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Abstract Distributed temperature sensing has proven a useful technique for geoscientists to obtain spa-
tially distributed temperature data. When studies require high-resolution temperature data in three spatial
dimensions, current practices to enhance the spatial resolution do not suffice. For example, double-diffusive
phenomena induce sharp and small-scale temperature patterns in water bodies subject to thermohaline
gradients. This article presents a novel approach for a 3-D dense distributed temperature sensing setup, the
design of which can be customized to the required spatial resolution in each dimension. Temperature is
measured along fiber-optic cables that can be arranged as needed. In this case, we built a dense cage of
very thin (1.6 mm) cables to ensure that interference with flow patterns was minimal. Application in water
bodies with double-diffusion-induced sharp temperature gradients shows that the setup is well able to cap-
ture small-scale temperature patterns and even detects small unsuspected seeps and potential salt-fingers.
However, the potential effect of the setup on the flow patterns requires further study.

1. Introduction

With the advance of distributed temperature sensing (DTS) in environmental sciences, several studies have
applied this technique to monitor vertical high-resolution temperature gradients in a surface water body
[Vercauteren et al., 2011; Suarez et al.,, 2011; Hausner et al., 2012; Van Emmerik et al., 2013]. Wrapping the
fiber-optic cable to a coil has proven a useful strategy when only detailed data of the temperature profile in
one dimension is of interest. However, when small-scale gradients in multiple dimensions are relevant, this
method is less practical, because:

1. Sampling points anywhere on the coil, which usually has a diameter of several centimeters, are integrat-
ed to a single point in the horizontal.

2. The fiber-optic cables are often wound around a tube. Locating several tubes closely together significantly
disturbs flows in the water column.

The aim of this study is to accurately measure horizontally and vertically varying temperature profiles with
DTS. A new DTS setup is designed to measure small-scale 3-D temperature profiles in a surface water body,
which overcomes the mentioned disadvantages of wrapped coils. We apply this setup, here called Dense
DTS, in small-scale thermohaline systems. The setup is largely able to capture the spatial temperature vari-
ability caused by double-diffusive processes.

1.1. Distributed Temperature Sensing

Temperature has long been recognized as a suitable tracer for measuring water flows [Slichter, 1905]. For exam-
ple, contrasting temperatures can help characterizing groundwater contributions to a surface water body
[Stonestrom and Constantz, 2003; Anderson, 2005]. Most studies require multiple temperature measurements,
for example, to measure temperature gradients [Euser et al., 2014; Sudrez et al., 2011; Steele-Dunne et al., 2010].
Since the previous decade, distributed temperature sensing (DTS) has made its way into environmental scien-
ces. This technique allows to measure numerous temperature samples along a fiber-optic cable, offering an effi-
cient and accurate alternative for traditional temperature sensors [Selker et al., 2006a; Tyler et al., 2009].

DTS is based on the principle of scattering of a light signal traveling along an optical fiber. When collapsing
on small discontinuities in the glass fiber, part of the photons shift in wavelength. As a consequence, the
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light signal that scatters back toward the light source carries temperature information in its wavelength
spectrum. Of the five discernible wavelength bands in a backscattered signal, the most common DTS tech-
nigue in Earth sciences employs the ones with the shortest and longest wavelengths, i.e., the Raman bands.
The light intensities in the band with the shortest wavelengths, the anti-Stokes component, is strongly
temperature-dependent. The band with the longest wavelengths, the Stokes component, is weakly
temperature-dependent. Raman DTS uses the ratios of the light intensities of the Stokes and anti-Stokes
components to derive the temperatures along the cable. Accounting for the travel time of the signal up
and down the cable allows to assess each sampling location in the fiber-optic cable.

