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A B S T R A C T

In Midwestern agricultural fields, subsurface tile drainage has been widely used to remove excess water from the
soil through perforated tubes installed beneath the ground surface. While it plays an important role in enabling
agricultural activities in wet but productive areas, this system is a major driving factor affecting water and
nutrient dynamics, and water quality in this region. However, despite its critical role, the specific locations of
subsurface tile drainage structures are not generally available nor well captured by conventional optical image
processing due to soil surface features, such as topographic depressions and tillage. To overcome these chal-
lenges, in this study, we have explored the potential of using thermal images to identify the location of a
subsurface drainage pipe. The hypothesis is that the unique spatial distribution of soil moisture set up by tile
drains can result in the difference in surface soil temperature between areas near and away from drainage pipes.
Toward this objective, we designed and developed an experimental device based on a dimensionless analysis at a
scale of 1:20, which was deployed in the open air for 4.5 months. The experimental results demonstrate that (1)
there is an ideal time for thermal image acquisition that maximizes the contrast between the regions close to and
distant from subsurface drainage systems, and (2) the thermal image processing approach proposed in this study
is a promising tool that has advantages of higher accuracy and stability in localizing subsurface drainage pipes
over optical image-based approaches

1. Introduction

Subsurface tile drainage systems have been widely used for water
management technique to remove excess water from the poorly drained
soils in the Midwestern United States for more than 100 years (Pavelis,
1987). Approximately 85 percent of croplands in this region have
subsurface tile drainage systems (Pavelis, 1987; Sugg, 2007; Jaynes
et al., 2010). In general, 0.25m diameter tile at 1.3m depth is installed
at 20m spacing although a proper configuration of the tile layout for a
given field is highly dependent on soil type, slopes, surface conditions,
and crops (Fraser and Fleming, 2001; Wright and Sands, 2001). Tile
outlets are generally located at drainage ditches, waterways, streams
and/or wetlands. Most crops require specific soil moisture conditions
for their growth and do not tolerate and survive well in soils that are
constantly wet. Tile drain systems enable earlier planting (Kornecki and
Fouss, 2001) and improve soil aeration (Lal and Taylor, 1970; Fausey,
2005). Therefore, high crop yields are attained (Cannell et al., 1979; Du
et al., 2005). For example, Helmers et al. (2017) observed a 10 percent
increase in average corn yield and a 5 percent increase in average

soybean yield, compared to sites without subsurface drainage. There-
fore, it is out of great necessity to achieve increases in crop yields in wet
but productive areas by avoiding crop mortality due to waterlogging
(Zucker and Brown, 1998). Despite the advantages of drainage tile
systems, they can also increase nutrient losses through the root zone by
channeling subsurface water runoff to tile drainage, which increases
riverine nutrient loads and subsequent degradation of receiving water
bodies (Fausey et al., 1995; Li et al., 2010; Radcliffe et al., 2015; Woo
and Kumar, 2019). To reduce nitrogen loss and increase crop nitrogen
use efficiency, the safe drainage time was estimated to be 11–16 days
after fertilizer applications (Wang et al., 2011). In addition, Li et al.
(2010) showed that approximately 80% of stream water and 90% of
nitrate are contributed by tile drain flows in this region. However, the
specific locations of tile drainage systems are not generally available
(Allred et al., 2018), hindering the spatial analysis and modeling.

There are several studies attempting to identify subsurface drain
lines. By employing soil physical properties, land cover, and aerial
optical images, Naz and Bowling (2008) conducted a decision tree
classification to estimate potential tile-drained areas and then perform
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image processing to locate subsurface tile drain pipes. High-resolution
color infrared and surface slope data, and directional first differential
horizontal and vertical filtering techniques have been also used to im-
prove the detections of tile drain locations (Northcott et al., 1996;
Varner et al., 2002; Naz et al., 2009). However, none of these methods
are able to attribute surface signatures arising from tile drains as dis-
tinct from other surface features, such as topographic depressions and
tillage. Such a distinction appears to be essential since the specific tile
locations are highly desirable for performing accurate simulations of
subsurface water and nutrient processes at fine spatial resolution
(∼1m) (e.g. Woo and Kumar (2019)) and for identifying hot spots
where the inputs of nutrient are produced in intensively managed
agricultural landscape (Randall and Iragavarapu, 1995; Dinnes et al.,
2002).

