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Abstract: The measurement of soil moisture is important for a wide range of 11 

applications, including ecosystem conservation and agricultural management. However, 12 

most traditional measurement methods, e.g., time-domain reflectometry (TDR), are 13 

unsuitable for mapping field scale variability. In this study, we propose a method that 14 

uses an unmanned aerial vehicle (UAV) to support a ground penetrating radar (GPR) 15 

system for spatial scanning investigation at different elevations above ground level. 16 

This method measures the surface reflectivity to estimate the soil moisture, exploiting 17 

the linear relationship between the ratio of the reflected and the direct wave amplitudes 18 

along with the reciprocal of GPR antenna height. This relationship is deduced in this 19 

study based on the point source assumptions of a transmitter antenna and ground 20 

reflections, which is confirmed by numerical simulation results using the gprMax 21 

software. Unlike previous air-launched GPR methods, the UAV-GPR method presented 22 

here removes the limitations of a steady transmitter power and a fixed GPR survey 23 

height and the need for calibration of antenna transfer functions and geophysical 24 

inversion calculations, and thus is simpler and more convenient for field applications. 25 

We test the method at field sites within the riparian zone and a river-island grassland 26 

adjacent to the Yangtze River. The results from the field study illustrate comparable 27 

measured soil moisture to those obtained invasively using TDR. The root mean square 28 

error (RMSE) of surface reflectivity and soil moisture values between UAV-GPR with 29 
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8 antenna height investigations and TDR in the grassland are 0.03 and 0.05 cm3/cm3, 30 

respectively.  31 

 32 

Keywords: UAV, GPR, reflectivity, permittivity, soil moisture.  33 



3 
 

1. Introduction 34 

Surface soil water plays an important role in the exchange of energy and water. It 35 

provides valuable information for root zone water storage and soil water profile 36 

estimation [Camillo and Schmugge, 1983], and its measurement is considered to be the 37 

most basic index for irrigation management of crops [Vereecken et al., 2008]. 38 

Measurement of surface soil water content is, therefore, important for ecosystem 39 

conservation and agricultural management [Robinson et al., 2008], but also for 40 

assessing the surface boundary conditions for aquifer recharge processes. 41 

 42 

In-situ soil moisture measurement methods (such as gravimetric analysis of samples, 43 

and volumetric sensing using time-domain reflectometry (TDR)) are widely used 44 

because of high measurement accuracy [Stafford, 1988]. However, these traditional 45 

measurement methods are invasive and have a relatively small measurement support 46 

volume, making them inefficient for assessing variation at the field (and larger) scale 47 

[Robinson et al., 2008; Wu et al., 2019]. 48 

 49 

Remote sensing technologies (such as microwave and optical satellites) provide 50 

effective tools for the regional ground soil moisture survey [Karthikeyan et al., 2017a; 51 

b]. However, because of high elevation of remote sensing measurements, the spatial 52 

resolution of these methods is coarse, and the measurement accuracy is poor [Lakshmi 53 

et al., 2013]. Recent developments in the relatively new ground-based cosmic-ray 54 

sensing method permits an assessment of soil moisture over relatively large areas, and 55 

offers great promise for monitoring large scale processes [Andreasen et al., 2017]. 56 

However, there remains a need for mobile sensing approaches that can assess the 57 

variability of soil moisture at the field-scale. 58 

   59 

Ground penetrating radar (GPR) is an effective tool for measuring soil moisture 60 

[Babaeian et al., 2019; Huisman et al., 2003; Liu et al., 2019]. The basic principle of 61 

GPR is that a transmitting antenna emits a pulsed radar signal and a receiving antenna 62 

receives signals, either directly or reflected from contrasts in electrical properties in the 63 

soil profile [Annan, 2005; Daniels, 2004]. The velocity of the electromagnetic (EM) 64 

wave is inversely proportional to the dielectric permittivity, which is related to the water 65 
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content of the soil, as exploited in the conventional TDR measurement of soil moisture 66 

[Anbazhagan et al., 2020; Babaeian et al., 2019; Huisman et al., 2003].  67 

 68 

GPR can be used in a number of configurations for dielectric permittivity measurement. 69 

Adopting a common-offset configuration of transmitter (Tx) and receiver (Rx) antennas, 70 

signals reflected from depth in the soil can be used to assess EM wave velocity if the 71 

depth to the reflector (e.g., soil horizon) is known [Lunt et al., 2005]. As this is often 72 

not the case, multi-offset methods, such as the common midpoint (CMP) or wide-angle 73 

reflection and refraction (WARR), offer an alternative, allowing the depth of a 74 

continuous reflector and the velocity of the EM wave reflected to be determined 75 

[Huisman et al., 2003; Kaufmann et al., 2020]. Such approaches are time consuming 76 

and offer low spatial resolution because of the need to change the Tx-Rx offset. In order 77 

to improve the measurement efficiency, multi-channel GPR systems have been utilized 78 

[Kaufmann et al., 2020; Muller, 2020], although such systems are currently relatively 79 

expensive.  80 

 81 

An alternative approach, using a common offset configuration, is to exploit signals 82 

observed from localized objects (such as stones) within the soil profile [Daniels, 2004; 83 

Slater and Comas, 2009]. The resultant hyperbolic patterns in the radargram can be 84 

analyzed easily to determine an effective EM wave velocity. However, such localized 85 

features are often not present, making such approaches somewhat limited.  86 

 87 

Rather than measuring reflected waves, the direct wave (or “ground wave”) offers 88 

information about the dielectric permittivity (and hence soil water content) at the 89 

ground surface [Algeo et al., 2018]. Attempts have been made to utilize this for 90 

assessing variation in soil moisture, although analysis of such signals can be 91 

challenging.  92 

 93 

Recognizing some of the challenges listed above for ground-based GPR measurement 94 

of soil moisture, air-launched approaches have been proposed [Davis and Annan, 2002; 95 

Redman et al., 2002]. Such approaches exploit the fact that the amount of energy 96 

reflected at the air-soil interface is a function of the dielectric permittivity of the soil at 97 

the ground surface. For example, the surface reflectivity is expressed as the ratio of the 98 

reflected wave amplitude to the critical reference measurement above a perfect electric 99 
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conductor at a fixed survey elevation [Davis and Annan, 2002; Redman et al., 2002]. 100 

However, for this surface reflection method, the requirements of a fixed survey 101 

elevation and a reference measurement increase the complexity of implementation and 102 

restrict its wide application [Lambot et al., 2006a]. A full-wave inversion method based 103 

on the air-launched ultrawide band monostatic horn antenna has been used to estimate 104 

the soil moisture [Lambot et al., 2004; Dehem, 2020; Minet et al., 2012; Wu et al., 2019]. 105 

However, results of this method greatly depend on the accuracy of observed signals 106 

affected by many factors (e.g., instrumental errors and environmental factors such as 107 

surface roughness and land cover) [Andre et al., 2019; Lambot et al., 2006b]. 108 

 109 

An airborne-mounted GPR provides a means of being able to distinguish the ground 110 

reflected wave from the air wave by increasing the travel time of ground reflected 111 

signals with increased elevation of the GPR antenna [Diamanti and Annan, 2017; 112 

Edemsky et al., 2021]. Such an approach has an important advantage over earlier air-113 

launched GPR by not requiring the operator ground access to the survey area, thus 114 

avoiding disturbance and land degradation, which could be important in sensitive or 115 

protected areas [Edemsky et al., 2021; Pritchard et al., 2020].  116 

 117 

Airborne GPR with a helicopter or fixed-wing aircraft has shown promise in glaciology 118 

studies for assessing ice thickness [Jenssen and Jacobsen, 2021; Pritchard et al., 2020]. 119 