Currently, the Silixa Ultima (Silixa Ltd., London, UK) DTS instrument provides the highest sampling resolu-
tion, sampling each 13 cm along the fiber-optic cable. Several studies that required a higher spatial resolu-
tion wound the fiber-optic cable to a coil [Ciocca et al., 2012; Euser et al., 2014]. Many of these studies used
PVC tubes as a support for these coils [Selker et al., 2006b; Sudrez et al., 2010a, 2011; Vogt et al., 2010, 2012;
Vercauteren et al., 2011]. Hilgersom et al. [2016b] show that wrapping cables to narrow coils and the use of
PVC support tubes can have adverse effects on the measurements. Cables with an internal stuffing of the
fiber exist [Arnon et al., 2014], but do not reach the desired spatial resolution in many applications where
detailed measurements are required.

1.2. Thermohaline Stratification

Many studies on thermohaline stratification at the oceanic scale have been published [Stommel and
Fedorov, 1967; Stern, 1967; Ruddick and Gargett, 2003; Kelley et al., 2003; Yoshida and Nagashima, 2003;
Kimura et al., 2011]. The abundance of such layering in oceans made this research field the main driver of
research to double-diffusive processes [Huppert and Turner, 1981]. However, more recently, numerous publi-
cations appeared on thermal stratification in lakes [Schmid et al., 2004; Arnon et al., 2014], ponds [Giestas
et al., 2009; Sudrez et al., 2010b], and boreholes [Berthold and Borner, 2008]. Although a fundamental phe-
nomenon on the molecular scale, many of these studies managed to accurately model stratification at these
larger scales.

Systems with vertical temperature and salinity gradients exist in various forms. When the lower part of the
water body is more saline and colder, the system is unconditionally stable, and diffusion of heat and salt is
the only driver to counter the stratification. Because both gradients act stabilizing, we refer to these systems
as stable. In the opposite unstable case, stratification can never exist and layers tend to overturn by convec-
tion, as the more saline and colder water near the surface is always denser than the water below.

So-called double-diffusion occurs in the case of opposing salt and temperature gradients, as long as the
bottom layer is denser. In oceans, stratified systems occur with warm and saline water overlaying colder
and fresher water. These systems are characterized by salt fingers or, in the presence of shear flow, salt
sheets [Kimura et al., 2011]. The opposite case is more often witnessed in lakes and mineshafts, where
colder and fresher water near the surface induces a layered system with double-diffusive convection [Schmid
et al., 2004]. Both for salt fingering and double-diffusive convection, diffusion increases the density gra-
dients between two layers, maintaining its stratification [Ruddick and Gargett, 2003].

Larger-scale and stable thermohaline systems allow for accurate monitoring by probing the water body
with a single temperature or salinity sensor. In oceans, deep lakes, and boreholes, for example, determining
the temperature profile with a frequency of months to years can suffice to analyze how the layers in the sys-
tem evolve [Schmid et al., 2004]. When using multiple point sensors or a distributed sensor, more frequent
monitoring is possible [Arnon et al., 2014].

Thermohaline stratification is also observed at smaller scales. For example, De Louw et al. [2010, 2013]
described the inflow of saline preferential groundwater seeps into ditches of deep polder areas (reclaimed
lakes), which are situated 4-7 m below mean sea level. These boils can reach salinities up to 5 g L™' and are
found to be the dominant salinization source in the Dutch deep polders [De Louw et al., 2010]. Boils occur
as small vents in ditches (pin boils), or as small sand volcanoes (Figure 1).

Boils have a fairly constant temperature throughout the year that is colder than the surface water during
summer and warmer during winter. The outflow of saline boil water with a constant temperature induces a
stratified system with the relatively freshwater in the ditch on top. Double-diffusive convection occurs
when the surface water is colder but less dense than the boil seepage.
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Figure 1. (a) Schematized boil conduits. (b) A sand volcano. (c) Boils sometimes transport methane gas from the subsoil [De Louw et al.,
2010].