The abovementioned background leads us to a point that the reli-
able prediction of subsurface tile drains cannot be achieved by using
spatial optical images due to the existence of other surface features
similar to tile drain lines, such as tillage and machinery traffic (Verma
and Cooke, 1996; Naz et al., 2009). To improve its accuracy, we pro-
pose the use of thermal images instead. That is, a unique spatial dis-
tribution of soil moisture set up by tile drains can result in differences in
surface soil temperature between near and distant points from tile drain
pipes. This is because a convex subsurface water potential between tile
drains subsequent to precipitation (Fig. 1a) provides distinct char-
acteristics of soil heat capacity compared to the period long after pre-
cipitation (Fig. 1b). The reduction of moisture above the tile results in a
decrease in soil heat capacity near tile drains thereby increasing in
surface soil temperature. Therefore, in this study, we posit that the
spatial variations in surface soil temperature resulting from soil

moisture variation induced by tile drains are effective indicators to
define the locations of subsurface tile drainage pipes.

The overarching objective of this study is to experimentally validate
the feasibility of the use of thermal images to map agricultural sub-
surface drainage systems. Toward this objective, we conducted down-
scaled experiments along with thermal image processing to investigate
the extent to which using thermal images is a convincing experimental
method to detect subsurface tile drains. Therefore, in this study, we are
not striving to obtain large-scale tile maps but rather to attempt to
assess its feasibility by producing comparable macroscopic scale pat-
terns and trends using a simplified experimental design.

2. Methods

2.1. Experimental design

A down-scaled experimental setup was designed based on the di-
mensionless study used in Shokri and Bardsley (2014) at a scale of 1:20
as shown in Fig. 1c and d. A perforated plastic drainage pipe was in-
stalled in the middle of the experimental domain (1m long, 0.5 m wide
and 0.244m high) at the depth of 0.067m in the direction of width.
Two drainage outlets are located through the walls. The internal dia-
meter of the pipe was 0.013m and five rows of 7× 10−5m−2 drain
holes were drilled at every 0.035m over the length of the pipe for
drainage water to enter. The dimensions used in this study enable dy-
namics and processes naturally occurring in tile-drained agricultural
fields to be reproduced. The dimensions were also designed to meet the
specific need of measurement and instrumentation systems: maximizing
the area covered by the thermal camera used in this study while

Fig. 1. Schematic diagrams of relative surface temperature (top panels) and subsurface water table (bottom panels) in a tile drainage system (a) a few days after and
(b) long after precipitation events. The black circles in the bottom panels show the location of tile drain. Due to subsurface water table gradients toward a drainage
tile, soil moisture should be relatively lower in the area near the tile drain than the other. The reduced soil moisture results in decreasing soil heat capacity thereby
increasing soil temperature. In this study, we use (c) a perforated plastic drainage pipe that is installed in (d) an experimental equipment designed based on a
dimensionless domain used in Shokri and Bardsley (2014) at a scale of 1:20.
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minimizing blurring effects caused by the thermal camera.
An infrared camera (T620, FLIR Inc.), featuring the temperature

resolution of 0.04 °C, was used to obtain surface thermal images. For
reference, optical images were also acquired using the optical camera
integrated with the infrared camera while thermal images were taken.
To create a soil environment similar to the agriculture field, soils were
collected from an agricultural field (Latitude: 40.03 and Longitude:
−88.66) in September 2017, which supported corn-soybean rotation.
The soils were characterized as a mixture of Ipava silt loam and Sable
silty clay loam that had relatively low hydraulic conductivity (e.g. the
typical range of saturated hydraulic conductivity is from 1.08 cm d−1 to
1.68 cm d−1 (Carsel and Parrish, 1988)) with granular structure as a
typical soil property in this area (Wilkins et al., 2019). The soil sample
was exposed to the natural environment so that soil surface energy
dynamics with subsurface tile drainage systems can interact with nat-
ural weather conditions.

