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A B S T R A C T

Effective and efficient methods are needed to map agricultural subsurface drainage systems. Visible-color (VIS-
C), multispectral (MS), and thermal infrared (TIR) imagery obtained by unmanned aerial vehicles (UAVs) may
provide a means for determining drainage pipe locations. Aerial surveys using a UAV with VIS-C, MS, and TIR
cameras were conducted at 29 agricultural field sites in the Midwest U.S.A. to evaluate the potential of this
technology for mapping buried drainage pipes. Overall results show VIS-C imagery detected at least some drain
lines at 48 % of the sites (14 out of 29), MS imagery detected drain lines at 59 % of the sites (17 out of 29), and
TIR imagery detected drain lines at 69 % of the sites (20 out of 29). Three key findings, listed as follows and
emphasized in this article by site examples, were extracted from the overall results. (1) Although TIR generally
worked best, there were sites where either VIS-C or MS proved more effective than TIR for mapping subsurface
drainage systems. Consequently, to ensure the greatest chance for successfully determining drainage pipe pat-
terns in a field, UAV surveys need to be carried out with all three types of cameras, VIS-C, MS, and TIR. (2)
Timing of UAV surveys relative to recent rainfall can sometimes have an important impact on drainage pipe
detection results. (3) Linear features representing drain lines and farm field operations can be confused with one
another and are often both depicted on site aerial imagery. Knowledge of subsurface drainage system installation
and farm field operations can be employed to distinguish linear features representing drain lines from those
representing farm field operations. The overall results and extracted key findings from this study clearly indicate
that VIS-C, MS, and TIR imagery obtained with UAVs have significant potential for use in mapping agricultural
drainage pipe systems.

1. Introduction

1.1. Research rationale

The widespread adoption of subsurface drainage practices to

remove excess soil water has enabled the Midwest U.S.A. to become one
of the most productive agricultural regions in the world. A 1985 eco-
nomic survey showed that several states within the Midwest U.S.A.
(Illinois, Indiana, Iowa, Ohio, Minnesota, Michigan, Missouri, and
Wisconsin) had by that year approximately 12.5 million ha that
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contained subsurface drainage systems, with cropland accounting for
the vast majority of areas having these buried drainage pipe networks
(Pavelis, 1987). Since 1985, a substantial amount of additional agri-
cultural drainage pipe has been installed. Farmers within this region
often need to repair drain lines that are not functioning correctly or
install new drain lines between the old ones to improve soil-water re-
moval efficiency. Whether for system repairs or efficiency improve-
ments, locations of the preexisting drain lines are required; however, in
most cases, a map of the original subsurface drainage system installa-
tion is no longer available.

Furthermore, subsurface drainage practices can release substantial
amounts of nitrate (NO3

−) and phosphate (PO4
3-) from farm fields into

adjacent waterways (Sims et al., 1998; Zucker and Brown, 1998), which
in turn degrades surface water bodies on local, regional, and national
scales. Risk assessment of this environmental hazard from the farm field
perspective calls for some knowledge of the installed drainage pipe
network, including the extent of coverage and spacing distance between
drain lines. Finding drain lines with heavy trenching equipment causes
pipe damage requiring costly repairs, while the alternative of using a
hand-held tile probe is both time consuming and extremely tedious.
Subsurface drainage system patterns can be complex (Fig. 1), further
hampering efforts to map drain lines using traditional trenching or tile
probe detection methods. Consequently, there is a crucial necessity for
effective, efficient, and nondestructive drainage pipe mapping methods.
Visible (VIS), multispectral (MS), and thermal infrared (TIR) imagery
obtained with unmanned aerial vehicles (UAVs) may provide a solu-
tion.

1.2. Prior research into better methods for mapping subsurface drainage

Ground penetrating radar (GPR) has proven capable in many in-
stances of locating buried drainage pipe under a range of soil conditions
(Allred et al., 2004, 2005; Allred and Redman, 2010; Allred, 2013;
Allred et al., 2018a; Chow and Rees, 1989), but GPR is somewhat in-
efficient for providing detailed maps of subsurface drainage systems in
large farm fields. Both visible (VIS - i.e. wavelengths within the
400 nm–700 nm visible light portion of electromagnetic spectrum) and
color infrared (comprised of green, red, and near infrared wavelengths)
photography from manned aircraft, obtained outside the growing
season, have been tested to a limited extent for mapping subsurface
drainage systems (Naz et al., 2009; Verma et al., 1996). However,
scheduling an airplane to collect data when field conditions are optimal
(i.e. several days after a rainfall event equal or greater than 2.5 or
5.0 cm as suggested by these previous studies) can be problematic.
Alternatively, scheduling an aerial survey with an UAV is far more
flexible and could solve this timing issue, but UAVs have not yet been
extensively tested for drainage pipe mapping. Furthermore, although
some aerial VIS and color infrared (CIR) drainage pipe detection studies
have been conducted, there has been very little research on the use of

TIR imagery to map drainage pipes. Abdel-Hadi et al. (1970) provides
several excellent examples in which TIR imagery detected subsurface
features such as pipelines and buried stream channels, thereby in-
dicating that TIR aerial surveys may have capability for drainage pipe
mapping. A laboratory experiment conducted by Woo et al. (2019)
demonstrated the potential of TIR imagery for locating a buried drai-
nage pipe, further implying that timing relative to rainfall can impact
the success of using TIR to map drain lines. In a preliminary case study
(Allred et al., 2018b), a UAV with a TIR camera detected roughly 60 %
of the subsurface drainage infrastructure known to be present at an
agricultural field near Mt. Gilead, Ohio. In results obtained from the
same field site used by Allred et al. (2018b), Freeland et al. (2019)
found that pairing of Real-Time Kinematic (RTK) Global Navigation
Satellite System (GNSS) technology with the UAV TIR survey was es-
sential for accurately locating buried drain lines in the field. Williamson
et al. (2019) utilized both UAV multispectral (MS) and TIR imagery in a
complementary approach that mapped random drain lines in two
conservation tillage farm fields near Harlan, Indiana. Consequently,
rigorous investigation is certainly warranted on the use of UAV surveys
with VIS, MS (narrow bands of blue, green, red, red edge and near
infrared wavelengths), and especially TIR sensors, to map agricultural
subsurface drainage systems.