Compared to piloted aircrafts, UAVs are more convenient, mobile, safe and affordable, 120 

and have become valuable remote sensing platforms [Linna et al., 2022]. That said, we 121 

recognize that any airborne survey must be carried out within the constraints of local 122 

legislation. Modern UAVs are commonly equipped with accurate positioning strategies 123 

for flight trajectories that allow them to follow specified routes [Catapano et al., 2021]. 124 

However, for the current-technology UAVs, there are still some limitations such as 125 

flight-time, load weight, etc. 126 

 127 

One challenge of a UAV-GPR system is the source of in-flight magnetic and 128 

electromagnetic interference signals that are greater than the resolvability threshold of 129 

the GPR magnetometer. Fortunately, some studies indicate that the UAV-borne 130 

interference signal frequencies are much lower than the frequencies of GPR [Walter et 131 

al., 2021]. Therefore, the electromagnetic interference generated by the UAV platform 132 

for GPR can be neglected. Note also, that the addition of a GPR transmitter to any 133 
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airborne platform may add further constraints on use, depending upon the local legal 134 

requirements for GPR use.  135 

 136 

In recent years, there have been many applications for UAV-GPR systems including 137 

soil moisture mapping, and snow, ice, and glacier measurements [Lopez et al., 2022; 138 

Mangel et al., 2022; Noviello et al., 2022]. Lopez et al. [2022] and Noviello et al. [2022] 139 

overviewed the technical solutions of UAV-based GPR systems and analyzed the main 140 

factors affecting performance, such as clutter waves, electromagnetic disturbances, 141 

flight stability and positional accuracy. Mangel et al. [2022] recently outlined some of 142 

the potential benefits and opportunities that UAV-based geophysical sensors offer for 143 

hydro-geophysical applications.  144 

 145 

For soil moisture mapping, most studies have used the full-wave inversion method. For 146 

example, Wu et al. [2019] proposed a UAV-GPR with a lightweight hybrid horn-dipole 147 

antenna, and Dehem [2020] developed a UAV-GPR with a monostatic dipole antenna. 148 

However, the full-wave approach includes relatively complex processing steps, e.g., the 149 

antenna calibration and geophysical inversion. Furthermore, its measurement accuracy 150 

depends on the estimation of the antenna transfer functions and the stability of radar 151 

system [Ardekani and Lambot, 2014]. Our aim here is to propose and test a simple soil 152 

moisture estimation method with a UAV-GPR system that can be applied using widely 153 

available UAV and GPR instruments. 154 

 155 

In this study, we utilize the DJI® T16 UAV (Shenzhen DJI Sciences and Technologies 156 

Ltd.) for a UAV-GPR system with the purpose of mapping shallow soil moisture. The 157 

theory of the reflection method for air-launched GPR is first developed, then we 158 

propose a multi-elevation UAV-GPR method to measure the ground reflectivity for the 159 

soil moisture estimation. We next test the method using a numerical model based on 160 

the gprMax software [Warren et al., 2016] and field experiments. We then use the 161 

multi-elevation UAV-GPR method to measure the soil moisture distribution at two field 162 

sites and compare the measurement results with those measured by TDR. Finally, before 163 

offering some overall conclusions, we analyze and appraise various aspects of the 164 

method, including: the effect of antenna frequency; the benefit of obtaining 165 

measurements at multiple elevations; the measurement footprint and the possible effect 166 

of ground surface roughness.     167 
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2. Theoretical development  168 

 169 

2.1 Relationship between reflected wave amplitude and GPR height 170 

As stated earlier, GPR measurements are typically based on the transmission and 171 

reflection of a pulsed EM wave. This pulse is generated by a bow-tie transmitter antenna 172 

(Tx in Fig. 1a) in this study, reflected at medium boundaries where subsurface electrical 173 

properties change, and detected by the receiver antenna (Rx in Fig. 1a) [Annan, 2005; 174 

Daniels, 2004; Travassos et al., 2018]. In addition to the reflected waves, Rx also 175 

receives the direct wave that travels directly between the transmitter and receiver 176 

antennas. If we consider an airborne antenna arrangement then we can ignore the effect 177 

of direct waves travelling along the ground surface. The direct wave is, therefore, 178 

simply the air wave, which arrives at Rx earlier than any reflected waves as its travel 179 

distance is shortest. As a result, the reflected wave at the ground surface is clearly 180 

separated from the direct wave [Diamanti and Annan, 2017], and amplitudes (i.e., 181 

signal) of the reflected and air waves can be separated easily (Fig. 1b).  182 

 183 

 184 

Fig. 1 Air-launched ground penetrating radar: (a) principle; (b) characteristic 185 

parameters of received radar signals, where A and A0 are the amplitudes of reflected 186 

and air waves, respectively; H is the antenna height; τ is the travel time difference 187 

between reflected and air waves and c is the radar velocity in air (≈3×108 m/s). 188 

A
0
 

A 

H=c×τ /2 

τ (a) (b) 
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The EM wave from the bow-tie antenna will spherically spread in the air [Annan, 2005]. 189 

If we assume that the ground surface is an infinite plane, the ground surface will receive 190 

one half of the radar radiations: 191 

                  𝑃𝑃in = 𝑃𝑃Tx
4𝜋𝜋𝑟𝑟2

𝑆𝑆 = 𝑃𝑃Tx
2

, (1) 192 

where PTx and Pin are the power of transmitter and incident waves, respectively; S is 193 

the received area at the ground surface; r is the distance from the transmitter. 194 

 195 

When EM waves reach the ground surface, part of them will refract into the subsurface, 196 

and the remainder will reflect into the air. The power of reflected waves (Pout) is:   197 

                    𝑃𝑃out = 𝜉𝜉2𝑃𝑃in, (2) 198 

where ξ is the reflectivity of the ground surface, and can be estimated as [Ardekani, 199 

2013; Huisman et al., 2003]:    200 

                      𝜉𝜉 = −𝐴𝐴out
𝐴𝐴in

, (3) 201 

where Ain and Aout are the amplitudes of incident and reflected waves on the ground, 202 

respectively.  203 

 204 

Next, the reflected waves will spread spherically into the air, as shown in Fig. 1a. 205 

Because the effective reflected radar signals are from the first Fresnel zone that is 206 

proportional to the square root of antenna height [Huisman et al., 2003], we can treat 207 

the ground surface as a point radar source, and then the power of reflected waves sensed 208 

by the receiver antennas can be estimated as: 209 

               𝑃𝑃Rx = 𝑃𝑃out
2𝜋𝜋𝑟𝑟2

𝑆𝑆1 = 𝜉𝜉2𝑃𝑃Tx
4𝜋𝜋𝐻𝐻2 𝑆𝑆1, (4) 210 

where PRx is the power of received reflected waves; S1 is the received area of the 211 

receiver antenna; H is the height of the antenna. 212 

 213 

The direct air waves arise from the geometric spreading of the radar (Fig. 1a). Thus, the 214 

power of air waves detected by receiver antennas can be expressed as: 215 

                    𝑃𝑃Rx0 = 𝑃𝑃Tx
𝑆𝑆2
𝑆𝑆1, (5) 216 
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where PRx0 is the power of received air waves; S2 is the spreading area of radar from 217 

transmitter to receiver. If the transmitter can be treated as a point source, then S2 is close 218 