The experiments were conducted from October 1, 2017 to February
15, 2018. This testing period correspond to the non-growing period that
helps minimizing the error caused by a thick vegetation cover. To allow
time for the suppression of transients from the experimental setup due
to disturbed soil conditions, the experimental equipment was left de-
ployed for a month and then we started obtaining thermal images.
Thermal and optical images were taken to fully cover the surface of the

experimental device and obtained around noon when the solar radia-
tion was strong enough to heat up the surface and hence to enhance the
contrast between the areas close to and distant from the subsurface
drainage pipe within the sample surface. Although the thermal image
collection was performed regularly throughout the testing period, a
strict daily-based collection was not available mainly due to inter-
mittent unfavorable weather conditions (e.g. snows and heavy rains).

2.2. Tile detection algorithm

To improve the accuracy of tile drain recognition, we performed
image processing on the thermal images. Also, the study domain was
reduced by 20% on each side for the image analysis to minimize
boundary effects within the experimental device. An overview of the
developed tile detection algorithm is provided in Fig. 2. First, a raw
thermal image represented in the RGB colormap was converted into a
gray-scale image. Then, denoising operation was performed by two-
dimensional (2-D) median filtering to remove salt and paper-like noise
in the gray-scale image (Acharya and Ray, 2005). The denoised image
by the median filtering, Tmed(m, n) where m and n denote image di-
mension, is given by

=T m n T m k n l k l W( , ) median{ ( , ), ( , ) }med (1)

Fig. 2. An overview of the proposed tile detection algorithm.
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where T(m, n) is the raw thermal image and (k, l) is the size of the
window,W. The pixel values of T(m, n) is replaced by the median value
of the neighborhood in W. Here, both k and l were set to be 20. In the
next step, thresholding was applied to the denoised image by assigning
zero intensity to the pixels that had intensities lower than 80% per-
centile (T0.8) of Tmed(m, n) shown as:

=T T m n T m n T( , ) if ( , )
0 otherwise.TH

med med 0.8
(2)

This thresholding operation was performed based on the spatial dis-
tribution of soil heat capacity that relatively low soil moisture condi-
tions in the areas near tile drain pipes lead to higher temperature than
the other areas. Once thresholding was complete, locally separated
entities in TTH were detected and suppressed. This processing was due
to the structure of subsurface drainage systems that have geometrically
linear and connected features. Next, the location of the tile was esti-
mated through local peak detection. In this step, the processed image
was subdivided into six-row images. Then, pixel values were summed
up in the vertical axis within a row image so that a 1-D summation
signal is obtained. The centroid of each 1-D signal was then obtained
and it was mapped at the center of each subdivided row image. Linear
regression was performed using the four center points to obtain a fitted
line that represents the location of a tile pipe. Finally, the detected tile
location (the fit line) was mapped on the optical image representing the

area captured by the original raw thermal image.

3. Results

3.1. Thermal image selection

To ensure the distinctive spatial patterns of soil moisture induced by
tile drainage systems (Fig. 1a), as shown in Fig. 3a we have obtained
precipitation from an adjacent weather station (Latitude: 40.03 and
Longitude: −88.27) from Weather Underground (https://www.
wunderground.com), 10 km away from the location of the experi-
mental device deployed. For the purpose of comparison between sur-
face soil and air temperatures, we also show the latter in Fig. 3b.

