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Abstract 
 
Subsurface drainage systems are commonly installed in agricultural areas to remove the excess soil 
water. Knowledge of the position of the existing drainage network is often lacking. This complicates 
1) the understanding of increased leaching and offsite release of nutrients and in turn the development 
of eutrophication mitigation strategies and 2) retrofitting the new drain lines within the existing 
drainage system to increase drainage efficiency. The conventional methods of drainage mapping 
include the use of tile probe and trenching equipment, which are invasive, laborious and often 
inefficient to apply at large spatial scales. Recent technological developments in non-destructive 
techniques (NDT) provide a potential alternative solution. In this study, we explore the suitability of 
unmanned aerial vehicle (UAV) imagery collected using three different cameras (visible-color, 
multispectral and thermal infrared) and a ground penetrating radar (GPR) for subsurface drainage 
mapping. Both these techniques are complementary in terms of their usage, applicability and the 
properties they measure. While UAV imagery is useful in measuring surface soil and plant properties 
and the flights can cover large areas in limited time, the GPR works the best to understand subsurface 
variation in soil electrical properties and is comparatively hard to employ across large areas. Both 
these techniques were applied at three different sites near Mount Gilead, OH; Clayton, MI and 
Palmyra, MI in the Midwest U.S. At the Mount Gilead site, it was possible to delineate the location of 
drainage pipes using both the UAV imagery and GPR, hence, providing a suitable validation 
technique and depth information. At the Clayton site, while UAV imagery was successful on the 
western part of the field, GPR proved to be useful in the eastern part where the UAV imagery failed to 
capture the drainage pipe locations. At the Palmyra site, less to no success was observed in finding the 
drain lines using UAV imagery, while good success was achieved using the GPR. Although UAV 
imagery seems to be an attractive solution for mapping subsurface drainage systems as it is cost-
effective and can cover large field areas, the results suggest the usefulness of GPR to complement the 
UAV imagery as both a mapping and validation technique.  Future research focuses on understanding 
the dependence of the UAV imagery and GPR on the soil type, crop residue, tillage practice, ground 
wetness level and rainfall event prior to the surveys with the aim of developing guidelines in relation 
to the choice of sensor for subsurface drainage mapping. 

Keywords: Subsurface Drainage Systems; Unmanned Aerial Vehicle (UAV) Imagery; Ground 
Penetrating Radar (GPR); Non-Destructive Techniques (NDT). 
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Introduction 
 
Subsurface drainage systems are installed in agricultural areas to remove excess water and convert 
poorly drained soils into productive cropland. Some of the most productive agricultural regions in the 
world are a result of subsurface drainage practices (Skaggs et al., 1994). Subsurface drainage provides 
many agronomic, economic and environmental benefits by lowering the water table enhancing 
optimal conditions for proper aeration of the plant roots and improved trafficability and timeliness of 
field operations thereby increasing the crop yields (Fraser et al., 2001). However, drain lines act as 
shortened pathways for solute transport and the increased leaching and offsite release of nutrients and 
pesticides from the agricultural areas that have adopted subsurface drainage practices presents a 
potential risk for eutrophication and contamination of surface water bodies (Rogers et al., 2005). 
Hence, knowledge of the position of the subsurface drainage systems is important for understanding 
of the local hydrology and solute dynamics for consequent planning of mitigation strategies such as 
constructed wetlands, saturated buffers, bioreactors, and nitrate and phosphate filters.  
 
In addition, the installation of a new set of drain lines to enhance soil-water removal efficiency 
requires accurate knowledge of the existing drainage system as the new drain lines are typically 
installed in-between the old drain lines (Allred et al., 2005). This is also true for the dysfunctional 
drainpipes as the farmers need their precise location to get them repaired (Allred and Redman, 2010). 
Despite the importance for environmental risk assessment and efficient land management, the location 
of the drainpipes is often poorly documented, inducing the need for extensive mapping campaigns. 
 
