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Abstract: The transport of dissolved minerals and groundwater flow plays a crucial role in the
ecosystem of many wetlands. Nonetheless, installing equipment to monitor groundwater seepage is
invasive, harms vegetation, and can impact biodiversity. By remotely mapping surface temperature
in late summer, when there is the greatest difference between warm soil and cold groundwater,
temperature patterns can expose areas with the greatest upward gradient and flow. The conventional
method of using tensiometers to measure hydraulic gradient and estimate flux using Darcy’s law was
applied and compared with thermal imaging to characterize groundwater seepage at two contrasting
sites within a central North Dakota fen (groundwater discharge wetland). Both sites exhibited
variable gradients between the shallow and deep tensiometers. The temperature trend determined
from the thermal imaging showed a closer relationship to the measured hydraulic gradients at the
herbaceous (Sedge) site than at the wooded (Willow) site. Saturated hydraulic conductivity K ranged
from 6 × 10−5 to 2 × 10−4 m/s for the Willow site; and 6 × 10−6 to 1 × 10−4 m/s for Sedge site. The
flux calculated for the Willow site ranged from 1.4 × 10−5 to 2.7 × 10−4 m/s and that of the Sedge
site ranged from 2.2 × 10−6 to 6.3 × 10−5 m/s. The gradients are affected at shallow depth because
of heterogeneous soil stratigraphy, which is likely the reason that seepage faces at the sites cannot be
mapped solely by thermal imaging.

Keywords: groundwater; thermal imaging; thermal conductivity; wetland; fen; hydraulic conductivity

1. Introduction

Understanding the basic principles and dynamics of surface water–groundwater
interaction helps to ensure proper management and conservation of global water resources.
Mapping groundwater seepage zones in a wetland can provide information about the
groundwater flow system and the potential transport of groundwater contaminants [1].
Water resource managers can determine the overall health of a wetland, its watershed,
the connected aquifer and extent, and its water budget with a basic understanding of the
surface water–groundwater interactions and its flow regime.

Characterizing groundwater flow at seepage faces is essential, as seepage faces are a
potential source of groundwater discharge and contamination, and seepage influences the
water budgets of watersheds, lakes, and streams. Groundwater flow or flux is the rate at
which water seeps from groundwater (aquifer) to the surface and it is difficult to measure
directly. Surface water and groundwater are connected in most landscapes [2]. Due to
the exchange of water between surface water and groundwater, alteration in one will
affect the other due to their connectivity [2,3]. The area to which groundwater discharges
to the surface is referred to as the seepage zone and occurs in areas where there is an
upward hydraulic gradient. Generally, in these areas of significant upward gradient,
groundwater discharge creates wetlands and stream flow. Seepage zones create complex
interactions between surface water and groundwater [3,4], where groundwater discharge
occurs along the stream banks [3,4], well walls [5], hill slopes, shorelines [6], and in drainage
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canals where a sharp pressure gradient exists between the internal saturated zone and
external seepage area [5]. Wetlands are not only found in low points and depressions
on the landscape but also on slopes. Fens are wetlands that are commonly formed and
maintained by discharge of groundwater seepage. Fens receive nutrients from sources
other than precipitation, usually from upslope sources through drainage from surrounding
mineral soils [7,8]. Wetland plants can be categorized into fibrous-root plants and thick-
root plants. Fibrous-root plants are plants with many fine and long lateral roots, while
thick-root plants have few extensive fine lateral roots [9]. Fibrous-root plants also have
significantly higher root activity, photosynthetic rate, transpiration rate than thick-root
plants, as described in Lai et al. [9]. Seepage zones are now recognized as an important
path for water and nutrients from the groundwater to the surface [10,11] and are crucial to
maintaining ecologically healthy streams [12] and wetlands.

Installation of field equipment to characterize the hydraulic gradient, hydraulic con-
ductivity, and calculating groundwater flux in wetlands (here referred to as the conventional
method), however, is time consuming, costly, intensive, and equipment intrusive. It can
damage vegetation, potentially decrease biodiversity, and disrupt natural hydraulic condi-
tions. Therefore, to conserve the wetland, nutrient source, and ecology, it is important to
develop less invasive methods of mapping and characterizing groundwater seepage.