1.3. Justification supporting the evaluation of UAV VIS, MS, and TIR
imaging technology

The soil surface directly over top of a drain line is often drier than
the soil surface between drain lines. This phenomenon can be especially
true a few days after a large rainfall, because the soil over a drain line is
dewatered faster than the soil between drain lines (Smedema et al.,
2004). Dry soil surfaces reflect more VIS and near infrared (NIR)
electromagnetic (EM) radiation than wet soil surfaces (Jenson, 2007).
Consequently, given bare ground conditions outside the growing
season, between harvest and planting, lighter shaded dry soil surface
features (i.e. increased reflected EM radiation), that appear linear, may
be representative of drain lines. The Stefan-Boltzmann and Kirchhoff’s
laws stipulate that the thermal infrared radiation emitted from an ob-
ject is a function of that object’s temperature and emissivity (Kuenzer
and Dech, 2013). Due to the specific heat capacity of water, the soil
surface over a drain line may have a different temperature than the soil
surface between drain lines. The differences in emitted thermal radia-
tion caused by these temperature differences can be detected with a TIR
camera. There may also be emissivity differences between wet and dry
soil surfaces that can be detected with a TIR camera (Mira et al., 2007).
Therefore, outside the growing season, when bare ground conditions
exist, with or without crop residue present, UAV VIS, MS, and TIR
imagery can provide a means for mapping subsurface drainage systems.

During the growing season, there often seems to be better crop
(corn/soybeans/wheat) establishment and health directly above drain
lines, likely from better soil aeration conditions caused by the faster
drainage that occurs over a drain line directly after rainfall events
(compared to between the drain lines). In fact, crops commonly become
first established directly over drainage pipes, which then show up as
distinct green lines on visible-color (VIS-C) aerial imagery obtained
very early in the growing season. Regardless of the time during the
growing season, if the crop has become better established or is healthier
over drain lines, then high-resolution UAV VIS imagery, especially VIS-
C (rather than visible grayscale), can conceivably indicate drainage
pipe locations. Multispectral imagery (blue, green, red, red edge, and
NIR wavelength bands) obtained with UAVs are commonly utilized to
produce NDVI (Normalized Difference Vegetation Index) maps, which
depict spatial variations in crop establishment and/or health/stress
(Jenson, 2016; Sayago et al., 2017), thereby also providing a possible
means to delineate drain line locations. Thermal infrared imagery has
additionally been utilized to depict spatial variations in crop health/
stress (Kullberg et al., 2017; Sepulcre-Cantó et al., 2007; Sobrino et al.,

Fig. 1. Subsurface drainage system patterns; (a) rectangular, (b) herringbone,
and (c) random (after Schwab et al., 1981).
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2005). Consequently, UAV VIS-C, MS, and TIR imagery acquired during
the growing season can all potentially map agricultural subsurface
drainage systems given that the crop is better established and/or
healthier over the drain lines.

1.4. Research focus

The overall feasibility for employing a UAV with VIS-C, MS, and TIR
cameras to map drainage pipe systems was evaluated at 29 agricultural
field sites in four Midwest U.S.A. states (Indiana, Iowa, Michigan, and
Ohio). Information collected from these UAV surveys were expected to
provide insight on: (1) which type of camera works best (VIS-C, MS, or
TIR), (2) the importance of timing the UAV survey in relation to recent
rainfall, and (3) distinguishing linear features from drain lines versus
linear features resulting from farm field operations. Three hypotheses,
listed as follows, were therefore tested with this study. (1) Thermal
infrared imagery will work best overall for mapping drain lines; how-
ever, there will be cases in which VIS-C or MS provide superior results.
(2) The time at which a UAV survey is conducted relative to recent
rainfall can sometimes have an important impact on drainage pipe
detection. (3) Knowledge of drainage system installation and farm field
operations allow aerial imagery linear features due to drain lines to be
differentiated from those produced by field operations.

2. Materials and methods

2.1. Equipment

A senseFly SA (Cheseaux-sur-Lausanne, Switzerland) eBee Plus
RTK/PPK fixed-wing UAV was employed to carry out the VIS-C, MS,
and TIR aerial surveys in this study. The equipment set-up for the un-
manned aerial vehicle (UAV) system is shown in Fig. 2a and includes
the UAV itself (110 cm wingspan), the ground modem antenna
(mounted on a tripod), and a computer. The computer had an internal
cellular modem that allowed field internet access. The ground modem
antenna connected to the computer provided communication between
the computer and the UAV. The senseFly SA eMotion3 software in-
stalled on the computer was used to plan/control UAV flight patterns,
along with managing the data collected during each survey. During
flight, the UAV typically achieved speeds of 37–56 km/h (20–30 kn).

There were three camera payloads utilized in this study; S.O.D.A.
(Sensor Optimized for Drone Applications), Sequoia, and thermoMap.
The senseFly SA S.O.D.A. camera was used to collect high resolution
(20 Mpx) visible-color (VIS-C – 400–700 nm wavelengths) photos. This
camera had a 28mm focal lens. The UAV, as configured with the
S.O.D.A. camera, had Real-Time Kinematic (RTK) Global Navigation
Satellite System (GNSS) functionality that provided survey-grade posi-
tional accuracy (0.7 cm) for the VIS-C photos obtained. To use RTK/
GNSS functionality with the UAV S.O.D.A. configuration, onsite con-
nection via the internet was achieved with state (Indiana, Iowa,

Michigan, and Ohio) Department of Transportation virtual reference
station networks. The UAV surveys conducted with the S.O.D.A. camera
were flown approximately 122m (400 ft) above the ground, with a
surface resolution of 2.8 cm/px, a lateral photo overlap of 70 % be-
tween adjacent flight lines, and a longitudinal photo overlap of 60 %
along a flight line.

The Parrot SA (Paris, France) Sequoia multispectral (MS) camera
captured 1.2 Mpx photos in narrow bands of green (530–570 nm), red
(640–680 nm), red edge (730–740 nm), and near infrared (NIR,
770–810 nm) wavelengths. The UAV as configured with the Sequoia
camera did not have RTK/GNSS functionality, and positional accuracy
was approximately 4m for the four photo types obtained. The UAV
surveys conducted with the Sequoia camera were flown approximately
122m (400 ft) above the ground, with a surface resolution of 11 cm/px,
a lateral photo overlap of 60 %, and a longitudinal photo overlap of 80
%.

The senseFly SA thermoMap thermal infrared (TIR) camera cap-
tured 0.3 Mpx (640× 522 px) images in a wavelength range of
8.5–11.5 μm (10 μm center wavelength). The UAV as configured with
the thermoMap camera did not have RTK/GNSS functionality, and
positional accuracy was approximately 4m. The UAV surveys con-
ducted with the thermoMap camera were flown approximately
76–122m (250–400 ft) above the ground surface, with a resolution of
14–23 cm/px, a lateral photo overlap of 70 %, and a longitudinal photo
overlap of 90 %. (When battery power needed to complete survey was
not an issue, lower altitudes were flown to improve resolution.) The
eBee Plus RTK/PPK fixed-wing UAV could accommodate only one
camera payload at a time, so at each field site, at least three UAV
surveys needed to be carried out, one with the S.O.D.A., one with the
Sequoia, and one with the thermoMap.