The traditional methods of drainage mapping involve the use of tile probes and trenching equipment, 
which are localized, laborious and invasive, thereby carrying an inherent risk of damaging the 
drainpipes. Non-destructive techniques (NDT), both proximal and remote, commonly used for soil 
and crop sensing may provide a potential alternative solution. In proximal sensing techniques, 
previous research demonstrated considerable success using a time-domain GPR (e.g. 250 MHz 
antennas; Allred et al., 2005; Allred and Redman, 2010) in finding the drainpipes. Although non-
invasive and effective, the necessity to perform the survey along multiple parallel transects to obtain 
complete coverage of the field area can sometimes be impractical and challenging. More recently, 
Allred et al. (2018a) proposed using spiral, serpentine transects as an alternative, and Koganti et al. 
(2019) used a stepped-frequency 3D-GPR system with a wide antenna array for effective coverage of 
three-dimensional space to confirm the presence of a drain line and to ascertain its orientation. 

 
In remote sensing techniques, most of the previous studies analyzed satellite imagery and aerial 
imagery from manned aircrafts to study subsurface drainage systems. While the coarser resolution of 
satellite imagery limited its capability to determine the areas that are potentially drained from 
undrained, the high-resolution aerial photos showed promise in finding the precise location in some 
instances, although collecting such imagery could turn out to be expensive (Thayn et al., 2011; Verma 
1996). Recent technological advancements in remote sensing enabled unmanned aerial vehicles 
(UAVs) and their compatible cameras – visible (VIS), multispectral (MS) and thermal infrared (TIR) 
to be affordable. Few recent studies (Allred et al., 2018b; Freeland et al., 2019; Williamson et al., 
2019) have explored the potential of UAV imagery for subsurface drainage mapping, however much 
more work is warranted in this direction. 
 
In this study, we evaluate the potential of UAV imagery in combination with GPR across three study 
sites in the Midwest U.S. for mapping subsurface drainage systems. UAV imagery was collected 
using three different cameras (VIS, MS and TIR) and the GPR data were collected across a limited 
spatial extent. The case study presented here explores the suitability of both the techniques, compare 
and contrast their abilities and provides insight into their complementary nature. 
 
Study Sites  
 
One site in Ohio (OH) and two sites in Michigan (MI) in the Midwest U.S. were visited as a part of 
this study. Table 1 provides details on their location, site conditions and soil type. 
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Table 1 Study site description. 

Site Name 
Location 

Site Conditions Soil Type # 
Lat Long 

Mount 
Gilead, OH 

40.60615 -82.67558 
bare ground with corn stubble 
to the east side and soybean 

stubble to the west side 
silt loam 

Clayton, MI 41.87257 -84.24222 
limited bare ground, 

established cover crop  
sandy loam, loam, clay 

loam  
Palmyra, 

MI 
41.88650 -83.90900 

extensive bare ground 
throughout 

loam 
# Soil type details obtained from SoilWeb Earth (UC Davis, California Soil Resource Lab, Davis, CA, USA). 
 
UAV and GPR surveys 
 
A fixed-wing UAV, eBee Plus (SenseFly SA, Cheseaux-sur-Lausanne, Switzerland) with real-time 
kinematic and post-processed kinematic GPS functionality was used in this study and three flights 
were carried out separately using a VIS (S.O.D.A), MS (Sequoia+) and TIR (thermoMAP) cameras. 
Table 2 shows the specifications of the cameras when the UAV surveys were carried at approximately 
117 m height above the ground. Later the data were processed and orthomosaic images were created 
using Pix4Dmapper Pro software (Pix4D SA, Prilly, Switzerland). 
 
Table 2 Camera specifications and resolution for the UAV flights at approximately 117 m height. 

Camera Sensor 
Center 

Wavelength(s) nm 
Bandwidth 

Resolution 
cm/pixel 

S.O.D.A RGB 450, 520, & 660 ∼ 300 2.8 
Sequoia+ RGB 470, 550, & 660 ∼ 300 3 

 Green 550 40 11 
 Red 660 40 11 
 Red Edge 735 10 11 
 Near Infrared 790 40 11 

thermoMAP Thermal Infrared 10,000 3000 22 
 
The GPR data was collected using a time-domain pushcart Noggin - 250 MHz system (Sensors and 
Software Inc., Ontario, Canada) as this center frequency antennas were earlier proven to be more 
optimal for the drainage mapping purpose (Allred et al., 2005). The GPR data were processed using 
EKKO Project V5 Suite software (Sensors and Software Inc., Ontario, Canada). 
 