The aim of this research is to map groundwater seepage using thermal imaging and
investigate the potential for using thermal imaging as a tool for locating and characterizing
groundwater seepage, which can be accomplished without disturbing the soil profile and
by eliminating the cost of installing monitoring equipment. This approach may provide a
simple, noninvasive method to more thoroughly understand the groundwater system of
wetlands without disturbing site hydrology, biota, or soil profile.

To achieve these research aims, two methods are applied to investigate a fen in central
North Dakota. The first uses the conventional method of measuring groundwater flow
direction and rate of flow. This will determine the groundwater flux and the flow direction
(upward or downward) to evaluate the second method, which employs thermal imagery
captured on the surface of the wetland using a thermal camera, coupled with thermal
imagery acquired using an unmanned aerial vehicle (UAV). These methods are compared
in relationship to their efficiency and accuracy.

Groundwater seepage zones are often significantly cooler in summer and warmer
in winter than the water at the surface [3,13], making it possible to detect the outflow
temperature difference by using thermal imaging. Since groundwater seepage has a
thermal signature on the surface, it may be used to characterize the seepage in fens and
show how it correlates with using conventional methods to characterize seepage.

1.1. Background
1.1.1. Temperature as a Groundwater Flow Indicator

Heat has been identified and used as a groundwater tracer [14]. Since groundwater
temperature is relatively constant while surface water temperature varies on diurnal and
seasonal cycles [5], the differences can be used as a tracer to map seepage. Heat carried
by groundwater has been used as a tracer to identify surface water infiltration [3,14],
indicate seepage dynamics, and zones of groundwater seepage [3]. Heat has been used
to trace groundwater movement [1,5,12–17]. Many studies [3,5,14,18] have used heat as a
groundwater tracer to study the flow system, flow direction, and recharge and discharge,
and therefore potentially characterizing groundwater dynamics. Heat information offers
the possibility to detect the movement of groundwater, and location of discharge, and
therefore the distribution of groundwater flow that transitions to surface water [3,13,19].

1.1.2. Previous Research on Thermal Imaging of Groundwater Seepage

Thermal imaging detects infrared energy (heat) remotely and converts it into an elec-
tronic signal, which is then processed to produce a thermal image, on which you can
perform temperature calculations. Thermal-infrared imagery has been proven to delin-



Geosciences 2021, 11, 29 3 of 20

eate groundwater seepage and has thermal signature on the surface water [1,3,6,12]. All
temperature-based models take advantage of the fact that in seasonal climates groundwater
has a smaller intra-annual temperature amplitude than surface water [13]. Ground-based
thermal imagery is a simple, practical tool to discriminate between areas with snow cover,
snow melt, water seepage, and stream water [17]. Distributed temperature sensors (DTS)
have been used to detect concurrent spatial variability in discharge and make continuous
measurements in time at the groundwater–surface water interface [16,19]. DTS systems
are devices that measure temperatures by means of fiber-optic, which can be used in lake
bottom, mine shaft, air-snow interface, air-water interface and in first-order streams [16,20].
The advantages of DTS compared to point measurement, such as forward-looking infrared
thermal imaging (FLIR), which takes snapshots of temperature in time, is that the DTS
takes continuous temperature measurements concurrently in many locations along the
length of the cable. This is in contrast to single point measurements made at different times;
DTS also can detect concurrent spatial variability in discharge, which may be missed in the
point measurements. Regardless, DTS require installation and at least minimal disturbance
if used in wetlands.

Thermal imaging has been used to map groundwater discharge, characterize seepage
faces, and distinguish between areas of low, moderate, and high groundwater discharge
at the seepage boundary [5]. A thermal image is best captured when there is minimal
sun radiation to reduce heat absorption, which minimizes emissivity [5]. Due to the large
temperature difference between groundwater and the surface water, based at certain times
during seasonal cycles, Deitchman and Loheide [5] were able to identify groundwater
seepage in a stream bank and drainage ditch environment.

Early and late summer is considered the best season for collection of thermal infrared
imaging, when the temperature gradient between the surface water and groundwater are
the greatest. Field observation are focused on times when solar radiation is minimal or not
present [18], but when there is a significant thermal differential between the atmosphere
and subsurface [5]. Thermal infrared imaging has been the most effective at locating and
analyzing seeps when the temperature differential between groundwater and the ambient
air temperature is large [18].

Thermal imaging can provide a less invasive and cost-effective technique for char-
acterizing groundwater in wetlands, since it only requires the use of a thermal imaging
camera to capture images on the ground. These data can be analyzed by identifying cold
and hot spots and then mapping groundwater seepage areas.