to the spherical area： 219 

                     𝑆𝑆2 ≈ 4𝜋𝜋𝐷𝐷2, (6) 220 

where D is the distance between transmitter and receiver. 221 

 222 

Using Eqs. (4) and (5), we can write: 223 

                  𝑃𝑃Rx
𝑃𝑃Rx0

= 𝜉𝜉2𝑆𝑆2
4𝜋𝜋

1
𝐻𝐻2. (7) 224 

 225 

As the wave power is proportional to the square of the wave amplitude [Annan, 2005], 226 

we can translate Eq. (7) into: 227 

              𝑃𝑃Rx
𝑃𝑃RX0

= 𝑎𝑎𝐴𝐴2

𝑎𝑎𝐴𝐴02
= 𝐴𝐴2

𝐴𝐴02
= 𝜉𝜉2𝑆𝑆2

4𝜋𝜋
1
𝐻𝐻2, (8) 228 

i.e., 229 

                        𝐴𝐴
𝐴𝐴0

= 𝐾𝐾 1
𝐻𝐻

, (9) 230 

                       𝐾𝐾 = 𝑘𝑘 × |𝜉𝜉|, (10) 231 

                   𝑘𝑘 = �𝑆𝑆2
4𝜋𝜋
≈ �4𝜋𝜋𝐷𝐷2

4𝜋𝜋
= 𝐷𝐷, (11) 232 

where A and A0 are the amplitudes of reflected and air waves, respectively; a is a 233 

constant; K is referred to as the ratio (i.e., slope coefficient) of A/A0 to 1/H; k is the GPR 234 

shape factor, which is related to the Tx-Rx separation distance (D), antenna directivity 235 

and antenna geometry. The value of k approximates D when the Tx antenna can be 236 

treated as a point source (Eq. (6)).  237 

 238 

Eq. (9) shows that the amplitude of reflected wave (A) is inversely proportional to the 239 

GPR height (H). As shown in Fig. 1b, the amplitude values (i.e., A and A0) can be 240 

directly extracted from received radar signals, and the antenna height (H) can be 241 

calculated by the travel time difference between the reflected and air waves. If we 242 

assume that the air wave amplitude (A0) is constant (i.e., the power of transmitter 243 
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antenna is steady), the ratio of the ground reflected wave amplitude to the reflected 244 

wave amplitude above a metallic plate at a fixed GPR height is: 245 

       𝐴𝐴
𝐴𝐴0

𝐴𝐴m
𝐴𝐴0

� = (�𝑆𝑆2
4𝜋𝜋

|𝜉𝜉| 1
𝐻𝐻

) ��𝑆𝑆2
4𝜋𝜋

|𝜉𝜉𝑚𝑚| 1
𝐻𝐻
� = |𝜉𝜉|

|−1|� , (12) 246 

i.e., 247 

                       |𝜉𝜉| = 𝐴𝐴
𝐴𝐴m

, (13) 248 

where Am is the amplitude of reflected wave measured over a metal plate target at a 249 

fixed elevation; ξm is the reflection coefficient of a metallic plate i.e., -1. 250 

 251 

Eq. (13) is in agreement with the findings of Redman et al. [2002]. The deduction 252 

processes for Eq. (13), i.e., for previous air-launched GPR methods, rely on two 253 

assumptions: the transmitter power is always steady and the GPR height is fixed. 254 

However, in practice, these two assumptions are rarely satisfied, which may result in 255 

poor accuracy of measurements [Huisman et al., 2003; Lambot et al., 2006a; Liu et al., 256 

2019]. 257 

 258 

2.2 Principle of a multi-elevation UAV-GPR method 259 

In consideration of GPR instrumental biases (i.e., the measurement errors of the 260 

reflected and direct wave amplitudes and the antenna height (Fig. 1b)), a multi-261 

elevation investigation allows repeated measurement to reduce the effect of 262 

instrumental errors [Schennach, 2016]. We adopt the least squares approach to solve 263 

Eq. (9) for the change in the amplitude ratio with respect to the reciprocal of GPR height, 264 

i.e., the slope coefficient (K): 265 

               𝐾𝐾 =
[ 1𝐻𝐻𝑖𝑖

]′[ 𝐴𝐴𝑖𝑖𝐴𝐴0𝑖𝑖
]

[ 1𝐻𝐻𝑖𝑖
]′[ 1𝐻𝐻𝑖𝑖

]
= ∑ 𝐴𝐴𝑖𝑖 (𝐴𝐴0𝑖𝑖𝐻𝐻𝑖𝑖)⁄𝑛𝑛

1
∑ 1 𝐻𝐻𝑖𝑖

2⁄𝑛𝑛
1

, (14) 266 

where n is the number of measurements at a given horizontal position; Hi is the ith GPR 267 

survey height; Ai/A0i is the measurement of reflected and air wave amplitude ratio at the 268 

corresponding altitude of Hi. 269 

 270 

Based on Eq. (14), we can solve Eq. (10) for surface reflectivity: 271 
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               |𝜉𝜉| = 𝐾𝐾
𝑘𝑘

= ∑ 𝐴𝐴𝑖𝑖 (𝐴𝐴0𝑖𝑖𝐻𝐻𝑖𝑖)⁄𝑛𝑛
1
∑ 1 𝐻𝐻𝑖𝑖

2⁄𝑛𝑛
1

1
𝑘𝑘
. (15) 272 

 273 

In Eq. (15), the shape factor (k) can be calibrated based on Eq. (10) i.e., the linear 274 

relationship between the ratio of the reflected and air wave amplitude rate to the 275 

reciprocal of GPR height (A/A0 ~ 1/H), and the corresponding surface reflectivity value 276 

(ξ). Based on the multi-elevation measurements above different ground surfaces with 277 

known surface reflectivity (e.g., a metallic plate or a water surface) we can use the least 278 

squares approach to solve Eq. (10) for the shape factor (k): 279 

               𝑘𝑘 = [�𝜉𝜉𝑗𝑗�]′[𝐾𝐾𝑗𝑗]
[�𝜉𝜉𝑗𝑗�]′[�𝜉𝜉𝑗𝑗�]

=
∑ �𝜉𝜉𝑗𝑗�𝐾𝐾𝑗𝑗𝑚𝑚
1

∑ 𝜉𝜉𝑗𝑗
2𝑚𝑚

1
, (16) 280 

where m is the number of test points with different reflective materials; ξj and Kj are the 281 

known surface reflectivity and the estimated slope coefficient by the multi-elevation 282 

measurements (Eq. (14)) at the jth measurement point, respectively. 283 

 284 

As the radar antenna is pointing perpendicular to the ground surface, the relative 285 

dielectric permittivity (εr) can be computed using the surface reflectivity (ξ) [Huisman 286 

et al., 2003]: 287 

                    𝜀𝜀𝑟𝑟 = (1+|𝜉𝜉|
1−|𝜉𝜉|)

2. (17) 288 

 289 

Based on the value of εr, the soil water content (θ) can be estimated by following, for 290 

example, the empirical equation for mineral soils [Topp et al., 1980]: 291 

      𝜃𝜃 = −0.053 + 0.0291𝜀𝜀𝑟𝑟 − 0.00055𝜀𝜀𝑟𝑟2 + 0.0000043𝜀𝜀𝑟𝑟3. (18) 292 

 293 

In summary, based on the multi-elevation measurements (i.e., Eq. (14)), Eq. (16) 294 

provides a means of calibrating the shape factor (k) of the GPR using survey results 295 

over different test materials with known surface reflectivity, and Eqs. (15), (17) and (18) 296 

form a method to estimate the surface reflectivity (ξ), permittivity (εr) and soil moisture 297 

