
U.S. Department of the Interior
U.S. Geological Survey

Scientific Investigations Report 2020–5005

Prepared in cooperation with the Lac du Flambeau Band of Lake Superior Chippewa Indians

A Distributed Temperature Sensing Investigation 
of Groundwater Discharge to Haskell Lake,  
Lac du Flambeau Reservation, Wisconsin,  
July 27–August 1, 2016



Cover.  Photograph showing Haskell Lake looking south from the north end of the distributed 
temperature sensing survey area. Photograph by Andrew Leaf, U.S. Geological Survey.

Back cover  Photograph showing the distributed temperature sensing instrument housing. 
Photograph by Andrew Leaf, U.S. Geological Survey.



A Distributed Temperature Sensing 
Investigation of Groundwater Discharge 
to Haskell Lake, Lac du Flambeau 
Reservation, Wisconsin,  
July 27–August 1, 2016

By Andrew T. Leaf

Prepared in cooperation with the Lac du Flambeau Band of Lake Superior  
Chippewa Indians

Scientific Investigations Report 2020–5005

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
DAVID BERNHARDT, Secretary

U.S. Geological Survey
James F. Reilly II, Director

U.S. Geological Survey, Reston, Virginia: 2020

For more information on the USGS—the Federal source for science about the Earth, its natural and living  
resources, natural hazards, and the environment—visit https://www.usgs.gov or call 1–888–ASK–USGS.

For an overview of USGS information products, including maps, imagery, and publications,  
visit https://store.usgs.gov.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the 
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials 
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:
Leaf, A.T., 2020, A distributed temperature sensing investigation of groundwater discharge to Haskell Lake, Lac du 
Flambeau Reservation, Wisconsin, July 27–August 1, 2016: U.S. Geological Survey Scientific Investigations Report 
2020–5005, 17 p., https://doi.org/10.3133/sir20205005.

Associated data release for this publication: 
Leaf, A.T., 2020, Distributed lakebed temperature data, Haskell Lake, Lac du Flambeau Reservation, Wisconsin, July 
27–August 1, 2016: U.S. Geological Survey data release, https://doi. org/10.5066/P9X2OHNX.

ISSN 2328-0328 (online)

http://www.usgs.gov
http://store.usgs.gov
https://doi.org/10.3133/sir20205005
https://doi.org/10.5066/P9X2OHNX
https://doi.org/10.5066/P9X2OHNX


iii

Acknowledgments

Funding was provided by the Lac du Flambeau Band of the Lake Superior Chippewa Indians, 
through a Water Resources grant from the U.S. Bureau of Indian Affairs and from U.S. Geologi-
cal Survey Cooperative Water Program funds.

The author acknowledges the following external assistance: Kristen Hanson (Environmental 
Response Program Coordinator, Lac du Flambeau Band of Lake Superior Chippewa Indians) for 
being the local project coordinator, Justin Brown (Student Volunteer, University of Wisconsin-
Madison) for field support, Professor Jean Bahr (University of Wisconsin-Madison Department 
of Geoscience) for providing the fiber optic cable, and David J. Hart (Wisconsin Geological and 
Natural History Survey) for doing a technical review.

The author also acknowledges the following internal assistance from U.S. Geological Survey 
colleagues: Brent Olson, Dan Baumann, and Paul Reneau for field support; the Office of Ground-
water, Branch of Geophysics for providing the oryx distributed temperature sensing unit; Martin 
A. Briggs for doing a technical review; Brent Trickett and Valerie Dressler for technical editing; 
Julia Prokopec for the groundwater specialist review; and Janet M. Carter (Bureau Approving 
Official) for the Bureau-level review and approval. 





v

Contents
Acknowledgements.......................................................................................................................................iii
Abstract............................................................................................................................................................1
Introduction.....................................................................................................................................................1
Distributed Temperature Sensing Principles.............................................................................................3
Field Methods..................................................................................................................................................3
Data Analysis...................................................................................................................................................5

Instrument Noise...................................................................................................................................5
Temperature Calibration.......................................................................................................................6
Cable Location........................................................................................................................................7

Distribution of Groundwater Discharge......................................................................................................8
Summary and Conclusions..........................................................................................................................16
References Cited..........................................................................................................................................16