1.1.3. Description of the Study Site

This research focuses on two sites about 800 m apart within a single, large seepage
zone in central North Dakota. One site is shrub and tree covered and referred to as the
Willow site. The other site is characterized by nearly all fibrous-rooted herbaceous plant
cover and referred to as the Sedge site. The large seepage zone fen, extending roughly
2000 m and covering 2000 m2, is located within the North Dakota National Guard—Camp
Grafton South (CGS) facility, Eddy County, North Dakota (47◦43’42” N, 98◦39’41” W)
(Figure 1). CGS covers 31 km2, but the portion of interest extends over about 2.5 km2. CGS
is underlain by stratified glacial deposits, till and outwash, which overlie the Cretaceous
Pierre Formation [21]. The hydrogeology of CGS, geomorphology, stratigraphy, and water
quality of CGS was recorded in details [21]. Based on hydrogeological criteria developed
by Winter et al., [2] this wetland is classified as a fen. Fens with high species diversity
usually have moderate pH; the pH of this fen ranges from 7.23 to 7.67 [22,23].

The fen and study sites were selected because of their diverse and well-known plant
community, perhaps more diverse than any wetland in North Dakota [22]. Plant communi-
ties common at this location are the cattail marsh, herbaceous meadow, and wooded wet
meadow. Certain species present at this wetland are among those proposed for conserva-
tion priority in North Dakota. Species are ranked in levels; Level I, Level II, or Level III
to prioritize conservation efforts. Six species found at the study site are on the proposed



Geosciences 2021, 11, 29 4 of 20

list for conservation. Cypripedium candidum (White Lady’s-slipper) is a Level I species,
Cypripedium parviflorum (Small Yellow Lady’s-slipper Orchid) and Carex sterilis (Sterile
Sedge) are Level II species, and Parnassia palustris (Small-flowered Grass-of-Parnassus),
Rhynchospora capillacea (Hair Beakrush) and Utricularia intermedia (Flat-leaved Bladderwort)
are Level III species [24]. The presence of these species within the study area makes this site
a priority for conservation in North Dakota. Hydrological alteration of the wetland would
cause degradation of the vegetative communities within these ecosystems [22]. Installation
and monitoring using the conventional method was restricted to small areas of the fen and
carried out entirely by hand, so as to minimize disturbance.

The location is currently used by the National Guard for training and needs to be
protected against any contamination, environmental degradation and extinction of the
diverse plant community. The primary land use contaminant in Camp Grafton South is
munitions, explosives, and cattle grazing. The location is leased for grazing during spring
and fall, which raises the possibility of contamination from livestock waste [25].

The seep soils at the study site are mapped as hydrologic group B (Figure 1) [26].
Group B has moderate low runoff potential when wet, high porosity and permeability,
and unimpeded water transmission, consisting of 10–20% clay and 50–90% silty-sand. The
Willow and Sedge sites form a groundwater discharge zone (seepage area) for the Cherry
Lake Aquifer [21].
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2. Methods
2.1. Field Measurement and Mapping

An on-the-ground approach was used to capture thermal images. The coldest temper-
ature reading for each of the images was plotted against the results determined from the
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conventional method of using field instrumentation and Darcy’s law to measure hydraulic
gradient and flux. Onset® HOBO pendant temperature data loggers (Onset Computer
Corporation, Bourne, MA, USA) were installed to measure surface water temperatures
at all the points in the study area. Eight points in the Willow site and seven points in the
sedge site were closely distributed within the sites to provide an overview of the subsurface
processes (Figures 2 and 3).

2.2. Soil Classification

The seep soil (Figure 1) at the study site is a complex of several soil series and their
proportions: Vallers—35%, Hamerly—25%, Wyndmere—20%, Arveson—14%, Balaton—
3% and Seeleyville—3%. The seep soil is classified as having 2–6% slopes and is poorly
drained. It has a clay range of 14–26%, sand range of 38–70%, organic matter of 5–8% at the
depth <20 cm, and saturated hydraulic conductivity K range of 2 × 10−5–8 × 10−6 [27].
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2.3. Conventional Method
2.3.1. Hydraulic Gradient