(θ), respectively, at investigation points.  298 

 299 
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Many previous studies have found that the moisture sampling depth of air-launched 300 

GPR (i.e., microwave emission) depends on a number of factors such as radar frequency, 301 

soil features (e.g., soil texture, moisture and density), and soil horizontal layering [Wu 302 

and Lambot, 2022; Lambot et al., 2006a; Minet et al., 2010]. However, there is no 303 

widely accepted (microwave radiative transfer) model for predicting the moisture 304 

sampling depth at different radar frequencies [Shen et al., 2020]. Many studies, based 305 

on theoretical and experimental analyses, have indicated that the sampling depth for the 306 

L-band (1–2 GHz/30–15 cm wavelength) radiometry is about 5 cm, and 10 cm for P-307 

band (0.3–1 GHz/100–30 cm wavelength) radiometry [Shen et al., 2020; Boopathi et 308 

al., 2018; Escorihuela et al., 2010; Ye et al., 2020; Yueh et al., 2019; Zheng et al., 2019]. 309 

 310 

3. Experimental methodology 311 

We first outline our methodology for using numerical simulations to test the multi-312 

elevation UAV-GPR system and then describe the field-based deployment at two study 313 

sites.  314 

 315 

3.1 Numerical simulation 316 

Numerical models can be used to simulate the propagation of EM waves and thus can 317 

be useful to assess the theoretical characteristics of a GPR system. In this study, we 318 

utilize the gprMax software [Warren et al., 2016], which solves Maxwell’s equations 319 

in three dimensions using the finite difference method. A two-layer (i.e., free space and 320 

ground) numerical model was built to simulate the effects of different ground materials 321 

and GPR heights on the signals of a GPR antenna arrangement as shown in Fig. 1a. In 322 

our numerical model, the simulated spatial domain is 0.80 m (length) × 0.80 m (width) 323 

× 2.5 m (height). The vertical dimension is split into two layers: an upper layer of 2.3 324 

m thickness representing free space, and a 0.2 m thick lower layer representing the 325 

studied (soil) medium. The spatial and temporal discretization are set to 0.001 m and 326 

0.002 ns, respectively. A built-in GPR antenna module (i.e., “Mala 1.2GHz”) is used to 327 

model the features of antennas similar to commercial GPR antennas.  328 

 329 

In order to analyze the relationship between the amplitude of reflected wave (A) and 330 



13 
 

GPR antenna height (H) (i.e., Eq. (9)), and between the slope coefficient (K) and the 331 

dielectric permittivity (εr) of ground material (i.e., Eq. (10)), we considered several 332 

modeling scenarios. First, we fixed the dielectric permittivity of the ground material, 333 

and ran the numerical model with different GPR heights (specifically, H ranging from 334 

0.3 to 0.8 m with an interval of 0.05 m and from 0.4 to 2.0 m with an interval of 0.4 m 335 

in order to balance the range of simulated GPR heights and computational efficiency). 336 

Then we repeated the process using a different dielectric permittivity of the lower unit. 337 

In our case, we consider a relative permittivity of 2, 5.4 and 16, and a metal material 338 

with very high relative permittivity in order to uniformly cover the range of surface 339 

absolute reflectivity (i.e., from 0 to 1). In each modeling scenario, the amplitudes of the 340 

air and reflected waves are recorded to estimate their ratio (Eq. (9)).  341 

 342 

3.2 Field test 343 

In this study, a 7.85 kg 250 MHz shielded antenna (with an effective sampling depth of 344 

0.12 m [Wang, 1987]) from Mala® was suspended from a DJI® T16 UAV by two ropes 345 

each with 15 m in length (in order to avoid mutual interference between UAV and GPR) 346 

as shown in Fig. 2. The GPR controller, which communicates with the antenna by a 347 

fiber optic cable, was also attached to the UAV (Fig. 2), and employs a time-triggered 348 

measurement method. The UAV used was selected because of its high-accuracy 349 

positioning system (i.e., the real-time kinematic positioning technique (RTK), where 350 

the horizontal and vertical positional accuracies are all ±0.1 m), a maximum loading 351 

capacity of 16 kg and hovering time of about 10 - 18 minutes. The remote controller of 352 

the UAV allows the operator to plan the flight route and survey height.  353 

 354 
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 355 

Fig. 2 Multi-elevation GPR carried by UAV: (a) sketch of configuration; (b) 356 

prototype system in operation above a water surface (of known reflectivity). 357 

 358 

As the GPR is static to the UAV in the UAV-GPR system, the difference between the 359 

antenna height measured by GPR (Fig. 1b) and the UAV elevation collected by RTK is 360 

constant at a measurement point. Therefore, we can align the GPR measurement time 361 

to the UAV system time by matching the time series of antenna heights measured by 362 

GPR with that of UAV elevations collected by RTK according to their texture features 363 

for the time registration of GPR measurements. And then based on the corrected GPR 364 

measurement time, the position information of UAV is assigned to GPR measurements 365 

using a linear interpolation.  366 

 367 

For the UAV-GPR system in this study, there are two measurement modes: point and 368 

route. For the point measurement mode, the UAV slowly raises the GPR antenna 369 

vertically, allowing GPR measurements at different antenna heights (in our case from 370 

0 to 15 m). In order to reduce the effect of instrumental errors, repeated measurements 371 

by multiple (UAV) take-off and landing can be used. In the route measurement mode, 372 

the UAV carries the antenna along the planned flight route at pre-defined heights. The 373 

route measurement method, therefore, permits mapping at the field scale. We test the 374 
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UAV and GPR 
controller 

Ropes 
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UAV-GPR method at two field sites within the riparian transect and the river-island 375 

grassland adjacent to the Yangtze River (Fig. 3a). 376 

 377 

378 

 379 
Fig. 3 Location and geographic features of the riparian transect: (a) location; (b) aerial 380 

orthophoto; (c) digital surface model. Six red star symbols (P1 to P6) indicate 381 

locations where the point method was applied. The black asterisk marks the location 382 

of an observation well. The red line presents the route survey line, and the black 383 

circular symbols show the map scale. 384 

 385 

(1) Field Site 1: Riparian Transect 386 

One field test area is a 200 m transect located in the riparian zone of the Yangtze River 387 
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in Nanjing, China (Fig. 3a). The test area belongs to the flood plain of Yangtze River, 388 

where the main soil type is loamy sand. On Jan 3, 2022, we used the UAV to take aerial 389 

photos in this area, then we used the DJI Terra software to generate an orthophoto (Fig. 390 

3b) and a digital surface model (DSM, Fig. 3c). Fig. 3 shows some vegetation (e.g., 391 

Wormwood and Setaria) within the study area, and relatively flat topography. The 392 

topography at the river beach close to the Yangtse River is relatively steep, and 393 

vegetation cover is absent. Observations of water level in a groundwater monitoring 394 

well within the study (black asterisk in Fig. 3b) revealed a depth to the water table of 395 

3.15 m. The electric conductivity and temperature in the Yangtze river (at the time of 396 

surveying) were about 35 mS/m and 13 °C, respectively. 397 

 398 

The Mala GPR 250 MHz shielded antenna was selected for testing the methodology 399 

(see Fig. 2). In order to estimate the shape factor (k) of the GPR, we chose six points 400 

(indicated in Fig. 3b) along the survey line to carry out measurements at a range of 401 

elevations, i.e., the point method detailed earlier. As the specific EM features (i.e., high 402 

reflection) of water and metal bodies are known, we also tested the UAV-GPR system 403 

over the water surface (Fig. 2b at the Yangtse River) and an iron plate (6 m (length) × 404 