In this paper, boils are used to investigate the opportunities of Dense DTS for studying layered thermoha-
line systems where small-scale double-diffusive processes play a role. When coupling the temperature data
to a hydrodynamic model, Dense DTS potentially allows to monitor seepage inflows with a contrasting tem-
perature, whereas conventional methods require the placing of heat probes in the streambed [Naranjo and
Turcotte, 2015; Stonestrom and Constantz, 2003]. This article focuses on the ability of Dense DTS to observe
the development of, and temperature patterns in these layered systems.

2. Materials and Methods

2.1. Three-Dimensional DTS Setup
In order to accurately measure horizontally and vertically varying temperature profiles, we defined the fol-
lowing criteria for our DTS setup:

1. The setup should be able to accurately monitor horizontally varying temperature patterns.
2. The influence of the setup on the local water flow should be as small as possible.
Our specific application for sharp thermohaline interfaces imposed an additional criterion.
3. The setup should be able to monitor with a high vertical resolution around the sharp interface, which is
located in the bottom third of the setup for the present case studies.

It appeared that a setup with horizontally distributed standing PVC conduits undesirably influences the
water flow and does not provide enough opportunity to measure with a very fine vertical resolution.
Besides, cables wrapped around small diameter PVC tubes can negatively influence the measurements [Hil-
gersom et al, 2016b]. We therefore chose for a setup in which horizontal nets of fiber-optic cable are
spanned across a cage. In this way, closely spanned layers can provide sufficient temperature data near the
sharp interface and the only material influencing the flow is the thin fiber-optic cable that occupies a maxi-
mum of 2% of the setup volume for the closely spaced cable nets.

The cage, with outer dimensions of T m X 1 m X 1 m, consists of 80 vertical bars with a helical groove to
embed the fiber-optic cable at each turnaround. The bars are 25 mm PVC conduits, which are kept in place
by three PVC squares, the bottom and top ones being 12 mm thick and the middle one being 8 mm thick
(Figure 2). At each turnaround, the cable is fixed in the groove with white duct tape, which inhibits shifting
of the cable. The white color is chosen to prevent undesired heating of the setup due to solar irradiation
[Hilgersom et al., 2016b].

In our setup, we used two tight-buffered, bend proof 1.6 mm multimode cables (AFL, part number
SR0015161001) with lengths of 1143 and 1243 m. The only strain protection in the cables consisted of
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Figure 2. Size (in millimeters) of the PVC rings with the locations of the mounting holes for the PVC condauits.

aramid fibers. Based on lab experiments (unpublished), we concluded that the signal attenuation is still low
enough for accurate measurements at a bend diameter as small as 25 mm. The employed Ultima-S DTS
device (Silixa Ltd., London, UK) has a sampling interval of 13 cm and a spatial resolution of about 25-30 cm.
This resolution is necessary to measure horizontally varying temperature patterns with the described setup.
The two cables connect to the DTS device at both ends, and each of the four channels successively uses a
30 s integration time per time interval. For these settings, the manufacturer reports a temperature resolu-
tion of approximately 0.05°C. To display a complete temperature profile for a certain point in time, the
more than 34,000 data samples within the cage are linearly interpolated over time.

DTS machines employ a calibration strategy to convert Raman scattered photon signals from all along the
fiber-optic cable into temperatures. Hausner et al. [2011] and Van de Giesen et al. [2012] showed that manual
calibration of the temperature measurements using the raw Stokes and anti-Stokes data usually outper-
forms the standard machine calibration. Besides, the bends in our setup might cause spatially varying differ-
ential attenuation [Hilgersom et al, 2016b]. We therefore applied the manual double-ended calibration
presented in Van de Giesen et al. [2012]. Another advantage of manual calibration is that we can get a better
grip on the data and spot possible flaws introduced by the many cable bends in the setup.

Van de Giesen et al. [2012] described the manual calibration procedure for the differential attenuation, the
energy shift between a photon at the incident wavelength and a scattered photon (y), and the time-varying
calibration parameter C(t). We chose to calibrate differential attenuation and values for y per cable and val-
ues for C(t) per individual measurement direction. These parameters are used to calculate the temperature
at each individual sampling point from the locally measured Stokes and anti-Stokes signal.