Propeller Aero (Surry Hills, New South Wales, Australia) AeroPoints
(Fig. 2b) were used as cloud-connected, high-precision ground control
points (GCPs) to confirm positional accuracy of the UAV S.O.D.A. sur-
veys and to greatly improve the positional accuracy of the UAV Sequoia
surveys. The AeroPoints did not show up well on TIR images, so a 61 cm
(24 in.) diameter aluminum pizza pan was placed next to each Aero-
Point in the field (Fig. 2b). The aluminum pizza pans show up well on
both S.O.D.A. and thermoMap images. Consequently, the S.O.D.A.
survey was used to obtain accurate positional coordinates for the pizza
pans, thereby allowing the pizza pans to be employed as precision GCPs
for the thermoMap survey. Through this approach, the locational ac-
curacy of the thermoMap imagery was much improved.

2.2. Data processing

Pix4D SA (Prilly, Switzerland) software, Pix4Dmapper Pro, was
employed for initial data processing, particularly “stitching” together of
overlapping images obtained during a UAV survey with a particular
camera. The end product of this stitching process was a set of VIS-C,
MS, and TIR georeferenced orthomosaic image maps of the complete

Fig. 2. Equipment used for conducting UAV surveys; (a) fixed-wing UAV, tripod with ground modem antenna, and computer, (b) 61 cm diameter aluminum pizza
pan and cloud-connected ground control points.
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site survey area over which the UAV was flown. All generated ortho-
mosaics are based on the NAD 83 (2011) geodetic reference system.
With the S.O.D.A. camera, Pix4Dmapper Pro also produced a digital
terrain model (DTM) of the site survey area. Additionally, Pix4Dmapper
Pro was used to generate crop index orthomosaic maps from MS data,
including the Normalized Difference Vegetation Index (NDVI) and
Normalized Difference Red Edge (NDRE). Orthomosaic maps were post-
processed using ArcMap 10.2 desktop software (Environmental Systems
Research Institute, Redlands, California, U.S.A.), where annotations
were added and the image then saved in a manageable format/size.
Further processing was accomplished using the free public access GNU
Image Manipulation Program (GIMP) 2.10.10 image editor. This soft-
ware allowed for adjustment and enhancement of exposure, color le-
vels, sharpness, image size, and resolution.

The VIS-C orthomosaics are a stitched color image of the site as
would be seen from above with the human eye. The MS and TIR or-
thomosaics were generated in grayscale with lighter shaded features
representing either greater reflection of green, red, red edge, or NIR
electromagnetic (EM) radiation or a greater emission of thermal in-
frared radiation. False color orthomosaic image maps were created with
ArcMap 10.7 by combining orthomosaic maps from different MS wa-
velength bands or combining the TIR orthomosaic with one or two MS
orthomosaics. In particular, false color infrared (CIR) orthomosaics
were constructed by applying shades of blue to the MS green ortho-
mosaic, shades of green to the MS red orthomosaic, shades of red to the
MS NIR orthomosaic, followed then by combining all three of these
altered orthomosaics into a single composite orthomosaic. This product
is referred to as a “false” CIR orthomosaic image because it does not
represent the continuous EM spectrum from green to near infrared, but
rather is constructed of discrete wavelength bands of green
(530–570 nm), red (640–680 nm), and NIR (770–810 nm). After being
generated, the various orthomosaics from a UAV site survey were clo-
sely inspected to determine whether there were linear features present
indicative of drain lines, especially the lighter shaded linear features
found on grayscale orthomosaics.

2.3. Field site information

From February 2018 to July 2019, 29 agricultural field sites were
visited in Indiana, Iowa, Michigan, and Ohio (Fig. 3) to carry out sub-
surface drainage mapping using UAV surveys. Many of these sites were
visited at multiple occasions. Results from 11 UAV site surveys were
chosen as examples to emphasize key findings of this research. For these
11, Table 1 provides information on site survey location (latitude and
longitude), date of UAV survey, daytime period over which the surveys
were carried out, area of the agricultural field, and approximate total
area covered by the UAV survey (includes orthomosaic area outside of
field boundaries). Table 2 provides condition information for the 11
UAV site surveys examples including; prior rainfall, surface character-
istics (bare ground, weeds, tillage, crop residue, and established crops),
and soil types present. Drainage maps were available for six of the
example sites (Fig. 4).

3. Results and discussion

3.1. Overall outcome of UAV surveys

Past studies have stated that the best time to obtain aerial imagery
for drainage pipe mapping of a farm field is outside the growing season
and two to three days after a heavy rainfall event equal or greater than
2.5 cm (1 in.) as indicated by Naz et al. (2009) or 5.0 cm (2 in.) or
greater as indicated by Verma et al. (1996). While this approach may
undoubtedly have merit, strict adherence would have severely limited
the number of sites that could have been visited over the year-and-a-
half data was collected during this investigation. In the Midwest U.S.A.,
within a given year, at a particular site, there are likely only a few

rainfall events of 2.5 cm or greater, outside the growing season. Con-
sequently, even though our approach might not be considered ideal, in
order to visit as many sites as possible, UAV surveys were generally
conducted when an opportunity arose to visit a location and without an
overriding consideration of time of year or field wetness from prior
rainfall. Table 2 shows that of the 11 example UAV site surveys, only
two came close to fulfilling a standard of 2.5 cm or more of rainfall
within three days prior to conducting the UAV survey.

Results from each of the 29 agricultural field sites are provided in
Table 3 and are summarized in Fig. 5. At least some drain lines were
detected on the visible-color (VIS-C) orthomosaics at 48 % of the sites.
Concerning the multispectral (MS) orthomosaics, at least some drain
lines were detected at 59 % of the sites. The overall thermal infrared
(TIR) results were even better, with at least some drain lines detected at
69 % of the sites. Several sites were visited multiple times, but only the
most successful UAV site survey was chosen to be included in the
overall results presented in Table 3 and Fig. 5. For a particular ortho-
mosaic (VIS-C, MS, or TIR), from a certain site, to be deemed successful
at detecting drainage pipes, 20%–100% of the estimated drain lines
need to have been identified. Even if only 20 % of drain lines are de-
picted, this amount of information can still be very useful in providing
general insight on drainage pipe directional trends and patterns. These
overall results indicate, even though much of the aerial imagery data
was collected under less than ideal conditions regarding time of year
and/or prior rainfall, VIS-C, MS, and TIR cameras were all relatively
successful at finding agricultural drainage pipe; however, of the three
tested, the TIR camera worked at more sites.