6 m (width) × 0.01 m (thickness)) placed on the ground surface.  405 

 406 

For testing the capacity of UAV-GPR in spatial scanning (i.e., the ‘route’ method 407 

outlined earlier), the UAV-GPR system was flown along the survey line (shown in Fig. 408 

3b) at a fixed elevation to investigate the reflectivity of ground surface. In order to 409 

improve the measurement accuracy, we repeated the survey with different elevations, 410 

giving observations with antenna heights of 5, 10 and 15 m above ground level. 411 

 412 

For comparison purposes, we measured the relative permittivity (and soil moisture) 413 

using the TDR with 0.1 m probe length from Acclima®. From the measured relative 414 

permittivity (εr), the reflectivity (ξ) at the ground surface can also be computed, which 415 

is the inverse of Eq. (17): 416 
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                    |𝜉𝜉| = �1−√𝜀𝜀𝑟𝑟
1+√𝜀𝜀𝑟𝑟

�. (19) 417 

 418 

In this study the TDR measurements conducted at 0-10 cm depth might represent almost 419 

similar sampling depth as the ones for UAV-GPR employing 250 MHz antenna [Shen 420 

et al., 2020; Wang, 1987]. These measurements were made at the ground surface with 421 

the interval of 0.5 m along the transect. The root mean square error (RMSE) was used 422 

to compare the GPR results with the TDR measurements in the center of the first Fresnel 423 

zone under the assumption of the relatively uniform surface reflectivity: 424 

             𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 = �1
𝐿𝐿
∑ (𝑦𝑦GPR,𝑖𝑖 − 𝑦𝑦TDR,𝑖𝑖)2𝐿𝐿
𝑖𝑖=1 , (20) 425 

where L is the number of measurements, and 𝑦𝑦GPR,𝑖𝑖and 𝑦𝑦TDR,𝑖𝑖 are the ith measurement 426 

of GPR and TDR, respectively. 427 

 428 

(2) Field Site 2: Grassland 429 

In order to test the UAV-GPR method further, a small grassland located in a river island 430 

in the Yangtze River in Nanjing, China (Fig. 3a) was investigated. The grassland area 431 

is about 3, 000 m2, and the main soil type is loam. The orthophoto (Fig. 4a) and the 432 

digital surface model (DSM, Fig. 4b) of the test area were produced from surveys with 433 

a DJI phantom UAV. As shown in Fig. 4, a water filled channel is included to test the 434 

capability of water surface detection by the UAV-GPR. Fig. 4a presents that in this study 435 

area, the vegetation coverage is heterogenous, and weed coverage in the middle area is 436 

denser than that in other zones. This may suggest that the soil moisture distribution is 437 

uneven, and the soil in the center area is moister. In the southeast boundary, there are 438 

two small drainage ditches that are perpendicular to each other (see blue lines in Fig. 439 

4a), the width and depth of which are about 1.4 and 0.25 m, respectively. These drainage 440 

features will affect the local surface soil roughness as they clearly increase the surface 441 

protuberance or depression [Lambot et al., 2006b]. 442 

 443 
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 444 

Fig. 4 Geographic features of the grassland: (a) aerial orthophoto; (b) digital surface 445 

model. The water filled channel is demarked by a red line. The TDR survey lines are 446 

numbered as 1, 2, 3 and 4 sequentially from left to right. 447 

 448 

In the test area, we programmed 14 parallel flight routes with the spacing of 2 m, which 449 

are perpendicular to the channel. The flight velocity was set to 2.0 m/s, and the time 450 

interval of GPR records was 0.1 s. In order to reduce the effect of GPR instrumental 451 

biases (Fig. 1b), we repeated the survey with 8 antenna heights above ground level, i.e., 452 

2.0, 2.5, 3.0, 3.5, 4.5, 5.5, 6.5 and 8.5 m. Along selected four flight routes (Fig. 4a) with 453 

a spacing of 6 m, we measured the soil relative permittivity (and thus soil moisture) 454 

using the TDR from Acclima® at 1 m intervals to compare against the GPR 455 

measurements. 456 

 457 

4. Results 458 

 459 

4.1 Numerical experiments of multi-elevation GPR  460 

The results of the two-layer numerical modeling showing the ratios of the ground-461 

surface reflected and the air wave amplitudes (A/A0) at different heights (H) are 462 

presented in Fig. 5a. The figure indicates that for all cases with different dielectric 463 

permittivity (εr) values, the ratio of ground-surface reflected to air wave amplitudes 464 

(a) Photo (b) DSM 
TDR 
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significantly linearly varies with the reciprocal value of GPR height. This linear 465 

relationship is in agreement with Eq. (9). Fig. 5a also shows that the slope coefficient 466 

(K) of the trend line between the amplitude ratio and the reciprocal of GPR height 467 

clearly increases with the relative dielectric constant (εr) of material representing 468 

ground surface conditions.  469 

 470 

In Fig. 5b, we plot the slope coefficient (K) of trend lines in Fig. 5a versus the absolute 471 

reflectivity (|ξ|) of materials, where ξ is calculated by the dielectric constant (Eq. (19)). 472 

For the metallic material, the absolute reflectivity value is 1.0 as it can be treated as the 473 

perfect electric conductor [Redman et al., 2002]. Fig. 5b shows that there is a clear 474 

linear relationship between the slope coefficients (K) and the absolute reflectivity 475 

values (|ξ|), which is consistent with Eq. (10). According to Eq. (16), we can calculate 476 

the shape factor (k) (i.e., 0.081 m) for the Mala GPR with a 1.2 GHz shielded antenna. 477 

The estimated value of k is close to the distance (i.e., 0.076 m) between transmitter and 478 

receiver antennas, which is consistent with Eq. (11). 479 

 480 

 481 

Fig. 5 Numerical simulation results: (a) the reflected and air wave amplitude ratio 482 

(A/A0) versus the reciprocal of GPR height (1/H); (b) the slope coefficient (K) of trend 483 

line in Fig. 5a versus the absolute reflectivity (|ξ|) of ground surface. The dashed lines 484 

are the linear trend lines with an intercept of 0. The symbols with different colors 485 

represent the different materials considered. 486 
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In summary, the results of the numerical simulation confirm, theoretically, the two 487 

linear relationships in Eqs. (9-10) inferred from the theoretical development of the 488 

method, and support that the shape factor (k in Eq. (11)) is close to the Tx-Rx antenna 489 

separation distance. 490 

 491 

4.2 Field experiments of multi-elevation GPR 492 

 493 

4.2.1 Point measurement mode for calibration and validation of the UAV-GPR method 494 

As described earlier, in order to implement the multi-elevation measurements in the 495 

point measurement mode, the UAV lifts up/down the GPR antenna vertically (with a 496 

velocity of 0.1 m/s), and the GPR system continuously records data with the interval of 497 

0.2 s. The field investigation results of the UAV-GPR system with the point 498 

measurement mode at the six points (i.e., at the positions marked with red stars in Fig. 499 

3b), the Yangtze River surface and the iron plate are shown in Fig. 6. This figure shows 500 

that at each survey point, there is a clearly linear relationship between the reflected and 501 

air wave amplitude ratios (A/A0) and the reciprocal values of GPR heights (1/H), which 502 

confirms the result of Eq. (9) inferred in this study. The slope coefficient (K) of trend 503 

line between the reflected and air wave amplitude ratio and the reciprocal of GPR height 504 

varies with the studied medium. 505 

 506 

 507 
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 508 

 509 

Fig. 6 The ratio of the reflected to air wave amplitudes (A/A0) versus the reciprocal of 510 

