (summing the ratios obtained
from a large number of pulses), brighter lasers, or spread-
spectrum modulation. Temperature resolution approaching
0.01°C is possible with long integration times if the DTS
device itself is protected from changes in temperature
[Selker et al., 2006a].

[8] The time-averaging interval is also an important
consideration in experimental design. Fundamentally, the
precision of the method is a function of the Stokes to anti-
Stokes backscatter ratio precision. Since this factor is
proportional to the number of photons collected by the
detectors (linear in time), the precision of this ratio follows
the central limit theorem and thus is proportional to the
square root of time. All other things being equal, a longer
time-averaging period will provide a more precise temper-
ature measurement.

[o] Hydrologists need to understand the anticipated
repeatability and accuracies that can be expected from
DTS in order to adequately design, logistically plan, and
financially budget installations. As DTS systems measure
temperature as a function of both space and time, it is
important to clearly define repeatability, accuracy and
resolution. Taylor and Kuyatt [1994, p. 14] define repeat-
ability as “closeness of the agreement between the results of
successive measurements of the same measure and carried
out under the same conditions of measurement.” To eval-
uate repeatability, Taylor and Kuyatt [1994] suggest the
same measurement procedure, observer, instrument, and
location. Furthermore, the measurements must be repeated
over a short period of time. By statistically examining the
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dispersion of the repeated measurements, the repeatability
of the measurements can then be quantified.

[10] Repeatability is important for hydrologic applica-
tions; however, absolute accuracy, or the ability to measure
a temperature accurately, is also an important factor in
designing a DTS deployment. Absolute temperature accu-
racy is typically referenced to a standard measurement
method, such as standard platinum resistance thermometers.
For most commercial DTS systems, manual calibration
against such standard thermometers can easily be used to
develop accuracies of +0.1°C or better. Typical DTS cali-
bration procedures are discussed further in this work.

2.2. Repeatability

[11] We have chosen to adapt the concept of Taylor and
Kuyatt [1994] for our typical conditions and divide repeat-
ability into two components: temporal and spatial. Temporal
repeatability may be an important limiting factor in the
accuracy of long-term DTS system deployments. Many
hydrologic experiments rely upon long time series data
records, in which the evaluation of a time-varying signal
leads to conclusions about a given hydrologic system. The
temporal repeatability (including instrument drift) can be
evaluated by monitoring a section of fiber held at constant
temperature (for example, in an ice bath at 0°C or any
known and unvarying temperature environment) and sub-
jecting the instrument to environmental stresses such as
varying instrument temperature, as would typically be found
in field installations. Spatial repeatability quantifies the
ability of a system to correctly interpret a sequence of
temperatures in space. For example, when DTS systems
are deployed in streams to detect groundwater inputs [Selker
et al., 2006b; Westhoff et al., 2007; Lowry et al., 2007], it is
necessary to understand the instrument’s ability to detect the
spatial patterns of stream temperature and its reliability to
do so.

[12] A series of controlled field trials in the deep waters
of Lake Tahoe were conducted in June 2007 to assess both
the temporal and spatial repeatability of several DTS
systems. Three manufacturers supplied DTS instruments
for the testing (Agilent Technologies, Inc.; Sensornet,
Ltd.; and SensorTran, Inc.). Data presented here are not
designed to evaluate the merits of one manufacturer over
another, as the optimal operating conditions are dependent
not only on the DTS instrument but also on the software
used and on the fiber-optic cable. As such, the instrument
numbering (1-3) does not necessarily correspond to the
order given above. These data are instead shown to illustrate
the range of repeatability and spatial resolution that is
commercially available today. For these tests, the three
DTS instruments were brought aboard the University of
California, Davis research vessel John LeConte and were
deployed at a monitoring buoy located in the north portion
of Lake Tahoe in ~430 m of water. A loop of BruSteel®™
fiber-optic cable (Brugg Kable AG, Brugg, Switzerland)
containing two multimode fibers encased in a sealed stain-
less steel capillary and covered by wire rope and a PVC
jacket was lowered to within 10 m of the bottom and was
looped back to the surface. This fiber, along with all fibers
used in the testing program reported here, was terminated
with E2000 connectors, the general industry standard for
fiber-optic connections for DTS applications.
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