Fig. 3. Locations of the 29 agricultural field sites used in this study. In five state
counties, as noted in this figure, there were more than one field site (three
counties with 2 sites, one county with 3 sites, and one county with 8 sites).
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3.2. Advantage for obtaining VIS-C, MS, and TIR imagery at each site

While TIR did identify drainage pipes at more sites than VIS-C or
MS, this overall result certainly does not imply, that at a particular site
where drain lines were detected, TIR imagery always worked better
than VIS-C and/or MS imagery. There were, in fact, several site surveys
in this study where VIS-C and/or MS imagery provided better insight on
the drainage network pattern than TIR imagery. Five example sets of
UAV site survey results are provided in Figs. 6–12 to emphasize that the
drainage mapping effectiveness of VIS-C, MS, and TIR imagery, relative
to one another, was often dependent on the site visited and/or the day
the UAV surveys were carried out. In two of these sets, TIR imagery
clearly worked best (Figs. 6 and 8). Figs. 7 and 9 are the digital terrain
model contour maps for the respective sites shown in Figs. 6 and 8. Two
example sets showed that VIS-C and/or MS imagery definitely worked
better (Figs. 10 and 11), and there was one set where the combination
of MS and TIR imagery provided a more complete understanding of
drain line patterns than either MS or TIR imagery alone (Fig. 12).

Unmanned aerial vehicle VIS-C, MS, and TIR surveys at the Morrow
Co. site were first carried out on June 12, 2017, and the results pre-
sented by Allred et al. (2018b). In these first UAV surveys, the

southwest portion of the field was not covered. This site was again
visited on May 1, 2018, with the goal of obtaining results covering the
entire field (Fig. 6). Field conditions on May 1, 2018 were dry with bare
ground partially covered by corn and soybean residue (Table 2). A map
of the subsurface drainage system on the east side of the Morrow Co.
field site shows a complex pattern with both east-west and north-south
trending drain lines (Fig. 4a). In the northwestern portion of the field,
there is a known set of north-south drain lines. There is no regular
subsurface drainage system pattern in the southwestern portion of the
field, although a few random drain lines installed in the early 1900s
may be present both here and elsewhere in the field.

In the enlarged inset of the northcentral portion of the field, the TIR
orthomosaic (Fig. 6a) clearly shows lighter shaded linear features re-
presenting known east-west drain lines to the east (compare Figs. 4a
and 6 a) and known north-south drain lines to the west. Furthermore, as
was understood beforehand, the complete TIR orthomosaic for the site
depicts no regularly spaced drain lines in the southwestern portion of
the field. These results obtained with TIR were not found or were not as
clear in the VIS-C (Fig. 6b), false color infrared (CIR) (Fig. 6c), and MS
red edge (Fig. 6d) orthomosaics. The north-south, closely spaced linear
features most prevalent on the VIS-C, false CIR, and MS red edge

Table 1
Example UAV site survey location, date, time, and area covered.

Site Survey Namea Location Date Timeb Areac

(ha)
Latitude Longitude Start End

Clay Co., IA 1 43.01433 −95.09541 Jun. 13, 2018 15:50 16:20 36, 57
Clay Co., IA 2 Jun. 15, 2018 15:00 15:30
Defiance Co. 41.26386 −84.29959 May 8, 2018 10:30 11:00 38, 71
Hancock Co. 40.84665 −83.65392 Apr. 17, 2019 13:10 14:45 14, 36
Hardin Co. N 40.75752 −83.63891 Jul. 1, 2019 13:00 15:15 33, 53
Hardin Co. N&S 40.75752 −83.63891 Apr. 24, 2019 13:55 15:00 59, 93
Morrow Co. 40.60598 −82.67518 May 1, 2018 13:40 15:40 33, 84
Ross Co. 1 39.44085 −83.04193 Apr. 11, 2019 13:45 15:25 17, 42
Ross Co. 2 39.47880 −83.05809 Aug. 23, 2018 11:15 11:45 29, 50
Ross Co. 3 39.43161 −83.16197 Dec. 14, 2018 14:10 14:40 66, 103
Seneca Co. 41.08405 −82.85417 Jun. 21, 2019 10:25 17:10 34, 53

a All sites except Clay Co. are located in Ohio.
b Start and end times for UAV survey(s).
c First value is area within defined field boundary, and second value is the overall orthomosaic area shown in the UAV survey examples.

Table 2
Example site survey conditions.

Site Survey Name Prior Rainfalla

(cm)
Surface Characteristics Soil Typesb

3 Days 1 Week

Clay Co., IA 1 0.00 2.16 limited bare ground throughout, corn stubble with early establishment of soybeans in east part of
field, soybean stubble with early establishment of corn in west part of field

silty clay loam
Clay Co., IA 2 4.24 4.98
Defiance Co. 0.00 4.67 extensive bare ground throughout, substantial crop residue present loamy fine sand, sandy loam, loam,

silty clay loam, clay loam, clay
Hancock Co. 1.50 2.21 extensive bare ground throughout, substantial soybean residue present silt loam, silty clay loam
Hardin Co. N 0.00 0.10 extensive bare ground throughout, area north of waterway tilled, limited soybean residue

present, some weeds, initial emergence of soybeans
silt loam, silty clay loam

Hardin Co. N&S 0.36 4.17 extensive bare ground throughout, area north of waterway tilled, substantial presence of corn
stubble (southern field area) and soybean residue (northern field area), established cover crops
(cereal rye, crimson clover and oats) south of waterway

silt loam, silty clay loam

Morrow Co. 0.05 1.17 extensive bare ground throughout, corn stubble on east side of field, soybean stubble on west side
of field

silt loam

Ross Co. 1 0.00 0.10 limited patches of bare ground, well established wheat throughout field silt loam, silty clay loam
Ross Co. 2 2.01 4.88 extensive bare ground throughout, substantial wheat stubble present gravely loam, loam, silt loam, clay

loam
Ross Co. 3 0.00 0.25 extensive bare ground throughout, substantial soybean residue present silt loam, silty clay loam
Seneca Co. 4.47 8.13 extensive bare ground throughout, substantial soybean residue present silt loam, clay loam

a Rainfall data obtained from closest NOAA – National Weather Service station with complete rainfall record (National Centers for Environmental Information,
2019).

b SoilWeb (University of California - Davis, California Soil Resource Lab, 2020).
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orthomosaics seem to be those associated with field operations (harvest,
tillage, planting, etc.). The false CIR orthomosaic is provided as means
of showing the MS green, red, and near infrared (NIR) results combined
and to somewhat duplicate the CIR approach employed by Verma et al.
(1996). Fig. 6 clearly shows, that at the Morrow Co. site, on May 1,

2018, TIR imagery worked much better than VIS-C and MS at de-
termining drainage pipe locations. Interestingly, TIR imagery worked
well at this site even though field conditions were dry and with partial
coverage of the ground surface by corn and soybean residue. These
more recent results are very similar to the ones of Allred et al. (2018b).