Figures

	 1.  Map showing Haskell Lake location..........................................................................................2
	 2.  Photograph showing cable retrieval on August 3, 2016..........................................................4
	 3.  Graphs showing comparison of temperatures measured in the calibration baths............5
	 4.  Graphs showing spurious peaks in the distributed temperature sensing data..................7
	 5.  Graphs showing error in calibrated distributed temperature sensing temperatures  

in the calibration baths.................................................................................................................8
	 6.  Map showing interpreted cable location..................................................................................9
	 7.  Graph showing the time-distance image of the complete distributed temperature  

sensing dataset............................................................................................................................10
	 8.  Graph showing air temperatures recorded by the section of fiber between the  

ice bath and lake compared to temperatures recorded at Lakeland Airport ...................11
	 9.  Graphs showing daily temperature range ..............................................................................12
	 10.  Graphs showing daily standard deviation in temperatures recorded by the  

the distributed temperature sensing fiber...............................................................................13
	 11.  Graphs showing daily minimum temperatures recorded by the distributed  

temperature sensing...................................................................................................................14
	 12.  Map showing average temperatures between 6 and 7 a.m.................................................15



vi

Conversion Factors
U.S. customary units to International System of Units

Multiply By To obtain

Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area
square mile (mi2) 259.0 hectare (ha)
square mile (mi2) 2.590 square kilometer (km2)
acre 0.404685 hectare (ha)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 

°F = (1.8 × °C) + 32.

Datum
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Abbreviations
DGPS		  differential global positioning system

DTS		  distributed temperature sensing

GIS		  geographic information system

RMSE		  root mean squared error

RTD		  resistance temperature detector

USGS		  U.S. Geological Survey



A Distributed Temperature Sensing Investigation of 
Groundwater Discharge to Haskell Lake, Lac du Flambeau 
Reservation, Wisconsin, July 27–August 1, 2016

By Andrew T. Leaf

Abstract
Haskell Lake is a shallow, 89-acre drainage lake in the 

headwaters of the Squirrel River, on the Lac du Flambeau 
Reservation in northern Wisconsin. Historically, this lake was 
an important producer of wild rice for the Lac du Flambeau 
Band of Lake Superior Chippewa Indians (LDF Tribe); but, 
beginning in the late 1970s, the rice began to diminish and 
by the late 1990s, the lake no longer had harvestable stands. 
Restoring wild rice to Haskell Lake is a long-term priority for 
the LDF Tribe. A first step towards that effort is the cleanup 
of a petroleum-contamination plume in the shallow aquifer 
upgradient of the northern end of the lake. Knowledge of the 
downgradient extent of the plume and the locations where 
contaminated water is discharging to the lake is needed to 
inform cleanup efforts.

A cooperative study between the U.S. Geological Survey 
and the LDF Tribe was initiated to characterize the distribution 
of groundwater discharge to Haskell Lake in the areas down-
gradient of the contamination plume. A fiber optic distributed 
temperature sensing system was used to monitor temperatures 
at the sediment-water interface for a 7-day period in July and 
August 2016. Challenges during the investigation included 
data storage and power supply limitations, maintenance of 
calibration baths, accurate location of the cable in space, 
cable placement in weeds and soft sediment, the confounding 
effects of solar radiation, and contamination of the data by 
multiple sources of instrument noise. The problem of instru-
ment noise was overcome by solving the fiber optic distributed 
temperature sensing calibration equation for two parameters 
that describe temporal variation in the source laser and the 
photon detectors that observe the backscatter. Early morning 
temperatures, when the influence of solar radiation via direct 
warming of the sediment-water interface is minimized, were 
used to evaluate groundwater discharge, similar to other stud-
ies. The results indicate a persistent, horizontal variation in 
temperature of as much as 5.5 degrees Celsius across the study 
area, with cooler temperatures interpreted to indicate spatially 
discrete preferential groundwater discharge. Results of the 

study can be used to determine locations for collecting lakebed 
pore water samples to better define the extent of contamination 
discharging to the lake.