The locations of the sampling points in the setup are determined by placing the setup in an outside envi-
ronment of approximately 2°C, and filling three PVC tubes at each corner with hot water. Based on the local
temperature peaks, the center of each turnaround at the PVC tubes can be determined with an estimated
accuracy of ~0.03 m. Applying this procedure to data collected in both directions along the cable further
increases the accuracy. The position of the cables at the corner points consequently is then known in the
xyz-grid used for locating all the sampling points within the cage. The other turnaround positions follow
from division of the cable distance in-between the corner locations over the amount of spans for each layer.
The grid locations of the sampling points are then calculated for each span individually.
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The tight-buffered cables tend to expand and shrink significantly with changing environmental tempera-
tures. We therefore expanded the calibration procedure with an additional length correction to better
determine the location dependent calibration parameters, and to determine the varying locations of the
temperature samples during the measurements. During the calibration procedure, the cable length was
determined for each point in time by applying a linear expansion coefficient to the cable-averaged machine
calibrated temperatures.

The linear expansion coefficient is cable-specific, and was derived from differences in average cable length
between the measurement periods. The cable lengths were determined first by matching temperature sam-
ples recorded from both ends of each cable. Based on the cable lengths and average temperatures during
three case studies (section 2.3) and during the determination of the sampling point locations (approximate-
ly 2°C), the linear expansion coefficient of the cable was found to be 2.6 X 107° K™, with a standard devia-
tion of 3.5%. This is in accordance with the linear expansion coefficients of other glass fiber reinforced
polymers.

2.2, Thermohaline Stratification
To determine whether the thermohaline systems in our case studies are stable, unstable, or promote
double-diffusive layering, the Turner angles, Tu, of these systems are calculated [Ruddick, 1983]:

NZ_NZ
Tu=arctan( T 5), (1
NZ+N2

where N2=—gadT /0z, N2=gBdS/0z, T is the temperature, S is the salinity, and the z axis is in downward
direction. A stable system occurs for |Tu| < 45°, whereas |Tu| > 90° yields a gravitationally unstable system.
Double-diffusive convection occurs for —90° < Tu < —45°, and salt fingering for 45° < Tu < 90°.

The thermal expansion coefficient, o, and solutal expansion coefficient, 3, are dependent on temperature
and salinity itself, and are calculated for the average salinity and temperature on the interface. We employ
coefficients derived from a linear regression to the density derivatives to temperature and salinity, where
the density is calculated from an approximation to the UNESCO formula [UNESCO, 1981] by Wright [19971:

o(T,S)=—2.285097X107>+1.324876X107> - T— o)
9.288537X1078 - T2+1.563353%X107° - §,

B(T,S)=7.998742X10"4—2.774404X1075 . T+

(3)
3.188185%10°8.T2—4.151510X1077 - S.

2.3. Case Studies

This paper presents results from laboratory measurements (Case 1), and field measurements in the surface
water covering boils in the Noordplas Polder (Case 2) and Kortenhoef (Case 3), all in the Netherlands. The
complete data sets and additional graphical representations are published in Hilgersom et al. [2016a].

2.3.1. Case 1: Laboratory Measurements

The laboratory setup consisted of a 2.5 m X 2.5 m container, containing water up to a level of 0.5 m with a
salinity ranging from 0.7 to 1.4 g L™ (Figure 3). In this study, we slowly built up a more saline layer from
below. The water, with a salinity ranging from 2.6 to 2.9 g L', entered the container through a circular hole
with a diameter of 0.5 m located in the center of the bottom. The hole was covered with an antirooting
membrane to equally distribute the inflowing water over the hole. The water level was maintained by plac-
ing vertical pipes, which were pinched over the full depth, in the four corners of the container. Siphons lead
the water in the pipes outside the container into buckets, which were filled to their top edge located at the
water level, and in total were overflowing with the same discharge as the inflow.