Fig. 4. Subsurface drainage maps for six of the example UAV survey sites; (a) Morrow Co., (b) Hardin Co., (c) Hancock, Co., (d) Clay Co, IA, (e) Ross Co. 1, and (f)
Ross Co. 3. The Ross Co. drainage maps were produced by the U.S. Dept. of Agriculture (USDA) – Natural Resources Conservation Service (NRCS).
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However, even though the VIS-C imagery obtained with the
S.O.D.A. camera at the Morrow Co. site did not work very well finding
drainage pipes, the UAV S.O.D.A configuration with RTK/GNSS func-
tionality did provide the means to produce an accurate, high-resolution
digital terrain model (DTM) of this field (Fig. 7). (Note: DTMs can also
be produced from the MS and TIR imagery collected with the Sequoia
and thermoMap cameras; however, the accuracy/resolution of the

DTMs from these cameras would not be nearly as good as the S.O.D.A.
DTM.) This accurate, high-resolution DTM is by itself extremely useful
to drainage contractors. Accurate, high-resolution topographic in-
formation is needed by drainage contractors when repairing drain lines
that are not functioning properly or installing new drain lines between
the old ones to improve soil water removal efficiency. Consequently,
even though the S.O.D.A. VIS-C imagery might not always detect
drainage pipes, it is still beneficial regarding the topographic in-
formation acquired.

The Hardin Co. N UAV VIS-C, MS, and TIR surveys were carried out
on July 1, 2019, and results are presented in Fig. 8. These UAV surveys
focused on the field area to the north of the east-west waterway. At the
time of the UAV surveys, the field area north of the waterway was very
dry with mostly bare ground present (Table 2). The known subsurface
drainage system pattern within this field area is very complex, some
drain lines trending east-west, some trending north-south, and many
trending essentially northwest-southeast (Fig. 4b). Inspection of the
enlarged insets for the northwest portion of the field show that on this
day (July 1, 2019) the TIR imagery was able to map the northwest-
southeast trending drain lines, while the VIS-C and MS (false CIR and
red edge) imagery did not (Fig. 8). On an earlier date (April 24, 2019),
at this site, under wetter soil conditions, results were much different,
with VIS-C, MS and TIR all effective at mapping drainage pipes. Fur-
thermore, it is interesting to note there were areas of the field that had
high TIR emission and low MS reflectance that seem somewhat gully-
like in configuration. A contour map based on the DTM from the
S.O.D.A. camera VIS-C imagery seems to confirm that these features,
especially on the western side of the field, are indeed related to the
presence of topographically subtle, gully-like channels formed by

Table 3
UAV drainage pipe detection results for 29 agricultural field sites.a

a An “X” indicates that some drain lines were detected. A “- “indicates that the UAV VIS-C, MS, or TIR survey was unsuccessful at mapping drainage pipes. Sites
shaded gray are those that serve as examples emphasizing key findings of this research (See Tables 1 and 2).

Fig. 5. Overall drainage pipe detection outcome from UAV surveys conducted
at 29 agricultural field sites.
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Fig. 6. Morrow Co. UAV site survey results; (a) TIR, (b) VIS-C, (c) false CIR, and (d) red edge.
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erosion.
The example Hancock Co. UAV VIS-C, MS, and TIR surveys were

carried out on April 17, 2019, and results are presented in Fig. 10. At
the time these UAV surveys were carried out, the soil was somewhat
moist (1.5 cm of rainfall within the previous three days), and the
ground surface was mostly bare, with some soybean residue present
(Table 2). The subsurface drainage pattern for this site is quite complex
(Fig. 4c). Drain lines trend east-west just north of the northeast-south-
west oriented waterway, and just south of the waterway, the drain lines
trend north-south. In the far southwestern portion of the field, drain
lines trend north-south, while in the far southcentral and southeast
portions of the field, drain lines trend east-west (Fig. 4c). This site had
previously been visited several times to conduct UAV surveys, but
without much success in delineating drainage pipes. On April 17, 2019,
better results were achieved. At this time, the VIS-C imagery, and
especially MS imagery, depicted drain lines, but TIR imagery did not. In
Fig. 10, the TIR enlarged inset (Fig. 10a) shows only north-south linear
features associated with field operations. The VIS-C (Fig. 10b) enlarged
inset has subtle indications of the north-south drain lines south of the
waterway. The enlarged insets for the MS false CIR (Fig. 10c) and MS
red edge (Fig. 10d) both clearly show north-south linear features re-
presentative of drain lines just south of the waterway. The enlarged
insets for the false CIR and red edge imagery also show subtle east-west
linear features representing drain lines just north of the waterway.
Therefore, at this particular site, with respect to drainage pipe detec-
tion, MS imagery was by far the best, followed next by VIS-C, while TIR
did not seem to work well at all.

The example Ross Co. 1 UAV VIS-C, MS, and TIR surveys were
carried out on April 11, 2019, and results are presented in Fig. 11. At

the time these UAV surveys were carried out, the soil was very dry
(0.1 cm of rainfall within the previous week), and although there were
some bare patches of ground present, most of the field was covered by
well-established wheat (Table 2). Essentially all the drain lines in this
field trend northwest-southeast (Fig. 4e). Inspection of enlarged field
area insets in Fig. 11, show only a very subtle drainage pipe response
for the TIR imagery, a much more pronounced drainage pipe response
for the VIS-C imagery (thin darker green lines trending northwest-
southeast), and an extremely clear drainage pipe response for the
Normalized Difference Vegetation Index (NDVI) orthomosasic map
based on MS red and NIR imagery. Therefore, when a crop has become
better established or is healthier directly over the drain lines, then UAV
drainage mapping surveys can be successfully conducted during the
growing season, in which case, VIS-C, or MS plant establishment/health
index products like NDVI, may work quite well locating the drainage
pipes.