Introduction

Haskell Lake is an 89-acre drainage lake in the headwaters 
of the Squirrel River, on the Lac du Flambeau Reservation in 
northern Wisconsin (fig. 1). Historically, this lake was an impor-
tant producer of wild rice for the Lac du Flambeau Band of 
Lake Superior Chippewa Indians (LDF Tribe); but, beginning in 
the late 1970s, the rice began to diminish and by the late 1990s, 
the lake no longer had harvestable stands. Restoring wild rice to 
Haskell Lake is a long-term priority for the LDF Tribe. A first 
step towards that effort is the cleanup of a petroleum-contami-
nation plume in the shallow aquifer upgradient of the northern 
end of the lake. Knowledge of the downgradient extent of the 
plume and the locations where contaminated water is discharg-
ing to the lake is needed to inform cleanup efforts.

The surrounding area is characterized by irregular 
topography and a nascent drainage network that reflect the 
recent retreat of the Laurentide Ice sheet only 10,000 years 
ago. Numerous lakes and wetlands dot the land surface, filling 
kettle depressions left by the melt out of stagnant ice. Subsur-
face lithology consists of as much as 280 feet (ft) of glacial 
deposits; primarily outwash sands and gravels, with intermit-
tent silt-rich debris flow sediments of supraglacial origin; and 
areally extensive but relatively thin till units that also contain 
appreciable silt (Attig, 1985). Haskell Lake occupies a kettle 
depression in collapsed glacial outwash sediments and prob-
ably some debris flow deposits (Leaf and Haserodt, 2020). 
The substrate beneath Haskell Lake is primarily a dark brown, 
diatomaceous sapropel (about 40–60 percent organic matter) 
that has a high-water content in the upper 6 ft and ranges in 
thickness from absent near shore to more than 30 ft thick away 
from shore. The bottom interface of the sapropel with the 
underlying hard mineral sediments drops off steeply, making 
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Figure 1.  Haskell Lake location (modified from Leaf and Haserodt, 2020).

wading generally infeasible more than a few feet away from 
shore (Leaf and Haserodt, 2020).

A key challenge in characterizing groundwater-lake 
interactions in glacial settings is that aquifer heterogeneity 
can produce spatially preferential discharge patterns that dif-
fer substantially from the exponential decay of seepage away 

from shore predicted for a homogenous aquifer (McBride and 
Pfannkuch, 1975). For example, Krabbenhoft and Anderson 
(1986) identified an offshore area of high seepage in a similar 
setting at nearby Trout Lake (fig. 1), which was caused by a 
subsurface lens of coarse-grained material intersecting the 
lake. In another heterogeneous glacial setting in Denmark, 
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Sebok and others (2013) observed groundwater discharge 
originating from the opposite side of a lake, as well as large 
variations in groundwater seepage rate at scales of less than 
1 meter, and seasonal changes in discharge patterns driven by 
changes in head gradients.

In Haskell Lake, the locations and magnitude of 
groundwater discharge downgradient of the petroleum-
contamination plume are of interest for locating pore water 
sampling to define the plume extent and contaminant flux 
to the lake. However, most available field techniques for 
characterizing groundwater discharge to surface water (for 
example, seepage meters and vertical temperature profilers) 
only observe a single point along the interface, making col-
lection of data from many points prohibitively labor inten-
sive (Rosenberry and others, 2008; appendix 6 in Leaf and 
Haserodt, 2020).

Fiber optic distributed temperature sensing (DTS) allows 
for the continuous observation of temperature at the meter 
scale along a fiber optic cable, at regular intervals through 
time. Temperatures near the sediment-water interface can be 
used to identify groundwater discharge to surface water when 
a thermal contrast exists between groundwater and surface 
water (Conant, 2004) or when discharging groundwater 
reduces daily variations in temperature (Lowry and others, 
2007). DTS has been used to study groundwater and surface-
water interactions for more than a decade; one of the earliest 
applications investigated groundwater discharge to nearby 
Allequash Creek in central Vilas County, Wisconsin (near 
Allequash Lake in fig. 1; Lowry and others, 2007).

A cooperative study between the U.S. Geological Survey 
(USGS) and the LDF Tribe was initiated to investigate the 
distribution of groundwater discharge to Haskell Lake in the 
areas downgradient of the petroleum-contamination plume. 
DTS was used to monitor temperatures at the sediment-water 
interface between July 27 and August 3, 2016, when the 
thermal contrast between the lake and groundwater was close 
to its annual maximum. This report documents the DTS study, 
including the field deployment, data processing methods, and 
key findings.