Estimating groundwater seepage and direction using Darcy’s flow is the conventional
method, which may be accomplished by installing tensiometers to measure pressure head
(usually negative), elevation head and total head. A tensiometer is a small (2 cm) diameter
closed tube with a porous tip (ceramic cup) [28]. The tensiometer is filled with water, sealed
with the septum stopper, and the end with the ceramic cup pushed into the soil. As water
moves from the tube to the soil through the porous ceramic cup, the tension inside the
tube reaches equilibrium with the soil water. A portable tension transducer and gauge
(Soilmoisture Equipment Corporation, Santa Barbara, CA, USA) is then used to measure
the tension (negative pressure) created inside the tensiometer. The measured differences
in hydraulic head within the flow system are used to determine the groundwater flow
direction. In many instances, the tensiometer cup was seated below the water table, thereby
creating small positive pressure heads which were analogous to piezometers.

Darcy’s law was used to estimate the groundwater flow direction and seepage rate,
based on measured hydraulic gradients and hydraulic conductivity. Tensiometer pairs
were installed at points in the fen to solve for the vertical gradient; three hydraulic gradients
between points A–B, B–C, and A–C were measured (Figure 4).

Hydraulic gradient determines the flow direction and was characterized using pairs
of tensiometers seated at different depths to estimate hydraulic heads based on an assumed
datum on-site or mean sea level. For this study, downward flow, i.e., decreasing hydraulic
heads with greater depth, the hydraulic gradient is assumed positive (+) and the flow is
downward. Similarly, where the gradient is negative (−), head increases with depth, then
the flow is upward.
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2.3.2. Hydraulic Conductivity

Hydraulic conductivity, K describes the rate at which water can move through a
permeable medium under unit hydraulic gradient. Although many characteristics affect K,
such as particle size distribution, roughness, tortuosity, porosity, bulk density, shape, and
degree of interconnection of water-conducting pores, we estimated hydraulic conductivity
empirically by using the Bouwer and Rice slug test method [29]. This in situ field test
method is based on the principle that the rate at which the soil transmits water from a well
screen and casing is related to the saturated soil K:

K =
r2

c ln
(

Re
R

)
2Le

1
t

ln
(

H0

Ht

)
(1)

where K is hydraulic conductivity (L/t);
rc is the radius of the well casing (L);
R is the radius of the well (including gravel envelope) (L);
Re is the radial distance over which head is dissipated (L);
Le is the length of the screen (L);
t is the time since H = H0 (t);
H0 is the drawdown at time t = 0 (L);
H is the drawdown at time t = t (L), with L representing length and t representing

time for units.
This test estimate application was achieved in the field by installing a partially pene-

trating hydrometer in the subsurface.

2.3.3. Darcy Flux

The vertical Darcy flux at the monitoring points within the two sites was calculated
using the result from the hydraulic gradient and estimated saturated hydraulic conduc-
tivity. For vertical flux, q is expressed in terms of the hydraulic head applied through a
porous medium.

q = −K
dh
dL

(2)
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where q is the vertical flux; K is the hydraulic conductivity; dh is change in head between
each pair of tensiometer; and L is the vertical distance between the adjacent tensiometer
cups. The hydraulic gradient and the hydraulic conductivity were substituted into Darcy’s
law to estimate the vertical flux at each monitoring point in the field. Vertical flux q was
then used to correlate with temperatures estimated from thermal images.

2.4. Thermal Imaging

Thermal images were captured using a FLIR Systems C2 camera (Wilsonville, OR,
USA). The FLIR C2 measured surface temperature using a 320 × 240 focal plane arrays
with a spectral range of 7.5–14 µm. The camera sensor pixels are heated by the incoming
infrared radiation, thereby changing the pixel resistance. The pixel resistance is measured
and calibrated to a temperature value, and the temperature raster is presented as an image.
Infrared cameras have several thousand gridded measurement sensors, analogous to a
thermometer measuring temperature at every spot. In a 320 × 240 focal plane array, a
76,800-infrared pixel image with a temperature value at each pixel was achieved. It is a
full-featured, pocket-sized thermal camera. The captured thermal images, superimposed
with visible light features, was used to identify the hot and cold spots in the field.

The FLIR C2 was used at ground-based to capture thermal images at every monitoring
point (Figures 2 and 3) for both sites and the temperature value plotted against the hydraulic
gradient for each point. Images were captured before sunrise to eliminate all interference
from reflection and absorption of heat by materials on the ground surface of the fen.