The Hardin Co. N&S UAV site surveys were carried out on April 24,
2019 and covered the complete field areas both north and south of the
east-west trending waterway, while the previously described Hardin
Co. N UAV surveys focused just on the field area north of the waterway.
At the time the Hardin Co. N&S UAV site surveys were conducted, the
soil was somewhat moist (4.2 cm of rainfall in the previous week) and
there was a significant amount of bare ground across the site (Table 2).
The north field area was tilled and had soybean residue present, while
the south field area had corn stubble along with established cover
crops, cereal rye, crimson clover, and oats (Table 2). The subsurface
drainage map for the north field area is provided in Fig. 4b. There was
no subsurface drainage map available for the south field area.

The results presented in Fig. 12 are an example where the

Fig. 7. Digital terrain model with contours (0.3m contour interval) of Morrow Co. farm field.
(white and purple colors - higher elevations; brown, yellow, and green colors – lower elevations).

B. Allred, et al. Agricultural Water Management 232 (2020) 106036

9



Fig. 8. Hardin Co. N UAV site survey results; (a) TIR, (b) VIS-C, (c) false CIR, and (d) red edge.
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combination of MS and TIR imagery provide better insight on drain line
patterns than either MS or TIR imagery alone. The TIR orthomosaic
(Fig. 12a) worked better overall than MS NIR (Fig. 12b) or the MS red
edge (Fig. 12c) at mapping drain line locations in the north field area.
In particular, within the north field area, the previously described
gullies do not obscure drain lines in the TIR orthomosaic nearly to the
degree that they are obscured in the NIR or red edge orthomosaics.
Again, in the north field area, the gullies have a dendritic pattern of
high TIR emission (lighter shading) and low MS reflectance (darker
shading). Conversely, within the red circled portion of the south field
area, north-south trending drain lines are more clearly depicted by the
NIR and red edge orthomosaics than they are with the TIR orthomosaic.
A false color composite orthomosaic that combined TIR, NIR, and red
edge is shown in Fig. 12d. In this false color composite orthomosaic, red
edge imagery was assigned shades of blue, TIR imagery was assigned
shades of green, and NIR imagery was assigned shades of red. The en-
larged field area insets of the northwest corner of the north field area
show that the false color composite orthomosaic depict drain lines
better overall than the TIR, NIR, or red edge orthomosaics alone
(Fig. 12). The TIR inset shows the drain lines crossing through the gully,
while the NIR and red edge orthomosaics do not. Although not depicted
within the TIR inset, the NIR and red edge insets clearly show a set of
drain lines that make a tight 90 degree turn from north-south to east-
west. The false color composite inset comprised of TIR, NIR, and red
edge, show both drain lines crossing the gully and the set of drain lines
that make a 90 degree turn. However, it should be noted, this false color
composite did not show the north-south drain lines within the red

circled portion of the south field area. Consequently, Hardin Co. N&S
UAV site surveys indicate that some combination of VIS-C, MS, and TIR
imagery may in some cases provide better insight on drain line patterns
than VIS-C, MS, or TIR alone. Williamson et al. (2019), at a field site
near Harlan, Indiana, also found more than one type of imagery (TIR
and MS) to be complementary for determining drain line locations.
Furthermore, MS and TIR imagery can be combined into false color
orthomosaic products that in some instances provide an improved de-
piction of drainage patterns.

The results presented in Figs. 6–12 from five sets of UAV site surveys
have some important implications mentioned as follows. Thermal in-
frared imagery does not always work best at locating drainage pipe.
Sometimes either VIS-C or MS imagery provides better insight on drain
line patterns. There will also be sites where a combination of imagery
provides more information on the subsurface drainage system present
than VIS-C alone, MS alone, or TIR alone. Therefore, the key finding
from these results is that the best approach at any site is to conduct UAV
surveys to obtain all three types of imagery, VIS-C, MS and TIR. Fur-
thermore, even if the VIS-C imagery does not detect drainage pipes, this
imagery is still valuable for providing topographic information that can
be used by drainage contractors to repair or retrofit existing subsurface
drainage systems. In addition, UAV surveys can be employed not only
outside the growing season but also during the growing season to map
drain lines.

Fig. 9. Hardin Co. N surface elevation contour map (0.1m contour interval) based on the DTM generated from S.O.D.A. camera VIS-C imagery. Dashed lines show
locations of topographically subtle, gully-like erosional features (compare to Fig. 8 TIR/MS gully patterns).
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Fig. 10. Hancock Co. UAV site survey results; (a) TIR, (b) VIS-C, (c) false CIR, and (d) red edge.
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3.3. Timing of UAV surveys relative to recent rainfall can in some cases
strongly impact drainage pipe detection results

As stated before, the recommendation for successful mapping of

subsurface drainage (outside the growing season) is to conduct aerial
surveys two to three days after a rainfall event of 2.5 cm or greater (Naz
et al., 2009). The Morrow Co. and Hardin Co. N UAV site surveys
previously described plainly indicate that strict adherence to this

Fig. 11. Ross Co. 1 UAV site survey results; (a) TIR, (b) VIS-C, and (c) NDVI.
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recommendation is not always required in order to locate buried drai-
nage pipes. At both sites, soil conditions were dry, since there had been
very little rainfall prior to conducting the UAV surveys (1.2 cm of
rainfall at Morrow Co. site in previous ten days, 1.1 cm of rainfall at the
Hardin Co. site in previous ten days). However, TIR imagery (Figs. 6a
and 8 a) clearly show the complex subsurface drainage pattern present
at these two sites. At this time, the reason is unclear as to why the TIR
imagery at these two sites was able to detect drainage pipes under dry
soil conditions. Therefore, depending on the site, there may be a much

more extensive range of soil wetness/dryness conditions than initially
thought where UAV surveys can be successfully employed to map
subsurface drainage systems.

However, during this study, there were examples where the timing
of the UAV surveys relative to recent rainfall had an important impact
regarding drainage pipe detection. The results depicted in Fig. 13 for
the Seneca Co. site demonstrate that conducting UAV surveys too soon
after a large rainfall event may not allow sufficient time for the soil to
drain directly over the drain lines, thereby preventing detection of

Fig. 12. Hardin Co. N&S UAV site survey results; (a) TIR, (b) near infrared (NIR), (c) red edge, and (d) color composite of TIR, NIR, and red edge.
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Fig. 13. Seneca Co. UAV site survey results; (a) VIS-C orthomosaic map from 10:30 in the morning and (b) VIS-C orthomosaic map from 17:10 in the afternoon.