Distributed Temperature Sensing 
Principles

In DTS, a laser pulse is emitted down a fiber optic cable, 
and the backscattered light is monitored through time. Inelas-
tic collisions between the emitted photons and crystalline 
structures in the fiber produce red-shifted (Stokes) and blue-
shifted (anti-Stokes) components in the backscatter; the ratio 
of the Stokes and anti-Stokes amplitudes varies as a function 
of temperature (Hausner and others, 2011). The temperature 
at a given point (z) and time (t) along the cable is determined 
by using an equation from van de Giesen and others (2012) 
as follows:

T z t
P z t
P z t

C t a z dzs

aS

z( , )

ln(
,

,
) ( ) ( )

�
� �
� �

� � � ��



�
0

(1)

where
	 γ	 is hΩ/k;
	 h	 is Planck’s constant;
	 k	 is Boltzmann’s constant;
	 Ω	 is the frequency shift between the 

backscattered Stokes radiation and incident 
laser; 

	
s

aS

P
P 	 is the Stokes/anti-Stokes ratio;

	 C	 is a dimensionless calibration parameter that 
accounts for the relative efficiencies of 
the Stokes and anti-Stokes measurements 
made by the instrument, which can be 
affected by operating conditions such as 
instrument temperature, humidity, and 
fluctuations in the power supply; and

	 ∆α	 is the differential attenuation of the Stokes/
anti-Stokes backscatter along the cable.

Equation 1 indicates that to determine temperature, 
the differential attenuation and parameters C and γ must be 
accounted for. In theory the parameter Ω is constant for a 
given DTS laser system. However, in practice Ω has been 
known to be affected by instrument temperature and power 
supply (Hausner and others, 2011). The values of C and γ can 
be solved for using independent measurements of temperature 
at different points along the cable; the differential attenuation 
term can be directly computed using DTS measurements from 
both ends of the fiber. Previously documented DTS calibra-
tions have included γ as a time-varying parameter (Hausner 
and others, 2011) or assumed a single, fixed value (van de 
Giesen and others, 2012; McDaniel and others, 2018), with the 
latter two studies reporting little effect on calibration quality. 
Both the variable and single-value γ approaches to calibration 
were tested in the study. A more thorough description of the 
DTS method and applications to hydrology can be found in 
Tyler and others (2009). Detailed descriptions of methods for 
estimating the C, γ, and ∆α terms can be found in Hausner and 
others (2011) and van de Giesen and others (2012).

Field Methods
A 2004-model Oryx DTS interrogator (Sensornet Ltd) 

was obtained from the USGS Office of Groundwater Branch 
of Geophysics, and a 1,130-meter (3,700-ft), 2008-model 
BRUsteel armored cable (Brugg Cables) with two optical 
fibers, each terminated by a connection port on either end (four 
ports total) was provided by Professor Jean Bahr (University 
of Wisconsin Madison Department of Geoscience). The cable 
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was doubled back on itself (duplexed), so that the four connec-
tion ports were collocated (all going into the DTS interroga-
tor), with the cable midpoint making up the opposite (distal) 
end. This duplexed configuration left 1,850 ft of doubled cable 
available for measurements, allowing for locations along the 
doubled cable to be measured from two different directions 
and differential attenuation to be directly calculated.

Approximately 1,400 ft of the armored cable were 
deployed on July 27, 2016, using a small rowboat. The cable 
was allowed to settle into the soft substrate under its own 
weight. No additional weighting was used because of concern 
that the cable might sink unevenly into the soft sediments 
near the locations of any weights. Observation of the cable on 
retrieval indicated that it had mostly settled evenly into the 
top few inches of sapropel sediment below the sediment-water 
interface. In a few areas of dense aquatic vegetation, however, 
downward trends in temperatures throughout the deployment 

indicated that the cable may have initially rested on sub-
merged vegetation, then slowly sunk towards the sediment-
water interface.