We find that the optimum thermal image acquisition time that
maximizes the contrast between the regions close to and distant from
subsurface drainage pipe in thermal images is within 12 h after
2.54mm of precipitation on the test sample (Fig. 3c to m). The
threshold of 2.54mm is determined based on previous studies (e.g.
McCabe et al. (2010) and Nakano et al. (2011)), which is often used to
categorize a day as dry. On the other hand, there are no strong re-
lationships between soil and atmospheric temperatures, confirming our
hypothesis that the surface soil temperature driven by tile drainage
outweighs that redistributed by the thermal convection. Optical images
(Fig. 3n to r) taken at the same time as the selected thermal images do

Fig. 3. (a) Precipitation. (b) Air temperature. After a month of transient period associated with disturbed soil conditions, thermal images were taken from November
1, 2017, to January 31, 2018, a few of which are shown in (c) to (g) for example. However, all of the thermal images taken do not provide noticeable features to
detect a subsurface tile drain pipe. Therefore, (h) we chose thermal images between the beginning of precipitation (solid black line) and 12 h after the end of
precipitation (dashed black line), which are shown in the blue circle and (i) to (m). The corresponding optical images are also presented in (n) to (r). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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not show any detectable feature linked to tile drain although identifi-
able cracks in the soil can be seen. This observation demonstrates that
the use of thermal images has potential to provide a better prediction of
subsurface tile drain systems than that of optical images. However, it is
still difficult to clearly delineate subsurface tile drains with raw thermal
images, thereby requiring image processing.

3.2. Identifying tile drainage systems

The experimental results to identify the subsurface tile drainage
system using the proposed method illustrated in Fig. 2 are shown in
Fig. 4. Raw thermal images obtained before introducing artificial tillage
in the experimental setup are shown in Fig. 4(a) and (d). These thermal
images are those shown in Fig. 3(j) and (m), respectively. Relatively
high-temperature distribution is observed above the tile location (the
center line of the image plane). However, the contrast between the
region close to and distant from subsurface tile is not clear in the raw
thermal images. The processed images using the proposed method are
shown in Fig. 4(b) and (e), where the detected tile locations are also
overlaid. It is seen that the tile locations are clearly visualized but not in
the raw thermal images. Finally, the detected tile locations are mapped
on optical images as shown in Fig. 4(c) and (f). For clear comparison,
the location of the subsurface drainage pipe is indicated as black dotted
lines. The tile locations are well identified by the tile-indicating line
obtained by the proposed method. Note that without the mapped tile-
indicating line there is no clue to identify the location of the subsurface
tile in the optical images. The final mapped images demonstrate the
potential of the proposed thermal image-based approach and its

superior tile detectability over conventional optical image-based ap-
proaches. See more results in Fig. A.1 in Appendix.

3.3. Tillage effect

In order to ensure that the detection algorithm is applicable in field
conditions, the effect of tillage on thermal variability needs to be ac-
counted for. To address this, we created artificial tillage in the experi-
mental setup to a depth of 0.6 cm, separated 2 cm apart, which was
downscaled based on the experimental setup and historical tillage
practices in the Midwestern United States (Baker, 2011) (Fig. 4(i)). i.e.,
the dominant surface noise in tile-drained agricultural areas can be
expressed and evaluated to simultaneously maximize the reliability of
the thermal image processing algorism developed in this study. The raw
thermal, processed, and final optical images that correspond to the
timeline after introducing tillage are shown in Fig. 4(g), (h) and (i),
respectively. In the raw thermal image shown in Fig. 4(g), the location
of the subsurface tile is intuitively identified by the contrast between
the region close to and distant from the tile drain. Also, the effect of
introducing tillage is negligible in the thermal image, implying that the
proposed thermal image-based approach is less likely to mislead a til-
lage as a subsurface tile drainage pipe. In addition, the distinction be-
tween the regions with and without tile is much clearer in the processed
image shown in Fig. 4(h). Finally, the detected tile location is mapped
onto the optical image in Fig. 4(i). Similar to the results obtained before
the tillage introduction, the location of the subsurface tile drain pipe is
clearly detected even with tillage-induced multiple surface line fea-
tures.