Fig. 14. Clay Co, IA 1 and Clay Co, IA 2 UAV site survey results; (a) TIR orthomosaic map from one day before a large rainfall event and (b) TIR orthomosaic map
from one day after a large rainfall event.
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drainage pipe locations. Site soil surface conditions were wet with ex-
tensive bare ground and some soybean residue (Table 2). There was
substantial rainfall (4.2 cm) the night before the Seneca Co. UAV sur-
veys were conducted. As shown, the orthomosaic from the VIS-C survey
carried out at 10:30 the next morning did not reveal the presence of
drain lines (Fig. 13a), while the VIS-C orthomosaic from approximately
seven hours later clearly depicts the complex drain line pattern within
the field (Fig. 13b). In just seven hours, from morning to afternoon, the
soil directly over the drain lines had sufficiently drained and dried for
the subsurface drainage system pattern to become readily apparent on
VIS-C imagery.

Results from somewhat different circumstances are exhibited in
Fig. 14. At the time the Clay Co., IA UAV site surveys were conducted,
there was a limited amount of bare ground across the site (Table 2).
Corn stubble with early establishment of soybeans was present in the
east part of the field, and soybean stubble with early establishment of
corn was present in the west part of the field (Table 2). The soil was dry
during the June 13 (2018) UAV surveys, and due to a 4.2 cm rainfall on
June 14, the soil was very wet the following day, June 15, during the
second set of UAV surveys (Table 2). The subsurface drainage map for
the Clay Co., IA site is provided in Fig. 4d. With dry soil conditions prior
to the large rainfall event, drain lines are not evident in the TIR or-
thomosaic (Fig. 14a). One day after the 4.2 cm rainfall, the drain line
pattern shown in the TIR orthomosaic is unmistakable (compare Fig. 4d
with Fig. 14b). Note: Even the Seneca Co. second VIS-C survey and Clay
Co., IA 2 TIR site surveys did not completely follow UAV timing re-
commendations concerning rainfall, since each of these UAV surveys
were carried out one day after a large rainfall greater than 2.5 cm in-
stead of two to three days after the rainfall. It is certainly evident from
the results presented in Figs. 13 and 14, that the timing of UAV surveys
relative to rainfall can be very important in regard to drainage pipe
detection. However, the recommendation to only conduct UAV surveys
outside the growing season and two to three days after a large rainfall
event, while possibly ideal, may be far too restrictive.

3.4. Distinguishing linear features in UAV imagery that are due to drain
lines from linear features produced by farm field operations

Linear features representing drain lines and annual farm field op-
erations can be confused with one another and are often both depicted
on site aerial imagery. A significant proportion of the linear features
related to farm field operations could be due to wheel tracks from either
harvest, tillage, fertilizer, or planting equipment. The stalks and chaff
expelled/deposited behind combine harvesters may also produce linear
features. Compacted soil wheel tracks and wide bands of crop residue

may have different soil water content, temperature, or emissivity
characteristics compared to the ground surface where these features are
absent, thereby causing the wheel tracks or crop residue bands to show
up on VIS, MS, and TIR imagery. For the UAV imagery obtained in our
study, differentiating drain line linear features from farm field opera-
tion linear features is critical, and this problem is emphasized in Fig. 15
showing the TIR orthomosaic from the Ross Co. 2 UAV site survey. This
survey was conducted on August 23, 2018 well after wheat harvest. The
soil was fairly wet, and there were extensive amounts of bare ground
with substantial wheat stubble across the field site (Table 2). At first
glance, the east-west, lighter shaded linear features shown in the Fig. 15
TIR orthomosaic would appear to represent drain lines. However, the
enlarged inset from the southwest corner of the field show that the TIR
linear features have edge-of-field U-shaped turn around lines con-
necting one east-west linear feature to another. A configuration with
edge-of-field “turn arounds” connecting linear features indicates that
these linear features are due to field operations and not drain lines

The following is a list of considerations that were employed with the
UAV imagery in this study to distinguish drainage pipe linear features
from linear features produced from farm field operations.

1) Linear features that have a herringbone pattern as shown in Fig. 1b
or a random pattern as shown in Fig. 1c are almost without doubt
representative of a subsurface drainage system.

2) Harvest, tillage, fertilizer application, and/or planting operations,
especially in fields that have a somewhat elongated, rectangular
shape, often have at least one path that follows the perimeter of the
field, and in addition, a set of parallel, straight-line paths within the
field to provide complete coverage for the operation. The parallel set
of paths within the field are commonly oriented with the long axis of
the field. Conducting field operations in this manner is more effi-
cient by reducing the number of edge-of-field turn arounds.
Consequently, linear features that follow this general pattern are
likely the result of annual farm field operations.

3) Any edge-of-field turn arounds that connect linear features, as is
depicted in Fig. 15, are a sure sign that these linear features are due
to farm field operations.

4) Drain lines are usually entirely straight, so a set of linear features
that have a “wavy” appearance may be the result of field operations.

5) The spacing distance between drainage pipe laterals in older sub-
surface drainage systems averaged around 15–18m (50–60 ft),
while for newer systems, or a retrofit of an existing system, the drain
line spacing distance may be as small as 7.5–9m (25–30 ft). If a set
of parallel linear features have a spacing distance substantially less
than 7.5m, then these linear features more generally do not

Fig. 15. Ross Co. 2 TIR orthomosaic. The enlarged inset depicts turn around lines connecting linear features, which is indicative of field operations and not drain
lines.
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represent drain lines. (Commonly, when two sets of linear features
are found superimposed on one another, the one most likely asso-
ciated with a set of drain lines is the one exhibiting the greatest
spacing distance between adjacent lines.)

6) To improve soil water removal functionality, drainage contractors
often install drain lines at a 30 to 45 degree angle to the pre-
dominant orientation of the farm field operations. Therefore, linear
features that cross the field in a manner diagonal to field boundaries
are probably characteristic of drain lines.

7) Linear features that continually show up at the same exact locations
in aerial/satellite imagery obtained at different times, particularly
over a number of years, likely represent drain lines. (A sound ap-
proach for mapping drainage system patterns is to review of all
available historical aerial/satellite imagery from a site in conjunc-
tion with the more recent imagery obtained by the UAV survey.)