Distances along the cable were marked every 20 ft. 
Location of the cable was recorded on retrieval of the cable 
(August 3, 2016) by mounting a differential global position-
ing system (DGPS) receiver, sampling at a rate of 1 hertz on 
the stern of the rowboat (fig. 2), and then noting the times of 
retrieval for distances along the cable at an interval of approxi-
mately 100 ft or less.

Two calibration baths, each containing approximately 
66 ft (20 meters) of coiled fiber optic cable placed in insulated 
coolers filled with water, were installed in a shaded location 
on shore near the DTS interrogator unit. One bath consisted 
of an ice-water mixture that was maintained throughout the 
deployment; the second bath was left at ambient temperature. 
In both baths, the cable coils were kept off the bottoms of the 

mad19-1901_fig02

Figure 2.    Cable retrieval on August 3, 2016. Photograph by Bob Egan, U.S. Environmental Protection Agency, used with permission.
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coolers using foam tubing, and coiled tight enough to mini-
mize contact with the cooler sides. External reference resis-
tance temperature detector (RTD) thermometers connected to 
the Oryx unit, and independent temperature loggers (Solinst 
Leveloggers; accuracy of 0.1 degree Celsius [°C]; resolution 
of 0.1 °C) were both attached to the fiber optic cable coils 
using zip ties, and set to record temperature every 5 minutes. 
The accuracy and precision of both Leveloggers was verified 
prior to the DTS deployment, using an ice bath assumed to be 
about 0.07 °C (Tyler and others, 2009). Continuous circulation 
was maintained in each cooler with two small, submersible 
electric pumps.

The Oryx interrogator unit was installed on shore 
in weatherproof housing similar to that used for USGS 
streamgages. Power for the Oryx unit and cooler circula-
tion pumps was provided by two 100-watt solar panels and 
a 100-amp-hour battery. Following a rough field calibration 
using the Oryx control software, the instrument was set to 
acquire temperature profile measurements every 30 seconds 
and average (stack) every 10 measurements to improve preci-
sion, resulting in a 5-minute measurement interval. A spatial 
sampling interval of 1.01 meters was used (each data point 
represents an average for that length of cable). Measurements 
were made in both fibers, in the forward and reverse direc-
tions, resulting in a 20-minute cycle between measurements 
in the same channel and direction. USGS staff visited the site 
every 2 days to download collected data from the Oryx to a 
laptop and refresh the ice bath.

Data Analysis
The temperature data collected for this study are avail-

able in a companion data release (Leaf, 2020). The field data 
were processed to estimate temperatures along the cable and 
the physical location of the cable in space. This section of 
the report describes analysis of instrument noise, temperature 
calibration, and cable location, which presented challenges 
during this study.

Instrument Noise

Inspection of the apparent temperatures recorded by the 
Oryx control software (Sensornet, 2007) revealed several 
issues with the field calibration. A negative bias in the appar-
ent temperatures of approximately 7 °C appeared to be caused 
by the field calibration being completed before the temperature 
coil in the ice bath had equilibrated (the cable in the ice bath 
was actually warmer than 0 °C but was incorrectly assumed 
to be at 0 °C). Further inspection revealed instrument noise of 
several degrees Celsius, which seems to be present in the tem-
peratures reported for the fiber optic cable and the reference 
RTD thermometers connected to the Oryx instrument.

Figure 3 compares apparent temperatures for the cali-
bration baths recorded by the DTS fiber, reference (RTD) 

Figure 3.  Comparison of temperatures measured in the 
calibration baths. A, ice bath and B, ambient temperature bath. 
The apparent distributed temperature sensing temperatures are 
a spatial average of the coil immersed in the calibration bath. The 
Solinst Levelogger temperatures are assumed to be accurate to 
within plus or minus 0.1 degree Celsius. The apparent distributed 
temperature sensing temperatures recorded by the Oryx software, 
and the reference resistance temperature detector thermometers 
show instrument noise of several degrees Celsius or more, 
possibly related to changes in the instrument power supply or 
operating temperature, or both. 
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thermometers, and Leveloggers. The instrument noise is nonrandom and appears to follow a diurnal pattern. Increasing spikes in 
the apparent fiber temperatures towards the end of the deployment are most likely explained by diurnal variations in the ambi-
ent temperature experienced by the Oryx unit, which could affect the C and γ parameters. The weather during the deployment 
was initially cloudy, with increasing sun and eventually clear skies by July 31, 2016, consistent with increasingly severe positive 
and negative deviations in the apparent temperatures, which may have been additionally enhanced by direct solar radiation on 
the instrument enclosure. The cause of the noise pattern in the reference RTD thermometers, which is diurnal but offset in phase 
between the two calibration baths, is unclear. The noise in the reference RTD thermometers precludes calibration of the DTS 
data with the Oryx software and underscores the importance of external reference temperatures that are completely independent 
of the DTS instrument.