GPR height (1/H) at the six test points, the river surface and the iron plate. The red 511 

dashed lines are the linear trend lines with an intercept of 0. 512 

 513 

The slope coefficient (K) of linear trend line (in Fig. 6) versus the absolute reflectivity 514 

(|ξ|) of ground surface for different survey points is presented in Fig. 7. In this figure, 515 

the reflectivity values are calculated by Eq. (19) according to the TDR measured 516 

relative dielectric constant (εr) values of soils at the six survey points and known values 517 

for water (Yangtze River site) and metal (iron plate). This figure shows that the slope 518 

value (K) clearly varies linearly with the material reflectivity, which is in agreement 519 

with Eq. (10). Based on Eq. (16), we can calculate the shape factor (k) for Mala 250 520 

MHz shielded antenna as 0.33 m. The estimated value of k is close to the Tx-Rx 521 

separation distance of 250 MHz shielded antenna (i.e., 0.31 m), which is in line with 522 

Eq. (11). 523 
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 525 

Fig. 7 The slope coefficient (K) of trend line between the reflected and air wave 526 

amplitude ratio and the reciprocal of GPR height (in Fig. 6) versus the absolute 527 

reflectivity (|ξ|) of ground surface. The red dashed line is the linear trend line with the 528 

intercept of 0. 529 

 530 

In summary, similar to the numerical simulation results, the field point experiments 531 

also support the underlying theory of surface reflectivity detection (Eqs. (9)-(11)) by 532 

the multi-elevation UAV-GPR method, and allow the calculation of the shape factor (k) 533 

of the Mala 250 MHz shielded antenna for surface reflectivity estimation (Eq. (15)). 534 

 535 

4.2.2 Route measurement mode for spatial scanning investigations  536 

(1) Field Site 1: Riparian Transect 537 

The results of UAV-GPR measurement along the survey line (i.e., red line in Fig. 3b) at 538 

three different elevations (i.e., 5, 10 and 15 m) are shown in Fig. 8. This figure shows 539 

that the travel time of surface reflected wave clearly increases with the GPR height, and 540 

at the higher GPR altitude, the separation of reflected and air waves is more obvious. 541 

The different brightness of the GPR images (i.e., the GPR receiving signal values) for 542 

three survey elevations possibly results from the unsteady power (i.e., A0 or PTx in Fig. 543 

1) of the Tx antenna. 544 

 545 
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 546 
Fig. 8 Normalized raw GPR signals received along the survey line at different antenna 547 

elevations: (a) 5 m; (b) 10 m; and (c) 15 m. 548 

 549 

According to Eqs. (15), (17) and (18), the surface reflectivity (ξ), relative dielectric 550 

permittivity (εr) and soil moisture (θ) are estimated along the survey line based on the 551 

reflected and air wave amplitude ratio and the corresponding GPR height as shown in 552 

Fig. 9. In this figure, the surface reflectivity is estimated by Eq. (19) using the relative 553 

permittivity measured by TDR, and the black line presents the smooth value of UAV-554 

GPR measurements using the moving average filter with the span of 2 m. Compared 555 

with the smoothed values, there is some apparent bias in the UAV-GPR measurements, 556 

which possibly originates from the instrumental errors (Fig. 1b) of the GPR and the 557 

different sampling volumes between TDR and GPR. The variations in inferred 558 

properties from both UAV-GPR and TDR along the survey line are large: the 559 

coefficients of variation are generally greater than 10%. This represents the high 560 

heterogeneity of soil moisture at the ground surface affected by land cover and variation 561 

in soils. Fig. 9 also points out that the trend of GPR measurements along the transect 562 

matches, in general, that of the TDR measurements. When TDR measurement is high 563 

then GPR measurement is generally high, and vice versa. 564 
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 565 

 566 

 567 

 568 

Fig. 9 Comparison of the UAV-GPR and TDR measurement results along the survey 569 

line: (a) absolute reflectivity; (b) relative permittivity; (c) soil moisture. 570 

 571 

The measurements of UAV-GPR and TDR are compared in Fig. 10. In this figure, most 572 

points scatter around the 1:1 line. The RMSE values of reflectivity, permittivity and soil 573 

moisture are 0.065, 3.5 and 0.075 cm3/cm3, respectively. The relative error of mean 574 

reflectivity between TDR and GPR is less than 10%. In contrast, the greater mismatch 575 

of permittivity may result from the error magnification effect by Eq. (17). Errors in the 576 

assumed universal relationship between permittivity and soil moisture content (Eq. (18)) 577 

may also contribute to some differences between GPR and TDR inferred soil moisture 578 

values. The GPR measured values of reflectivity (and so permittivity and soil moisture) 579 

are generally higher than those for the TDR (Fig. 10), which may be caused by the 580 

effect of land cover (Fig. 3b). Note also that the TDR and GPR measurements have 581 

different support volumes (measurement footprint). In our analysis we have compared 582 
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a single TDR measurement in the center of the GPR footprint; variation of TDR-scale 583 

measurements within this footprint may contribute to the difference between to the two 584 

data types. 585 

 586 

 587 

Fig. 10 UAV-GPR results versus TDR measurements: (a) absolute reflectivity; (b) 588 

relative permittivity; (c) soil moisture. The red dashed line indicates a 1:1 match. 589 

 590 

(2) Field Site 2: Grassland 591 

Based on the GPR measurements at eight antenna heights, the surface absolute 592 

reflectivity values at investigation points (Fig. 11a) can be calculated by Eq. (15). The 593 

spatial distribution of surface reflectivity (Fig. 11b) is estimated from GPR point 594 

measurement results (Fig. 11a) using interpolation by kriging. The permittivity (Fig. 595 

11c) and moisture (Fig. 11d) are computed by, respectively, Eqs. (17) and (18) based 596 

on the estimated surface reflectivity. Fig. 11b shows the high reflectivity area (i.e., red 597 

area) matches, in general, with the water-covered area extracted from the orthophoto 598 

(Fig. 4a). It confirms the detection ability of the UAV-GPR method. In Fig. 11, the 599 

extremely low or high values in the southeast boundary possibly result from the effect 600 

of drainage (Fig. 4), because the drainage ditches, with a depth of 0.25 m, obviously 601 

increase the surface protuberance, and thus affect the local surface soil roughness 602 

[Lambot et al., 2006b].   603 
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 605 

 606 

 607 

Fig. 11 Measurement results of UAV-GPR in the grassland area: (a) surface absolute 608 

reflectivity at measurement points; (b) spatial distribution of surface absolute 609 

reflectivity interpolated by Kriging; (c) permittivity; (d) soil moisture. 610 

 611 

In Fig. 12, we compare the surface reflection measured by UAV-GPR with that 612 

estimated by Eq. (19) using permittivity measured by TDR. This figure shows that the 613 

GPR measurements generally match with the TDR estimations, and the trend of surface 614 

reflectivity values along the survey lines are similar. The measurements of GPR and 615 