Thermal Aerial Imagery

The thermal aerial imagery of Sedge site was captured using an unmanned aerial
vehicle (UAV) on 13 October 2017 by Dr. Joao Paulo Flores of North Dakota State Univer-
sity’s Carrington Research Station. A hexacopter (DJI S900) fitted with a thermal camera
(ICI 8640P Series) was flown on approval to collect thermal imagery from the research site.
Thermal imagery was collected over only the Sedge site and not the Willow site because of
the tree cover and thick vegetation, which prevented the aerial view of the site’s ground
surface. In addition to the DJI S900 hexacopter, missions were flown with a DJI Phantom 4
Pro quadcopter, which was equipped with a 20.1 mega pixel resolution RGB camera. Prior
to each flight, three targets placed in a broad triangle were set out at both research sites
in order to validate georeferencing data gathered by the instruments. The thermal aerial
imagery was used to visualize the temperature trend on the site and, map cooler areas,
which may indicate groundwater seepage. Thermal imagery was also used to map distinct
boundaries of vegetation, water boundaries, and the local break-in-slope.

3. Results
3.1. Conventional Method
3.1.1. Soil Classification of the Fen

The seep soils at the study site are mapped as hydrologic group B (Figure 1) [26].
Group B has moderate low runoff potential when wet, high porosity and permeability, and
unimpeded water transmission with 10–20% clay, 50–90% silty-sand. All the monitoring
points at the Willow site were on the seep soil, the Sedge site has all of its points on the
seep soil except for monitoring points S2, S4, and S6.

3.1.2. Hydraulic Gradient

Monitoring points at both the Willow (Figure 2) and Sedge (Figure 3) sites revealed
variable gradients (Figure 5). The plot of the gradient at the shallow tensiometer for most
points in the Willow fen showed upward gradient on most dates (Figure 5A). For the deep
tensiometer, W7 and W6 showed an upward gradient on 2 September and 28 October 2017,
respectively (Figure 5B). Gradients at the potentiometric surface (Figure 5C) for most moni-
toring points revealed upward flow except for W1 on all dates and W6 on 28 October 2017.
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The plot of the shallow tensiometer gradients for all the monitoring points at the
Sedge fen showed strong upward gradient except for S1 on 28 October 2017 and S2 on 23
July 2017 (Figure 6A). Deep tensiometer gradients for all the monitoring wells are upwards
except for S1 on 28 October 2017 (Figure 6B). The potentiometric surface gradients for all
the monitoring points at the Sedge site are all upward flow (Figure 6C). The potentiometric
surface hydraulic gradient defines the seepage interaction at the near-surface between
the potentiometric surface and the shallow tensiometer. The shallow hydraulic gradient
defines the hydraulic gradient between the shallow and deep tensiometer, whereas the
deep hydraulic gradient is between the potentiometric surface and the deep tensiometer.
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3.1.3. Hydraulic Conductivity

The estimated average hydraulic conductivity for the Willow site is somewhat larger
than the Sedge site. The hydraulic conductivity, K, for the Willow site ranged from 6 × 10−5

to 2 × 10−4 m/s: and Sedge site: 6 × 10−6 to 1 × 10−4 m/s (Table 1), which falls within
values typical for fen sediments [30].
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Table 1. Saturated hydraulic conductivity at the Willow and Sedge site monitoring points.

Willow Site Hydraulic Conductivity (m/s) Sedge Site Hydraulic Conductivity (m/s)

W1 1 × 10−4 S1 2 × 10−5

W2 9 × 10−5 S2 7 × 10−5

W3 2 × 10−4 S3 9 × 10−5

W4 2 × 10−4 S4 1 × 10−4

W5 1 × 10−4 S5 3 × 10−5

W6 9 × 10−5 S6 4 × 10−5

W7 8 × 10−5 S7 6 × 10−6

W8 6 × 10−5

3.1.4. Darcy’s Flux

The hydraulic gradient measured on 28 October 2017 and hydraulic conductivity were
substituted into Darcy’s law to estimate the groundwater flux for each monitoring point.
The positive and negative sign before the flux shows the direction of flow; downward
flow if positive (+) sign, and upward flow if negative (−) sign. The flux calculated for the
Willow site ranged from 1.4 × 10−5 to 2.7 × 10−4 m/s (Table 2) and that of the Sedge site
ranged from 2.2 × 10−6 to 6.3 × 10−5 m/s (Table 3).

Table 2. Groundwater flux at the Willow site calculated from the hydraulic gradient and hydraulic
conductivity measured on 28 October 2017. The negative values indicate upward flow and positive
values indicate downward flow.