The actual purpose of this setup was to simulate saline boil seepage inflow, but it also provides the oppor-
tunity to study a layered thermohaline system. The inflow salinities and temperatures were monitored with
a CTD-diver (Schlumberger Water Services, Delft, the Netherlands) underneath the antirooting membrane.
As a reference, the temperatures near the bottom and near the water surface were monitored with two TD-
divers (Schlumberger Water Services, Delft, the Netherlands).
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Figure 3. DTS setup deployed in a laboratory test setup.

Table 1 divides the laboratory measurements into six runs, all performed between 19 August and 21 August
2013. Salinities were calculated from measured electrical conductivities normalized to a reference tempera-
ture of 25°C according to the equation presented by Schemel [2001]. The inflowing water had a higher salin-
ity, and a temperature that was either higher or lower than the surface water temperature. The surface
water was mixed before each run in order to prevent initial variations in temperature and salinity. Based on
the Turner angles, we expected that stable layering developed when cold water flowed in from the bottom,
and double-diffusive convection when warm water flowed in. The conduits in the laboratory setup delayed
the inflow of water with the desired properties, causing time-varying inflow discharges (Q), salinities (S), and
temperatures (7). Therefore, the presented inflow properties are averages.

2.3.2. Case 2: Field Measurements Noordplas Polder

During earlier studies, saline boils were observed in the Noordplas Polder [De Louw et al., 2013; Vandenbohede
et al, 2014; Hut et al., 2016]. The inflow of highly saline water through the bottom of a relatively freshwater
body is expected to cause a stratified system with freshwater above saline water. Also during winter, the
warmer saline water has a higher density than the colder freshwater in the ditch, causing double-diffusive
convection (—69° < Tu < —45° for the measured salt gradient between groundwater and surface water).

The DTS setup was placed at the bottom of the ditch above a boil in the Noordplas Polder from 28 Septem-
ber until 11 October 2013. In this paper, we focus on the part of the measurement period between 9 Octo-
ber and 11 October, when outside temperatures dropped from several degrees Celsius above toward
several degrees Celsius below the boil temperature. To check the occurrence of stratification, the salinities
and temperatures near the bottom and near the water surface were monitored with two CTD-divers.

Table 1. Water Temperatures (7) and Salinities (S) of the Surface Water and the Inflow, and Inflow Discharges (Q), for the Six Runs®

Surface Water Inflow Stability
Run Duration (h) T(°Q) S@L™" Qm3*h™") T(°C) S@@L™ Nature Tu ()
1 24 223 0.7 0.11 25.9 26 DDC —82.2
2 22 226 0.9 0.10 25.8 24 DDC —893
3 48 2238 1.0 0.11 27.2 25 DDC —85.8
4 34 228 1.2 0.11 218 26 STA —30.0
5 19 227 135 0.12 25.1 29 DDC —85.7
6 36 22.8 14 0.13 215 27 STA —23.1

?Bold temperatures indicate the highest values (surface water versus inflow). The last two columns indicate the physical stability of
the layered system based on Turner angle Tu: unconditionally stable (STA) or double-diffusive convection (DDC).

HILGERSOM ET AL.

3-D DENSE DTS FOR MEASURING THERMOHALINE SYSTEMS 6661



@AG U Water Resources Research 10.1002/2016WR019119

26

25

03~]
Air

0.25-] F 23

01 0.1

Figure 4. Three-dimensional representation of a measured temperature profile in the laboratory setup.

We increased the water level to about 14 cm in order to stimulate the development of a layered system by
building a small weir downstream. This weir was placed far enough not to influence the development of a
saline layer around the boil, but close enough to decrease circulating currents as a consequence of a large
wind fetch over the ditch. The discharge over the weir was measured several times during the field cam-
paign by recording the time required to fill a bucket, and varied between 0.3 and 0.7 L s~ . These dis-
charges yielded a negligible flow velocity of maximum 5 mm s~ through the ditch of about 1 m wide. This
was confirmed by acoustic flow measurements with an OTT ADC (OTT Hydromet, Loveland, CO, USA), which
reported similar values with a maximum of 15 mm s~ '. The flow velocity from boils in the Noordplas can
reach values up to 10 mm s~ ' [De Louw et al., 2010].