Fig. 4. Detection results of subsurface tile drainage system using the proposed method: (a, d and g) raw thermal images, (b, e, and h) processed images with detected
tile locations and (c, f and i) optical images with mapped tile locations. The marker ‘x’ in the processed images represents the local peak location within a sub-divided
raw image. The black dotted lines in the optical images are the locations of the subsurface drainage pipe.
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4. Discussion and conclusions

The surface temperature at a certain spatial point is governed by soil
moisture that plays a dominant role in affecting soil heat capacity (e.g.
Campbell and Norman (1998)). Therefore, the magnitude of the spatial
distribution of soil heat capacity, created by subsurface water table
gradients toward a drainage tile after precipitation events, should be
highly influential in determining surface soil temperature. Based on this
theoretical framework, in this study, we have explored and established
the feasibility of using thermal images to identify subsurface tile drains
rather than optical images in the downscaled experiment.

Detecting subsurface tile drainage pipes has been mostly explored
using widely available optical aerial images (Verma and Cooke, 1996;
Northcott et al., 2000; Varner et al., 2002; Naz and Bowling, 2008).
However, this analytical approach has not provided a clear tile deli-
neation due to surface features, such as tillage and topographic de-
pressions (Naz and Bowling, 2008). A recent study by Allred et al.
(2018) noted that surveys carried out by a drone with thermal infrared
sensors could provide adequate representation of tile delineation. The
proposed approach showed consistent results with those shown in
Allred et al. (2018): the superior performance of thermal images over
optical images in subsurface tile detection. In addition, based on the
experimental results, the following conclusions are drawn: (1) there is
an optimal time for thermal image acquisition that maximizes the
contrast between regions close to and distant from subsurface drainage

tile systems, (2) thermal images provide higher contrast between the
regions close to and distant from subsurface drainage tile systems than
optical images do, and (3) the proposed thermal image processing ap-
proach successfully detects and localizes subsurface drainage pipes.

Admittedly, designing a downscaled experiment that can accurately
represent a large-scale experiment is often challenging. To a certain
degree, the results obtained and methods presented in this study may be
limiting and have unexpected flaws that may be discovered when they
are deployed into an actual scale. However, given the experimental
conditions and theory-based approaches, the feasibility of the use of
thermal images for identifying subsurface tile drain pipes is proved by
the experimental results. Therefore, this study has potential to provide
an effective and promising analytical tool that can be used to precisely
locate subsurface tile drain systems over a large area.
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Appendix A

Additional experimental results to identify the subsurface tile drainage system using the proposed method are shown in Fig. A.1. Raw thermal
images shown in Fig. A.1(a), (d) and (g) are those shown in Fig. 3(j), (l) (m), respectively. Similar to the experimental results shown in Fig. 4, the tile
locations are well identified as seen in the processed images (Fig. A.1(b), (e) and (h)) and the optical images with mapped tile locations (Fig. A.1(c),
(f) and (i)).

Fig. A.1. Additional detection results of subsurface tile drainage system: (a, d and g) raw thermal images, (b, e, and h) processed images with detected tile locations,
and (c, f and i) optical images with mapped tile locations. The marker ‘x’ in the processed images represents the local peak location within a sub-divided raw image.
The black dotted lines in the optical images are the locations of the subsurface drainage pipe.
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Raw optical images corresponding to Fig. 4(c), (f) and (i) and their processed images are shown in Fig. A.2. The same image processing illustrated
in Fig. 2 was applied to the optical images. As seen in Fig. A.2(a), (c) and (e), raw optical images do not show clear intensity contrast between the
region with and without a subsurface tile, while raw thermal images do in Fig. 4(a), (d) and (g). Fig. A.2(b), (d) and (f) show that the processed
optical images fail to detect the subsurface tile. These results verify the superior performance of thermal images over optical images on subsurface
tile detection.
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