Points Gradient K (m/s) Flux (m/s)

W1 −2.59 1 × 10−4 −2.7 × 10−4

W2 −0.16 9 × 10−5 −1.4 × 10−5

W3 −0.61 2 × 10−4 −1.2 × 10−4

W4 0.27 2 × 10−4 4.9 × 10−5

W5 −0.14 1 × 10−4 −2.0 × 10−5

W6 −1.26 9 × 10−5 −1.1 × 10−4

W7 −0.50 8 × 10−5 −4.0 × 10−5

W8 1.00 6 × 10−5 6.2 × 10−5

Table 3. Groundwater flux at the Sedge site calculated from the hydraulic gradient and hydraulic
conductivity measured on 28 October 2017. The negative values indicate upward flow and positive
values indicate downward flow.

Points Gradient K (m/s) Flux (m/s)

S1 1.29 2 × 10−5 2.5 × 10−5

S2 −0.15 7 × 10−5 −1.1 × 10−5

S3 −0.60 9 × 10−5 −5.2 × 10−5

S4 −0.55 1 × 10−4 −6.3 × 10−5

S5 −0.57 3 × 10−5 −1.8 × 10−5

S6 −0.12 4 × 10−5 −4.5 × 10−6

S7 −0.40 6 × 10−6 −2.2 × 10−6
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3.2. Thermal Imaging

Thermal images were captured at the same monitoring points where hydraulic gra-
dient and conductivity were measured. The temperature values for the both sites were
extracted from the thermal image for each date of data capture (Tables 4 and 5). The coldest
temperature was used because groundwater temperature is expected to be cooler than the
surface temperature at the time when the thermal images were captured (1 July, 23 July,
2 September, 21 September). The warmest temperature was used for 2 December 2017
because groundwater temperature is warmer than the surface water during the winter
season. Figure 7 shows one of the thermal images captured using the FLIR C2 camera, with
temperatures ranging from 17.2 to 11.0 ◦C and a digital visible light image of the surface.
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Figure 7. Example of a thermal image used to illustrate the use of the camera and the temperature
(◦C) reading. A one-half square meter constructed of ~2 cm-diameter PVC pipe was used to record
the scale of the thermal image.

3.3. Thermistor Data

Thermistor temperature readings were plotted for 9 a.m. at the Willow site and 10
a.m. at the Sedge site on 28 October 2017, which correspond to the time that the hydraulic
gradient was measured on-site. With the data collected on 28 October 2017, graphs of
temperature versus hydraulic gradient (Figure 8) and temperature versus flux (Figure 9)
were plotted for both sites.
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Table 4. Coldest observed temperature (◦C) obtained from the thermal images captured at the Willow
site. 2-Dec-2017 column shows a record of warmest thermal image temperature.

Point A 1-Jul-17 23-Jul-17 2-Sep-17 21-Sep-17 2-Dec-17

W1 9.1 13.1 8.1 11.9 6

W2 8.2 9.7 5.1 14.4 −0.3

W3 9.4 11.2 8.2 13.2 −0.3

W4 7.4 15.1 8.9 12.2 10.1

W5 8.2 14.0 8.6 11.5 3.8

W6 9.8 13.2 8.2 12.8 2.9

W7 10.9 9.6 11.7 1.0

W8 12.7 9.2 11.1 1.9

Table 5. Coldest observed temperature (◦C) obtained from the thermal images captured at the Sedge
site. 2-Dec-2017 column shows a record of warmest thermal image temperature.

Point B 1-Jul-17 23-Jul-17 2-Sep-17 21-Sep-17 2-Dec-17

S1 8.7 20.5 11.0 17.1 1.5

S2 8.1 18.3 9.8 14.9 1.5

S3 10.3 16.2 11.8 19.3 2.3

S4 9.5 20.4 11.6 18.3 5.2

S5 11.2 19.1 13.1 16.9 5.8

S6 17.3 13.3 17.8 6.5

S7 20.3 14.8 15.3 5.8
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3.4. UAV Thermal Imagery

The northern portion of the aerial thermal imagery at the Sedge site (Figure 10) shows
a distinctive boundary of the mounds that occur at the site, the green areas show seepage,
shrubs, and trees, and the break-in-slope is evident just to the south of the monitoring points.
The green areas are also possibly cold spots indicating upwelling of colder groundwater to
the surface. The groundwater seepage areas seen on the thermal imagery supports seep
soil structure (Figure 10), which permits seepage of groundwater to the surface. For every
temperature value on the UAV thermal imagery within and below the average groundwater
temperature of 4 ◦C [31] at this site, indicates groundwater seepage.
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Figure 10. UAV thermal imagery of the Sedge site taken on 13 October 2017. The unit of the
temperature scale is ◦C (imagery collected, recorded, and processed by J.P. Flores).