2.3.3. Case 3: Field Measurements Kortenhoef

At the measurement site in Kortenhoef, boils discharging freshwater occur. Presumably, this preferentially
exfiltrating groundwater was infiltrated in a nearby ice-pushed ridge. The surface water in this system is
slightly more saline (measured salinities between 0.22 and 0.29 g L") due to seepage inflows of shallower
groundwater. In this case, the thermohaline system is expected to produce salt fingers when the tempera-
ture in the surface water is more than 0.5°C higher than the boil seepage temperature (45° < Tu < 90°),
and else to be unstable.

Between 17 and 24 March 2014, the DTS setup monitored the surface water temperature above a freshwa-
ter boil with a salinity of 0.17 g L™". The water level was controlled manually by a downstream gate and
was on average 22 cm; due to a sloping bed, 18 cm on the right side and 27 cm on the left side of the setup
viewing downstream. OTT ADC measurements reported a maximum flow velocity of 0.03 m s~ at the water
surface. However, most of the time the flow velocities reduced to almost 0 m s~ '. As in Case 2, CTD divers
monitored temperatures and salinities near the bottom and water surface.

3. Results and Discussion

3.1. Case 1: Laboratory Measurements

This subsection presents results from two laboratory simulations with different temperature and salinity
contrasts (Table 1). Figure 4 presents an example of a 3-D temperature profile obtained by our measure-
ment setup. The supporting information (movies S1 to S4) displays the time evolution of the 3-D tempera-
ture profiles for the measurements presented in this article. The DTS setup measured with a decreasing
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Figure 5. Horizontal temperature slices for a hot inflow in the laboratory setup (Run 2), at 15, 20, 25, 30, 40, and 50 mm above the bed.
The displayed situations are at (a) 0h45, (b) 1h30, and (c) 2h15 after the start of the measurements.
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Figure 6. Horizontal temperature slices for a cold inflow in the laboratory setup (Run 6), at 15, 20, 25, 30, 40, and 50 mm above the bed.

The displayed situations are at (a) 0h45, (b) 2h00, and (c) 3h30 after the start of the measurements.
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Figure 7. Vertical temperature profiles for two case studies in the laboratory. The locations are selected to mark the differences between
the temperature profiles above the boil center and the boil edge.

vertical resolution toward the top. As a consequence, the temperatures near the air-water interface appear
noisy after linear interpolation over space. However, here we are only interested in detailed measurements
in the lower part of the water column.

To allow a more detailed analysis, we show results of Runs 2 and 6 (Figures 5 and 6, respectively) as horizon-
tal slices at six different levels, and at different moments. This way, one can see the interface evolve. In both
simulations, the higher slices uniformly show the initial temperatures 45 min after the measurements have
started (Figures 5a and 6a). At this time, the lower slices already show locations where the seepage water
disturbs the interface.

Although the seepage water is expected to rise vertically through the covered circular hole, the disturbed
interfaces in both cases show a square pattern around the inflow location (Figures 5 and 6). Apparently, the
antirooting membrane was less permeable than expected, causing the water to seep sideways. The square
pattern of warm upflowing water matches the location of the wooden strips used to nail the membrane to
the floor. This can be considered a defect of the laboratory setup. However, at the same time, it demon-
strates the DTS setup capability to locate such temperature patterns with centimeter accuracy.

For Run 2, we observe that on the locations where water is seeping sideways from the inflow, it conse-
quently flows upward over the bottom 4 cm (Figure 5). Based on the Turner angle (Table 1), it is expected
that local convection cells are formed as the most effective physical mechanism to counteract the tempera-
ture and salt gradient between the inflowing water and the surface water (i.e., double-diffusive convection).
Although the occurrence of convection cells cannot be concluded from the data, we observe the tendency
of diffusing heat in lateral and upward direction from the light blue colors surrounding the yellow patterns
in Figure 5.