Temperature Calibration

Two approaches to estimating the C and γ parameters (to get DTS temperatures) were investigated. The first approach 
involved optimization of C and γ to minimize the squared error between the DTS calibration bath temperatures and external 
temperature measurements made by the Leveloggers (for example, van de Giesen and others, 2012). The second approach 
involved explicitly solving equation 1 for C and γ simultaneously, using the DTS temperatures in both calibration baths (similar 
to Hausner and others, 2011). All computations were done in a Jupyter Notebook (http://jupyter.org/) available in the companion 
data release (Leaf, 2020).

In both approaches, differential attenuation for a section of fiber was determined by comparing DTS measurements taken 
from opposite ends (forward and reverse) as follows:

( ) ( ) ( ) ( )ln( ) ln( ) ln( ) ln( )
( ) ( ) ( ) ( )( )

2

s s s s
forward forward reverse reversez z

aS aS aS aS

z

P z z P z P z P z z
P z z P z P z P z za z dz

+∆

+ ∆ + ∆
− + −

+ ∆ + ∆′ ′∆ =∫ 	 (2)

Equation 2 can then be summed for successive increments of cable to get the cumulative effect of differential attenuation 
between a measurement point and the DTS transmitter/receiver (the differential attenuation term in eq. 1).

Because the DTS cable was duplexed, four sections of cable were available for calibration (two instances of each bath). In 
the optimization approach, the sum of residuals across all four cable sections in the baths was minimized using the minimize 
function in SciPy (Jones and others, 2001). Optimization was completed with C and γ together and C only, with γ fixed at the 
mean value from the combined optimization.

The explicit calibration approach involved rearranging equation 3 in Hausner and others (2011), substituting the computed 
differential attenuation terms (eq. 2) at the locations of the calibration baths (where temperatures T1 and T2 were independently 
measured) as follows:

1

2

1
1

1 01

2 2
2

2 0

( )ln ( )
( )1

1 ( )ln ( )
( )

z
a
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z
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P z



  
′ ′− ∆   −      =     −      ′ ′− ∆    

∫

∫
	 (3)

In this case, only the near cable section in the ice bath and distal cable section in the ambient bath were used; the remaining two 
cable sections were used for validation.

C and γ (when not fixed) were determined for each measurement time, and temperatures along the cable were computed 
using equation 1. Although the results were generally acceptable for the goals of the study (detecting groundwater-related 
anomalies on the order of a few degrees Celsius), none of the calibration methods were able to completely remove spurious 
peaks in the temperature data that are on the order of a few tenths of a degree Celsius. Although optimization of C and γ together 
resulted in the lowest error at the calibration baths, optimization of just C was ultimately selected because it appeared to reduce 
the magnitude of the peaks somewhat, which are visible as horizontal bands in the time-distance plane (fig. 4A). The explicit cal-
culation method produced similar overall results to optimization of C and γ (fig. 4B), but resulted in a less favorable balance of 
error among the calibration coils, because only two of the four coils were used in the parameter estimation (error was negligible 
in the coils used and somewhat higher than the combined optimization in the remaining two baths).

http://jupyter.org/
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The cause of the peaks is unclear; however, they may be 
related to sun shining on instrument housing and solar panel 
assembly during the same period each morning (through a gap 
in the tree canopy). The peaks all occur around 11 a.m. and 
coincide with spikes in the internal reference temperature of 
the DTS instrument.