3.5. Temperature Profile

On 21 September 2017, a temperature image profile was captured for the Willow site
and Sedge site using the FLIR C2. The interpolated temperature profile line on the aerial
thermal imagery at the Sedge site (Figure 11) in a south–north direction was compared
with a temperature profile from the FLIR C2 (Figure 12B).
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of the temperature scale is ◦C (imagery collected, recorded, and processed by J.P. Flores), with the
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The interpolated temperature profile of the thermal imagery (Figure 12C) showed
a similar temperature trend with the temperature profile at the Sedge site, although the
FLIR C2 and UAV images were captured on different dates (21 September and 13 October,
respectively). The result of both profiles shows that temperature increased downslope,
which likely results from progressive warming of the discharged groundwater.
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4. Discussion
4.1. Darcy’s Flow

Monitoring points at the Willow site revealed variable gradients (Figures 5 and 8),
perhaps related to greater transpiration from surrounding vegetation as described in
the wetland plant root classification in Lai et al., 2011. Trees and shrubs at this location
have deeper and larger roots, which may explain the more heterogeneous and stronger
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water uptake, causing greater transpiration. In contrast, herbaceous vegetation has finer,
denser, and more shallow root systems that may lead to lower and more consistent rates of
transpiration. W1 is installed within a Salix spp. (willow) thicket, which may be drawing
water from the surface to its roots to support root activity. All the gradients measured
at the Sedge site (Figure 6) showed upward flow, except for the shallow (Figure 6A) and
deep (Figure 6B) hydraulic gradient for monitoring point S1 in October. The reason for
this behavior can be defined more if the stratigraphy is investigated in detail or might
be attributed to disturbance to the soil profile. Monitoring points S4 and S6, located
about 2 m from the break-in-slope at the Sedge site, showed more groundwater seepage,
based on the result of the hydraulic gradient (Figure 6) than points S3 and S5, which
were about 10 m farther from the break-in-slope. A monitoring point in between S2 and
S1 would reveal more about the hydraulic gradient trend, as shown between S3 and S5.
At monitoring point S7, the seepage rate was between −0.39 and −0.40 m/s and about
60 percent less than the seepage in point S5, which ranged between −0.69 and −0.50 m/s.
These observations suggest that groundwater seepage occurs more at the break-in-slope
than it occurs northward within the wetland. The conventional method of characterizing
groundwater seepage stands to quantify the rate of flux and the vertical direction of flow,
but it is equipment intrusive and labor intensive, and disturbs the soil profile, which results
from entrance and installation of equipment in the field.

All the monitoring points at the Willow site and S1, S3, S5, and S7 at the sedge were
on the seep soil. This information confirms that the soil stratigraphy likely permits the
groundwater to seep to the surface. The Willow and Sedge sites form a groundwater
discharge zone (seepage area) for the Cherry Lake Aquifer.

4.2. Thermal Imaging

Mapping cold spots in summer and warm spots in winter suggested points and
zones where groundwater seepage occurs at this location. Based on the coldest observed
temperature from the FLIR C2 at the Sedge site (Table 5), monitoring point S2 showed a
lower temperature reading than point S1, suggesting more groundwater seepage at point
S2 than at point S1. Points S3 and S4 showed similar behavior as point S1 and S2, except on
23 July 2017.

In general, groundwater temperature is expected to be higher than surface water
temperature during winter [31]. Point S4 had greater temperature than point S3, suggesting
groundwater seepage occurring at point S4 during winter (2 December 2017). The thermal
images acquired in this research add to the many studies that indicate temperature can be
used to trace groundwater seepage (e.g., [1,5,12–17].