At the latest stage of Run 2 (Figures 5c and 7a), a clear interface is developing at about 50 mm, with the
warmer water more spread over the bottom layer. This is the moment that the water body starts to clearly
develop toward a dual-layered system that is not much disturbed by the inflow properties. At about
50 mm, one can see that the interface is still not completely homogeneous. This could be the remainder of
the disturbance caused by the inflow. Alternatively, the inhomogeneities in the interface, which exceed the
temperature resolution of the measurements (~0.05°C), can be caused by the cables themselves. Their
influence is expected to be small, since their relative volume over the complete setup is only 0.4%, and in
the bottom 10 cm it is 2%, but the cable nets could induce small-scale convection cells by the physical ten-
dency to diffuse the temperature interface.

For Run 6, the inflowing colder and fresher water promotes the development of a stable interface. The lack
of a buoyancy-inducing gradient yields molecular diffusion as the main physical driver to counteract the
salt-temperature interface. Again, we observe the initial inflow disturbances, extending to about 30 mm
(Figures 6a and 6b). After more than 2 h, the cold lower layer starts to become more homogeneous over
the horizontal cross section (Figure 6c). At the interface, though, again some inhomogeneities are visible
that could be caused by the cable nets themselves. The effect of the cable nets is difficult to quantify, and
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Figure 8. Horizontal temperature slices at 15, 20, 25, 30, 40, and 50 mm above a boil seep in the Noordplas Polder. The displayed situations
are during (a) a warm afternoon (8 October 2013, 17:40), (b) at the start of a cold night after a warm day (10 October 2013, 2:40), and (c) at
the end of a cold night after a warm day (10 October 2013, 8:40).
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Figure 9. Vertical temperature profiles for the case studies in the Noordplas Polder (a) and Kortenhoef (b). The locations of the tempera-
ture profiles are selected to mark interesting differences in the vertical temperature patterns.

we recommend further study on how it affects the flow patterns. Figure 7b displays a delayed rise of the
interface above the boil compared to the interface at the boil edge throughout the measurement period.

3.2. Case 2: Field Measurements Noordplas Polder

The measurement campaign in the Noordplas Polder comprised a transition from a warmer period to a
colder period. This, together with the diurnal temperature fluctuation, allows us to compare a warm surface
water situation (Figure 8a) with a situation where the surface water is turning cold (Figures 8b and 8c).

During the warm period, the cold and saline seepage water builds up a stable interface above the boil
(|Tu| < 45°). A diffusive layer, between 40 and 60 mm, forms an interface between the seepage and surface
water layer (Figure 9a). The hot top left corner of Figure 8a marks a local sediment deposit up to a level of
50 mm, which was formed over the previous days and was under direct forcing of solar radiation. Due to
high upward velocities, boils often transport sand from the aquifer to the surface, as illustrated by the sand
volcano in Figure 1b. The lower rim of the DTS setup apparently changed the flow profile near the bottom
allowing local sediment settlement. Around the sediment deposit, the colder seepage water spread over
the bottom in the other directions.

During the transition period, the surface water started to cool down from the top. Underneath, a warm layer
temporarily persisted, which was disrupted by the slightly less warm seepage water in the center of our
measurement setup (Figure 8b). The hot spots near the edges of Figure 8b show that sediment, which was
heated over the past day, had further accumulated around the boil during the measurement period. Due to
the salinity gradient, both the seepage water and the surrounding warm water remained denser than the
overlying surface water (—69° < Tu < —45°). The weak diffusive layering at these Turner angles is not
clearly visible in Figure 9a, although some unsharp steps can already be spotted for the small temperature
gradient at this time. On October 10, 2:40, the surface water has cooled down to about 11.2°C at a level of
50 mm. The sediment temperature is approximately 1°C higher.