Figure 5 shows error in the spatial mean of the cali-
brated DTS temperatures for the calibration baths. Root mean 
squared error (RMSE) of the DTS temperatures varies up 
to approximately plus or minus 0.3 °C through time, with 
average RMSE values ranging from 0.07 to 0.10 °C for the 
four coils. The pattern in the noise is nonrandom, with peaks 
corresponding to the false peaks observed in the temperature 
data, except that the anomalies are positive in the ice baths and 

negative in the ambient temperature baths. Adjustment of γ in 
addition to C reduces these peaks in the calibration baths but 
increases the magnitude of false peaks elsewhere in the dataset 
(figs. 4A–B).

Cable Location

Accurate location of the cable in space was also chal-
lenging because the boat stern, where the DGPS receiver 
was located, did not always coincide with the cable during 
retrieval. Obstacles such as logs and emergent vegetation 
made control of boat position difficult. This issue was partially 
addressed by recording the retrieval times of known distances 
along the cable when the distance markings were close to 

Figure 4.  Spurious peaks in the distributed temperature sensing data, A, as seen in the time-
distance plane and B, with individual temperature traces at the 600-foot cable distance compared 
to the internal reference temperature of the distributed temperature sensing instrument. The peaks 
are visible as horizontal bands across the time-distance image (A), which shows the dataset as 
calibrated by optimizing C and γ. The peaks are likely an artifact of the instrument because they are 
visible across the entire dataset and correspond temporally with spikes in instrument temperature 
(B). Optimization of just the C parameter was selected as the calibration method because it appears 
to reduce the magnitude of the peaks somewhat (B and fig. 7). 
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Figure 5.  Error in calibrated temperatures. A, near instance of ice bath; B, far instance of ice bath; C, near instance of 
ambient bath; and D, far instance of ambient bath. The error is defined as the difference between the spatial mean of 
distributed temperature sensing temperatures and the external reference temperature recorded by the Levelogger. 

the DGPS receiver. The position of the cable was ultimately 
interpreted by hand in a geographic information system (GIS) 
environment, through comparison of the recorded boat track 
and locations of known cable distances with satellite imagery 
and field notes (fig. 6). 

Distribution of Groundwater Discharge
A time-distance image of the complete, calibrated 

DTS dataset is shown in figure 7. Compared to figure 4A, 
which shows the dataset calibrated using C and γ, a subtle, 
but noticeable reduction in horizontal banding across the 
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distance-time plane is apparent. Only data through 10:45 a.m. 
on August 1, 2016, could be retrieved from the Oryx interroga-
tor; the remaining data through August 3 were lost because of 
an instrument error. The spooled and calibration bath segments 
of the cable can be seen to the left of the 466-ft mark, where 
the cable enters the lake. Temperatures recorded in the lake 
(at the sediment-water interface) indicate a variation of more 
than 5 °C across the study area, with consistently cool zones 
interpreted to indicate preferential groundwater discharge. 
Horizontal banding visible across the lake temperatures (dis-
tances greater than 466 ft) in the early morning hours indicates 
apparent residual instrument noise that was not removed in the 
calibration. The source of this noise is unclear. Although no 
other independent measurements of temperature were col-
lected along the cable away from the calibration baths, com-
parison of evening air temperatures recorded by the cable with 
records at nearby Lakeland Airport (fig. 1) provide additional 
confidence in the validity of the fiber temperatures (fig. 8).

Similar to Sebok and others (2013), the daily tempera-
ture range, standard deviation, and minimum temperatures 
were evaluated as possible indicators of groundwater dis-
charge (figs. 9–11). As observed by Sebok and others (2013), 

the daily range and standard deviation have similar spatial 
patterns, but their interpretation is confounded by the effects 
of solar radiation and water depth. The daily minimum 
temperatures (fig. 11) are likely a more reliable indicator of 
groundwater discharge, because they represent early morning 
temperatures that are not affected by solar radiation. Average 
temperatures between 6 and 7 a.m. each day were ultimately 
selected to create a single map showing the thermal gradients 
across the site (fig. 12). Besides simplicity of presentation, 
averaging a 1-hour period for 5 days has the added advantage 
of further reducing instrument noise by averaging 150 temper-
ature readings, instead of the 10 readings contained in a single 
set of daily minimums. 