TDR for four survey lines (see Fig. 4a for location) are compared in Fig. 13. In this 616 

figure, most points scatter around the 1:1 line. The RMSE of surface reflectivity, 617 
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relative permittivity and soil moisture values between GPR and TDR are 0.033, 4.1, 618 

and 0.050, respectively. The mismatches between GPR and TDR in the grassland are 619 

generally less than that in the riparian transect (Field Site 1) possibly because in the 620 

grassland, there are more investigation heights of UAV-GPR, the vegetation is sparser 621 

and shorter, and the soil is moister. The wetter soil enhances contact between TDR 622 

probes and soils, and thus improves the measurement accuracy of TDR. 623 

 624 

625 

 626 

Fig. 12 Comparison of surface absolute reflectivity measured by UAV-GPR and TDR 627 

along four survey lines (Fig. 4a). 628 
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 630 

Fig. 13 UAV-GPR results versus TDR measurements in the grassland: (a) absolute 631 

reflectivity; (b) relative permittivity; (c) soil moisture. The red dashed line indicates a 632 

1:1 match. 633 

 634 

5. Discussion 635 

 636 

5.1 Limitations of the multi-elevation GPR method 637 

For the multi-elevation GPR method, the main assumption is that the transmitter and 638 

the reflection area of ground surface can be treated as point sources of radar signals. In 639 

general, two factors are necessary for the point source assumption: the size of 640 

transmitter is small, and the receiver is far away from the radar source.  641 

 642 

For the GPR transmitter, the shape of antenna may affect the applicability of the multi-643 

elevation GPR method. Because the bow-tie antenna (Fig. 1a) used in this study has a 644 

compact structure, it is suitable for the multi-elevation GPR method whatever the radar 645 

frequency (Fig. 5-7). In contrast, wire antennas belong to the family of one-dimension 646 

antenna, and can rarely be considered as a point source in a GPR system with a short 647 

separation distance between Tx and Rx [Travassos et al., 2018]. Thus, their surface 648 

reflectivity estimation model should be different and more complex than the multi-649 

elevation method. As shown in Fig. 14, we tested the Mala 100 MHz ‘rough terrain 650 

antenna’ (a non-point source antenna) using the UAV-GPR system. The reflected and 651 

air wave amplitude ratio clearly varies nonlinearly with the reciprocal of GPR height 652 
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(Fig. 14b), which is in disagreement with Eq. (9).  653 

 654 

   655 

Fig. 14 Test of the Mala 100 MHz rough terrain (non-point source) antenna using the 656 

UAV-GPR method: (a) schematic of the UAV-GPR system; (b) the reflected and air 657 

wave amplitude ratio versus the reciprocal of GPR height, showing a clear non-linear 658 

response.  659 

 660 

Because of the large area of the ground reflected radar source, the GPR height should 661 

be great enough to satisfy the point source assumption. Furthermore, in order to clearly 662 

separate the air and reflected waves, the GPR height should be greater than one half of 663 

incident wavelength. However, in practice, because an emitted radar signal of GPR 664 

usually includes two pulse waves [Warren and Giannopoulos, 2011], the GPR height 665 

should be greater than one wavelength e.g., 0.25 m for the 1.2 GHz antenna and 1.2 m 666 

for the 250 MHz antenna. 667 

 668 

5.2 Effect of antenna frequency 669 

As shown in the theoretical derivation processes (Eqs. (1) - (11)), the UAV-GPR method 670 

does not depend on the radar frequency. Although the antenna frequencies are different 671 

between the numerical simulation (1.2 GHz) and the field experiment (250 MHz), both 672 
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numerical and field experimental results confirm the theoretical findings as shown in 673 

Figs. 5-7. 674 

 675 

In order to validate the effect of antenna frequency further, we tested other antenna 676 

frequencies (i.e., 2.3 and 1.2 GHz) above the water surface and the iron plate (i.e., of 677 

known reflectivity) using the point measurement mode. The investigation results are 678 

presented in Fig. 15. This figure shows that whatever the antenna frequency and the 679 

surface material are, the reflected and air wave amplitude ratios (A/A0) are clearly 680 

directly proportional to the reciprocal values of GPR heights (1/H), verifying Eq. (9). 681 

 682 

 683 

 684 

Fig. 15 The reflected and air wave amplitude ratio (A/A0) versus the reciprocal of 685 

GPR height (1/H) for the water surface and the iron plate using the antenna 686 

frequencies of 2.3 and 1.2 GHz. The red dashed lines are the linear trend lines with an 687 

intercept of 0. 688 

 689 

The slope coefficient (K) of linear trend line (in Fig. 15) versus the known surface 690 

0

0.12

0 3

A/
A 0

1/H (m)

2.3GHz_Water
A/A0 = 0.04 /H
K=0.04
R² = 0.95 

0

0.15

0 3

A/
A 0

1/H (m)

2.3GHz_Iron
A/A0 = 0.05 /H
K=0.05
R² = 0.98 

0

0.2

0 2

A/
A 0

1/H (m)

1.2GHz_Water
A/A0 = 0.09 /H
K=0.09
R² = 0.99

0

0.25

0 2

A/
A 0

1/H (m)

1.2GHz_Iron
A/A0 = 0.11 /H
K=0.11
R² = 1.00



31 
 

absolute reflectivity (|ξ|) for the 2.3 and 1.2 GHz antennas is presented in Fig. 16. This 691 

figure shows that for the both antennas, there is a significantly linear relationship 692 

between the slope value (K) and the surface reflectivity, which is in agreement with Eq. 693 

(10). Based on Eq. (16), we can calculate the shape factor (k) for 2.3 and 1.2 GHz 694 

antennas as 0.047 and 0.109 m, respectively. The k values are close to the Tx-Rx 695 

separation distance of 2.3 and 1.2 GHz antennas (i.e., 0.04 and 0.08 m, respectively), 696 

which is in line with Eq. (11). In summary, the UAV-GPR measurement method 697 

proposed in this study is appropriate for most radar frequencies. Note that for low 698 

frequency radar antennas (i.e., less than 250 MHz), as the soil electrical conductivity 699 

could interfere the surface reflection coefficient estimation (Eq. (19)) [Wu and Lambot, 700 

2022], it is necessary to test the UAV-GPR method further.  701 

 702 

 703 

Fig. 16 The slope coefficient (K) of trend line (in Fig. 15) versus the surface absolute 704 

reflectivity (|ξ|) for the antenna frequencies of 2.3 and 1.2 GHz. The red dashed line is 705 

the linear trend line with the intercept of 0. 706 

 707 

5.3 Significance of the multi-elevation GPR method 708 

Comparison of the gprMax simulation results (Fig. 5a) and the field measurements (Fig. 709 

6) reveals that there are obviously instrumental biases (i.e., the measurement errors of 710 

the reflected and air wave amplitudes and the antenna height (Fig. 1b)) of the GPR 711 

system, which will affect the accuracy of interpreted values (Fig. 9). As an example, 712 

the surface absolute reflectivity values of the iron plate at each record in Fig. 6 (“Iron 713 

plate”) are calculated by Eq. (15) based on k (shape factor) = 0.33 m; the estimated 714 
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reflectivity values versus the corresponding antenna heights are shown in Fig. 17. This 715 

figure shows that the estimated reflectivity values (i.e., blue symbols) at different GPR 716 

heights randomly scatter around the true value (shown by the black line). Note that the 717 

absolute reflectivity values above 1 are not physically realistic but are a result of errors 718 

such as instrumental errors and the estimation error of k. The average relative error of 719 

reflectivity values at different GPR heights and the mean of the coefficient of variation 720 

are 8% and 11%, respectively. 721 

 722 

 723 

Fig. 17 The estimated surface absolute reflectivity values of iron plate at each record 724 

versus the corresponding antenna heights. 725 

 726 

In general, a repeated measurement is an effective method to overcome many 727 

instrumental biases [Schennach, 2016]. However, as shown in Fig. 17, there may be 728 

systemic errors for the repeated GPR measurement at one elevation. Therefore, the 729 

multi-elevation GPR method (Eq. (15)) proposed in this study is required. The main 730 

advantage of the multi-elevation GPR approach is the use of the least squares approach 731 

to estimate the slope coefficient (K) value (Eq. (14)) used to determine the surface 732 

reflectivity value (Eq. (15)).  733 

 734 

In order to evaluate the estimation accuracy of surface reflectivity, we compare the 735 
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estimated reflectivity values at a single antenna height with the TDR measurements in 736 

the grassland as shown in Fig. 18. This figure shows that the minimum reflectivity 737 