At 8:40, the sediment has further cooled down to 10.7°C, and the cold water has reached the lower 1.5 cm
(Figure 8c). In the center, the warmer seepage water mixes with the surface water within the lower 30 mm,
above which the temperature decreases stepwise (Figure 9a).

3.3. Case 3: Field Measurements Kortenhoef

Like Case 2, the field data from Kortenhoef show accumulation of sediment around the boil. Particularly dur-
ing night, the heat sustaining sediment show clear temperature patterns (Figure 10a). Although the seep-
age water is approximately 10°C, no direct traces of it are visible, as it tends to mix directly with the surface
water. A colder horizontal band is visible around y ~ 0.25 m, which is on the shallow side of the DTS setup.

At 12:30 the next day, the sediment shows a delayed heating of 1°C compared to the enclosed surface
water near the bottom (Figure 10b). This time a warmer horizontal band is visible on the shallow side. Inter-
estingly, a diffusive interface has developed at 50 mm above the bottom, from which salt fingers seem to
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Figure 10. Horizontal temperature slices at 15, 20, 25, 30, 40, and 50 mm above a boil seep in Kortenhoef. The displayed situations are dur-
ing (a) a cold night after a warm day (23 March 2014, 23:30) and (b) a warm afternoon (24 March 2014, 12:30).

develop. The temperature patterns of the downward salt fingers extend to the layer at 15 mm, where they
are still visible as yellow dots. In the layers above, these yellow dots widen, while approximately sustaining
their position, although the data shows some interference patterns for the highest layers. Figure 9b plots
the temperature profiles at the location of an assumed salt finger and at a location in between two salt
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fingers. The salt finger temperature is up to 1°C higher underneath the interface at 50 mm, and colder
above. Despite this clear pattern, care should be taken, as the temperature patterns at these two locations
also differed at night, when overturning of the less dense bottom layer was expected.

The occurrence of weak salt fingering is expected based on the salinity gradient and a temperature gradient
of more than 0.5°C (section 2.3). The data show that the DTS setup was able to potentially localize these
small-scale patterns.

4, Conclusion

This article describes a new DTS setup which allows 3-D high-resolution temperature measurements.
Stacked layers of cables woven through a cage in two horizontal directions allow the acquisition of a 3-D
grid of temperature data points with free-to-choose resolutions. Because of our interest in thermal process-
es near the streambed, we have chosen a very high vertical resolution within the lower 10 cm. Although the
cable is bent at each turnaround, continuous coils are prevented. In order to correctly calibrate the tempera-
ture measurements and the location of the cable, the calibration method by Van de Giesen et al. [2012] was
expanded with a procedure to account for thermal expansion of the cable.

One of the purposes of the 3-D DTS setup is to study the evolution of temperature patterns in detail. Tem-
perature measurements in three case studies demonstrated the setup capability to observe small-scale tem-
perature patterns, such as local seeps and double-diffusive processes. Although we have to be careful in
our conclusions for the occurrence of salt fingers in Case 3, theory from double-diffusive phenomena con-
firm that they potentially occur in the studied thermohaline system. Besides, the accumulation of sediment
around the studied boil seeps in lowland areas (Cases 2 and 3) could be observed based on the sediment’s
delayed heating and cooling compared to the surface water.

The influence of the DTS setup on the observed water systems is difficult to quantify. In the laboratory stud-
ies, the closely spaced cable nets seemed to slightly influence the development of thermohaline interfaces.
These disturbances need to be studied in more detail to be conclusive about the influence of the measure-
ment setup. However, the absence of cable supports in the area of interest makes it unlikely that the setup
influences the measurements more than the currently used constructions for coil-wrapped DTS (e.g., PVC
conduits).

We recommend further study of the performance of the DTS setup for small-scale patterns, as caused by
salt fingers, in a laboratory setup. This can for example be done by improving the presented laboratory set-
up with a uniform inflow, allowing to slowly build up an interface with warmer and more saline water on
top. Variation of the environmental temperature could allow to further study temperature effects on the cal-
ibrated cable positioning within the device.
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