For the few UAV site surveys in this research where drain line maps
or any knowledge of the subsurface drainage system were unavailable,
these considerations proved useful differentiating drainage pipe re-
sponses from linear features produced from farm field operations. The
UAV TIR orthomosaics from the Ross Co. 3 and Defiance Co. site sur-
veys are shown in Fig. 16. On Dec. 14, 2018, when the Ross Co. 3 UAV
surveys were carried out, the soil was relatively dry, and there were
extensive amounts of bare ground with substantial soybean residue

across the field site (Table 2). On May 8, 2018, when the Defiance Co.
UAV surveys were carried out, the soil was dry, and there were ex-
tensive amounts of bare ground with substantial crop residue across the
field site (Table 2). Throughout the field areas of both sites, there seem
to be two superimposed sets of linear features, one likely from drain
lines and one probably belonging to farm field operations, In two parts
of the field area at each site, the previously listed considerations (par-
ticularly as related to spacing distance and trends relative to field
boundaries) were employed to interpret drain line orientation (solid
yellow lines) versus the orientation of linear features due to farm field
operations (dashed yellow lines). The farmer - land owner and a partial
drainage map (Fig. 4f) found after the UAV survey confirm the inter-
pretations made for the Ross Co. 3 site. At the Defiance Co. site, these
interpretations were verified as accurate by the farmer - drainage
contractor – land owner. Consequently, where the origin of linear fea-
tures present in UAV imagery is initially unclear, knowledge of sub-
surface drainage system installation and farm field operations can be
utilized to distinguish those representing drain lines versus those due to
harvest, tillage, fertilizer, and/or planting efforts.

As a final note, the 29 UAV site surveys in this study covered a range
of soil types common throughout the Midwest U.S.A. (loamy fine sand
to clay – see Table 2), different seasons of year (fall, winter, spring, and
summer), wet to dry soils, and varied surface characteristics related to
bare ground, presence of crop residue, existence of cover crops, and

Fig. 16. Example TIR orthomosaics from two sites showing two sets of linear features present in almost all field areas, (a) Ross Co. 3 TIR orthomosaic – not
interpreted, (b) Ross Co. 3 TIR orthomosaic – interpreted for orientation of drain lines (solid yellow lines) and field operation trends (dashed yellow lines), (c)
Defiance Co. TIR orthomosaic – not interpreted, and (d) Defiance Co. TIR orthomosaic – interpreted for orientation of drain lines (solid yellow lines) and field
operation trends (dashed yellow lines).
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corn/soybean/wheat establishment. Somewhat surprisingly, given this
wide array of site conditions, UAV VIS-C, MS, and TIR imagery worked
quite well overall at mapping agricultural subsurface drainage systems.
Even if this technology is not successful at a particular site for finding
drainage pipes, it is still useful for the topographic information it can
provide, which in and of itself is valuable to drainage contractors in-
stalling or retrofitting subsurface drainage systems or for gaining in-
sight on surface runoff attributes.

3.5. Future work

The next major step planned for this research program is to develop
specific guidelines as to when and where this UAV technology can be
best employed to map agricultural subsurface drainage systems. To
develop these guidelines, additional UAV VIS-C, MS, and TIR surveys
are planned at six farm field sites in Indiana, Michigan, and Ohio,
specifically chosen so that there will be a wide range of soil types across
the six sites. Each site is planned to be visited eight times over a two
year period. With this approach, the range of site conditions (soil type,
time of day, within or outside of growing season, soil wetness/dryness,
and ground surface characteristics) under which a particular type of
imagery (VIS-C, MS, or TIR) is effective at mapping drain lines can be
determined. All of this information can then be utilized to produce
guidelines in the form of a decision tree or matrix that can used by
farmers and drainage contractors to decide what type of imagery, VIS-
C, MS, or TIR, will work best for drainage mapping and when would be
the best time to carry out such a UAV survey.

To gain better insight on the ground surface thermal infrared
emission response in farm fields, soil temperature and emissivity
measurements are planned to be obtained over time (daily and yearly)
in a set of small test plots with variable soil types, wetness/dryness, and
surface cover (i.e. bare ground, crop residue, etc.). Furthermore, ad-
vanced processing techniques can be evaluated to more clearly depict
drain line responses in UAV VIS-C, MS, and TIR imagery. In particular
this advanced processing may include first stacking all the imagery
bands and then conducting a decorrelation stretch, minimum noise
fraction transform, or principal component transform on the multi-band
image for the purpose of suppressing noise components and thereby
enhancing the drainage pipe response. Supervised machine learning
algorithms may also be developed and employed to analyze UAV
imagery and automatically differentiate drain line responses from
linear features produced from farm field operations.

4. Summary

There are strong economic and environmental motivations for
finding effective, efficient, and non-destructive methods to map agri-
cultural subsurface drainage systems. The use of unmanned aerial ve-
hicles (UAVs) with visible-color (VIS-C), multispectral (MS) and
thermal infrared (TIR) cameras may provide the solution to the drai-
nage mapping problem. This technology was tested at 29 different field
sites in the Midwest U.S.A. (states of Indiana, Iowa, Michigan, and
Ohio). The UAV VIS-C imagery detected at least some drain lines at 48
% of the sites (15 out of 29), MS imagery detected drain lines at 59 % of
the sites (15 out of 29), and TIR imagery detected drain lines at 69 % of
the sites (20 out of 29). Three key findings regarding UAV drainage pipe
mapping were extracted from the overall results. (1) Although TIR was
effective at more of the sites, there were individual sites where VIS-C
and/or MS worked better than TIR for mapping subsurface drainage
systems. Consequently, to ensure the greatest chance for successfully
determining drainage pipe patterns in a field, UAV surveys need to be
carried out with all three types of cameras, VIS-C, MS, and TIR. (2) The
timing of UAV surveys relative to rainfall can be critical regarding
drainage pipe detection. However, the recommendation to only conduct
UAV surveys outside the growing season and two to three days after a
large rainfall event, while possibly ideal, may be far too restrictive.

Somewhat surprisingly, there were examples in this study where the
UAV surveys identified drain lines even when there was an established
crop in place or when the soil was very dry. (3) Where the origin of
linear features present in UAV imagery is initially unclear, knowledge
of subsurface drainage system installation and farm field operations can
be utilized to distinguish linear features representing drain lines versus
the linear features due to harvest, tillage, fertilizer, and/or planting
efforts. Aside from these three key findings, even if this technology is
not successful at a particular site for finding drainage pipes, it is still
useful for the topographic information it can provide, which in and of
itself is valuable to drainage contractors installing or retrofitting sub-
surface drainage systems or for gaining insight on surface runoff attri-
butes. The overall results and extracted key findings from this study
clearly indicate that VIS-C, MS, and TIR imagery obtained with UAVs
have significant potential for use in mapping agricultural drainage pipe
systems.

Future work is planned to primarily focus on six Indiana, Michigan,
and Ohio farm field sites, each of which is planned to be visited at eight
times over a two year period for subsurface drainage mapping with
UAV VIS-C, MS, and TIR cameras. With this approach, the range of site
conditions (soil type, time of year, wetness/dryness, and surface char-
acteristics) under which a particular type of imagery (VIS-C, MS, or
TIR) is effective at mapping drain lines can be determined. These results
can then be employed to develop specific guidelines on the use of UAV
VIS-C, MS, and TIR imagery to map agricultural subsurface drainage
systems.
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