Results and Discussion 
 
The detectability of drain line signatures in UAV imagery might become possible due to the greatest 
water removal and soil drying directly above a drain line after a significant rainfall event (Verma et 
al., 1996). Consequently, given bare ground conditions, lighter shaded dry soil surface features (i.e. 
increased reflected radiation) that are linear may be representative of drain lines. In addition, soil 
water content differences over drain lines compared to in-between the drain lines can also result in 
emitted thermal radiation differences. Furthermore, early in the growing season, the crops tend to 
establish first directly above the drain lines and are in better health compared to in-between the drain 
lines as optimal soil-water conditions are established for proper aeration. 
 
At Mount Gilead site, the drainage installation map was secured from the contractor for the eastern 
part of the field. Here, the drainage pattern trends north-south to the eastern boundary extending to the 
central and southern parts. In the north-central region the drains trend in the east-west direction. 
Drains lines orient in the north-south direction towards the western part of the field, however, no prior 
maps are available from these older installations. Figure 1a shows TIR orthomosaic image where 
drain lines show up as lighter shaded linear features spaced uniformly apart and the trend matching 
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with the prior available information. This proves TIR imagery to be more suitable for identifying the 
drain line locations compared to the VIS and MS orthomosaic imagery (not shown here) at this site 
for the given field conditions. In the VIS and MS imagery, the drain lines were either invisible or hard 
to discern from the tightly spaced linear features that are likely a result of field operations (e.g. harvest 
or tillage tracks). This was validated by collecting the GPR data across a limited extent traversing 
perpendicular to the expected drain line orientation and using spiral and serpentine transects (Figure 
1b). Figure 1c shows the typical drainpipe signature (i.e. hyperbolic pattern on the vertical profile) 
when the GPR data is collected in a direction perpendicular to the drainpipe orientation. The drainpipe 
is located at the apex of the hyperbola, hence providing the depth information. In the example below, 
the drainpipes are at approximately 0.7 m and 1.0 m depth. 
 
At the Clayton site, due to the presence of cover crop at the time of the surveys, the difference in crop 
development resulted in drain lines to show up as linear patterns in both the VIS and different bands 
of MS imagery. Interestingly, TIR imagery also worked well even with the crop cover to discern the 
drain line locations showing that the temperature differences are almost always present. This was only 
true to the western part of the field to the north of the road and the central part to the south of the road. 
At the eastern part of the field north of the road, the UAV imagery failed to capture the drain line 
locations and GPR data were successful in discerning the drainpipe locations. At Palmyra site, based 
on the UAV imagery alone, it was possible to misinterpret that the field is potentially undrained as 
both the VIS and TIR imagery failed to capture any of the drainpipe locations. The use of GPR in 
combination and along the edge of the field revealed that the drainpipes exist, hence, showing the 
merits of their complimentary usage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 UAV and GPR survey results from Mount Gilead site; a) TIR imagery clearly showing 
lighter shaded linear patterns (pink square), b) GPR data collected across limited spatial extent with 
the possible drainpipe locations marked and c) GPR profile showing hyperbolic patterns (marked in 
yellow) caused by the drainpipes. Note: the hyperbolic patterns were closely spaced because the data 
were collected using spiral transects and does not represent the actual drain line spacing. 
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Conclusions 
 
UAV imagery proved to be a feasible and cost-effective solution for subsurface drainage mapping as 
large agricultural areas can be surveyed in limited time. However, its inability to find the linear 
patterns (e.g. drainpipes) under certain circumstances and lack of distinction with other similar linear 
features (e.g. harvest or tillage tracks) which are a result of field operations remain as caveats for this 
technique. While GPR was earlier proven effective, it is inefficient and cost-intensive to cover large 
field areas with this technology. Collecting GPR data along with the UAV imagery not only provided 
depth information of the drainpipes but was also helpful to set apart the linear signatures caused by 
drain lines from that of field operations. In this relation, the use of UAV imagery in-combination with 
GPR across limited transects proved to be a more optimal approach for subsurface drainage mapping.  
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