The daily minimum values consistently show cooler 
temperatures near shore, where greater amounts of groundwa-
ter discharge would be expected, but also some areas of cooler 
temperatures along the outside of the floating bog, to the west 
of the dock (fig. 11), which may indicate preferential ground-
water discharge in these locations. The results are consistent 
with upward gradients measured by mini-piezometers in these 
areas, as well as upward fluxes inferred from vertical tempera-
ture profiles (Leaf and Haserodt, 2020).
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Figure 7.  Time-distance image of the complete distributed temperature sensing dataset. From left to 
right, the first 300 feet of fiber, which remained spooled, are followed by 66-foot (20-meter) sections 
of fiber in the ambient and ice-water calibration baths. A short section of cable following the ice bath 
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most of the lake temperatures are interpreted to indicate groundwater discharge. 
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Figure 8.  Air temperatures recorded by the section of fiber between the ice bath 
and lake compared to temperatures recorded at Lakeland Airport (National Oceanic 
and Atmospheric Administration, 2018), approximately 9 miles to the east. Apparent 
temperatures warmer than the airport temperatures show the heating effects of solar 
radiation on the cable. Good agreement in the evening and overnight temperatures 
provides some additional confidence in the accuracy of the calibrated fiber 
temperatures. The lag in morning temperatures recorded by the fiber is likely due to 
shading of the fiber in the eastern direction. 
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Figure 9.  Daily temperature range (daily maximum temperature–daily minimum temperature) 
recorded by the distributed temperature sensing fiber. 
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Figure 10.  Daily standard deviation in temperatures recorded by the the distributed temperature sensing fiber. 
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Figure 11.  Daily minimum temperatures recorded by the the distributed temperature sensing fiber. 
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Summary and Conclusions

Haskell Lake is a shallow, 89-acre drainage lake in the 
headwaters of the Squirrel River, on the Lac du Flambeau 
Reservation in northern Wisconsin. Historically, this lake was 
an important producer of wild rice for the Lac du Flambeau 
Band of Lake Superior Chippewa Indians (LDF Tribe); but, 
beginning in the late 1970s, the rice began to diminish and 
by the late 1990s, the lake no longer had harvestable stands. 
Restoring wild rice to Haskell Lake is a long-term priority for 
the LDF Tribe. A first step towards that effort is the cleanup 
of a petroleum-contamination plume in the shallow aquifer 
upgradient of the northern end of the lake. Knowledge of the 
downgradient extent of the plume and the locations where 
contaminated water is discharging to the lake is needed to 
inform cleanup efforts.

A cooperative study between the U.S. Geological Survey 
and the LDF Tribe was initiated to characterize the distribution 
of groundwater discharge to Haskell Lake in the areas down-
gradient of the contamination plume. A fiber optic distributed 
temperature sensing (DTS) survey of lakebed temperatures 
was completed at the north end of Haskell Lake from July 27 
through August 3, 2016. Challenges during the investigation 
included data storage and power supply limitations, main-
tenance of calibration baths, accurate location of the cable 
in space, cable placement in weeds and soft sediment, the 
confounding effects of solar radiation, and contamination of 
the data by multiple sources of instrument noise. Instrument 
noise in the apparent fiber temperatures and the reference 
resistance temperature detector thermometers precluded auto-
mated calibration of the DTS data with the instrument control 
software, and underscores the importance of well-constructed 
calibration baths with collocated, independent measurements 
of temperature. DTS temperatures were ultimately computed 
from the raw Stokes/anti-Stokes data by solving the DTS 
calibration equation for two parameters that describe instru-
ment noise. The cause of residual instrument noise remaining 
after the calibration is unclear, but good agreement between 
air temperatures recorded by the fiber and those recorded at a 
nearby airport provides some additional confidence in the DTS 
data. Additional independent measurements of temperature at 
other locations along the cable away from the calibration baths 
would be beneficial for future DTS surveys.

The results indicate a persistent variation in temperatures 
at the sediment-water interface of more than 5 degrees Celsius 
across the survey area, with consistently cool temperatures 
interpreted to indicate groundwater discharge. Similar to 
other studies, daily minimum temperatures provide the most 
meaningful indicator of groundwater discharge. Results of the 
study can be used to determine locations for collecting lakebed 
pore water samples to better define the extent of contamination 
discharging to the lake.
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