Identifying groundwater seepage depends strongly on the temperature difference
between surface water and groundwater. Cold spots in summer indicated upwelling of
relatively colder groundwater to the surface to disrupt the surface water temperature,
warm spots indicated upwelling of relatively warmer groundwater from the subsurface
to the surface to heat the cold and frozen surface water temperature in winter. Thermal
imaging at the Willow site did not show a similar trend with the hydraulic gradient,
suggesting that shade from vegetation can affect temperature readings during spring to
late summer season. This is unlikely because most of the leaves had fallen by the time the
measurements were made. Alternatively, heterogeneous soils and shallow soil stratigraphy
may influence gradients. For example, if a much less pervious layer lies between the
surface and the shallow underlying aquifer, a strong vertical gradient may be indicated
with the piezometric measurements, but the flow and subsequent discharge move laterally
to a different point. Thus, the thermal signal at the surface for a strong vertical gradient
may be absent.

Aerial thermal imagery (Figure 10) showed wetland surface features: a distinct veg-
etation boundary, break-in-slope above the fen, and the wetland boundary. Due to poor
resolution, however, aerial imagery lacks the details of the temperature change of the envi-
ronment as would the on-the-ground thermal images (Figure 7). Aerial thermal imagery is
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helpful in certain conditions, by providing less environmental noise, easier calibration, and
more convenient image processing. Aerial thermal imagery may not be used to characterize
or quantify the groundwater seepage in areas with thick and dense vegetation, such as
the Willow site because of shadowing from surrounding vegetation, although good results
may be possible during periods of senescence.

The temperature profile from the thermal imagery (Figure 12C) of the Sedge site
showed a similar temperature trend with the temperature profile acquired using the
FLIR C2 (Figure 12B). The temperature profile acquired on-the-ground eliminates possible
environmental noise (topographic features, such as the sedge mounds and structural
obstructions), which the thermal aerial imagery captured. Applying a moving average
of period 10 (Figure 12C) dampened the noise during processing of the temperature
profile trend.

Snapshot-in-time and surface-skin nature of thermal imaging data limited ground-
water seepage detection at the research location. However, under the right set of condi-
tions on-the-ground thermal imaging and aerial thermal imagery may provide detail on
groundwater seepage dynamics [3] similar to data collected in situ from field equipment
(conventional method) for a fraction of the effort.

Based on the analysis of our results, identification of groundwater seepage using
thermal imaging trends correlate qualitatively with the conventional method. On-the-
ground thermal imagery data collection is therefore quick, less labor intensive, provides
point-in-time evaluation, although influenced by environmental and physical factors, and
measurements are limited to the surface (skin) temperature of water features.

Thus, the application of thermal imaging to map groundwater seepage requires both
remote and direct temperature measurement and additional data on soil stratigraphy to
fully capture the seepage zone at this site.

5. Conclusions and Recommendation

Using heat as a groundwater tracer is a valuable and easily applied tool when the tem-
peratures of the surface water contrasts strongly with the temperature of the groundwater.
For example, localized groundwater discharge can be detected and quantified in wetland
ecology studies. This study aimed at using temperature differential between the surface
water and the groundwater in midsummer and midwinter to characterize seepage. The
information obtained from this research can be used to map areas and zones in the wetland
that are connected with the groundwater.

Thermal imaging is quick, less-labor intensive, and provides point-in-time evaluation.
Thermal imaging is therefore qualitative, indicating broad zones of groundwater seepage
and subjectively characterizing the flow rate and direction, but cannot be used to quantify
groundwater seepage at this fen. The conventional method is quantitative and can be used
to characterize groundwater seepage at this fen. Thermal imaging can be used if the aim
of the study is to simply indicate areas of groundwater seepage at the surface. In the case
of using thermal imaging to indicate groundwater seepage, thermal imaging should be
captured at night to eliminate all interference from reflection and absorption of heat by
materials on the ground surface of the fen.

Soil heterogeneity is also a major factor influencing groundwater seepage. Fined-
grained layers of soil near surface can prevent seepage from reaching the surface because
of the hydraulic conductivity of fined-grained soil are low compared to seep soil. Ground-
water seepage at Willow and Sedge site can only be measured and quantified by using
conventional methods. Understanding and defining the soil layer properties accurately is
significant in characterizing groundwater seepage, especially when using temperature as a
groundwater seepage tracer because soil permeability can alter the flow rate of groundwa-
ter to the surface. Further research on the layer properties can be obtained by studying the
soil stratigraphy within the fen.
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Thermal imaging can assist water resource and environmental managers in map-
ping and characterizing zones of groundwater seepage to identify areas susceptible to
groundwater–surface water quality influence.
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