RMSE is located at 5.5 m. Therefore, 5.5 m seems to be the best antenna height for the 738 

single elevation investigation. However, the reflectivity RMSE of the multi-elevation 739 

method (shown by the red line in Fig. 18) is clearly less than that for all single elevation 740 

measurements. In other words, the multi-elevation method significantly improves the 741 

estimation accuracy of surface reflectivity. 742 

 743 

 744 

Fig. 18 The reflectivity mismatch (between GPR and TDR) of different single-745 

elevation GPR investigations. 746 

 747 

5.4 Resolution of the multi-elevation GPR method 748 

The horizontal resolution (footprint) of a GPR system is usually characterized by the 749 

diameter of the first Fresnel zone. This zone is defined as the area of the reflecting 750 

surface that contributes to a single reflection, and can be treated as the footprint of GPR 751 

signals. The diameter (FZD) of the first Fresnel zone can be expressed as [Huisman et 752 

al., 2003]: 753 

                𝐹𝐹𝐹𝐹𝐷𝐷 = �𝜆𝜆2

4
+ 2𝜆𝜆𝜆𝜆, (21) 754 

where λ is the radar wavelength of the Tx antenna. 755 
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The above equation shows the GPR resolution significantly increases with the antenna 756 

elevation and wavelength. The resolution is about 0.5, 0.7, 0.9 and 1.0 m for a 1.2 GHz 757 

antenna at an elevation of 0.5, 1.0, 1.5 and 2 m, respectively. And for a 250 MHz 758 

antenna, the resolutions are approximately 3.5, 4.9 and 6.0 m at an elevation of 5, 10 759 

and 15 m, respectively. 760 

 761 

In order to evaluate the effect of inhomogeneity of the soil on the slope coefficient 762 

estimation (K in Figs. 5a, 6 and 15) due to the GPR footprint, we re-built the soil stratum 763 

numerical model, where a square soil column (i.e., blue zone) with a relative 764 

permittivity of 2.0 and the side length of d is wrapped in the soil column (i.e., gray zone) 765 

with the permittivity of 5.4 and the side length of 0.8 m, as shown in Fig. 19a. In this 766 

study, the square column (cuboid) is chosen because it is a regular shape that can be 767 

more accurately discretized (by the cartesian regular grids used in the gprMax software) 768 

than an irregular shape (e.g., cylinder). Next, we ran the numerical model with different 769 

GPR heights (i.e., 0.2, 0.25, 0.35, and 0.45 m) for the side length (d) of 0.2 and 0.6 m, 770 

respectively. 771 

 772 

   773 

Fig. 19 The effect of the inhomogeneous materials of ground surface: (a) the soil 774 

stratum with wrap structure in the new numerical model; (b) the reflected and air 775 

wave amplitude ratio (A/A0) versus the reciprocal of GPR height (1/H). The green and 776 

blue lines represent the linear relationships of A/A0 and 1/H for the homogeneous soil 777 

stratum with the permittivity of 2.0 and 5.4, respectively. The black and red symbols 778 
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are the A/A0 values at the corresponding GPR heights for the side length (d) of 0.2 and 779 

0.6 m at the inner soil column, respectively. 780 

 781 

The simulation results of gprMax software are presented in Fig. 19b. This figure shows 782 

the simulated results (symbols in Fig. 19b) all fall in the area between the blue and 783 

green lines (i.e., simulated results in the homogeneous soil stratum with εr=2.0 and 5.4, 784 

respectively, as shown in Fig. 5a), and as the GPR height increases, the symbols move 785 

closer to the green line, i.e., the properties of the outer zone in the model. In contrast, 786 

the symbols approach the blue line when the GPR height decreases, i.e., the values 787 

match better those of the inner zone in the model. These simulations reveal that the 788 

surface reflection (Eq. (10)) measured by the air-launched GPR possibly represents the 789 

integrated value of surface reflection in the GPR footprint area. And for the 790 

inhomogeneous medium, A/A0 will be no longer directly proportional to the 1/H (Fig. 791 

19b). 792 

 793 

5.5 Effect of surface roughness and land cover on multi-elevation GPR method 794 

Many studies have pointed out that surface roughness and land cover adverse to the soil 795 

moisture measurement by GPR [Andre et al., 2019; Jonard et al., 2012; Lambot et al., 796 

2006b]. Surface roughness can cause the diffuse reflections or scattering of EM waves, 797 

and lead to less energy being reflected in the specular direction. Furthermore, the land 798 

cover may shadow the ground surface. However, some studies have concluded that the 799 

low frequency EM waves with a large wavelength can reduce the adverse effects of 800 

these factors. For example, Lambot et. al. [2006b] showed that when the maximum 801 

height of the surface protuberances is less than one eighth of the GPR wavelength, the 802 

effect of surface roughness can be neglected. In other words, a surface is considered as 803 

rough if the surface protuberance is greater than one eighth of wavelength according to 804 

Rayleigh’s criterion. Furthermore, the low frequency EM wave is also favorable to 805 

bypass obstacles (e.g., the individual stems or leaves of vegetations) according to the 806 

diffraction principle.  807 

 808 
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For a 250 MHz antenna, the wavelength reaches 1.2 m in a free space and the maximum 809 

protuberance height allowed in the ground surface can be 0.15 m. This threshold value 810 

is less than the drainage depth (i.e., 0.25 m) in the grassland (Fig. 4), and thus there are 811 

some abnormal investigation results (e.g., extremely low or high values) of the UAV-812 

GPR method around the drainages as shown in Fig. 11. In contrast, for a 100 MHz 813 

antenna, the wavelength is 3.0 m and the maximum protuberance height allowed can 814 

reach 0.375 m. The large threshold value for the low frequency EM wave may indicate 815 

the multi-elevation GPR method is more suitable for application in areas with sparse or 816 

low height vegetation. 817 

 818 

6. Conclusions 819 

Based on the point source assumptions of a GPR transmitter antenna and ground 820 

reflections, we have developed a linear relationship between the reflected and air wave 821 

amplitude ratio and the reciprocal of GPR height, and verified the linear relationship by 822 

numerical simulation results using the gprMax software. We propose a multi-elevation 823 

UAV-GPR method (that uses a UAV to mount the GPR for spatial scanning 824 

investigation at different heights) to measure the surface reflectivity and estimate the 825 

soil moisture according to appropriate petrophysical relationships. Unlike previous air-826 

launched GPR methods, the method purposed in this study removes the limitations of 827 

a steady transmitter power and a fixed GPR survey height, and the need for calibration 828 

of antenna transfer functions and geophysical inversion calculations, and thus is more 829 

convenient for field applications. We have tested the method at two field sites adjacent 830 

to the Yangtze River, and compared the measurement results with those inferred from 831 

TDR under the assumption of homogeneous medium in the first Fresnel zone. The 832 

results show that the measurement results of reflectivity, dielectric permittivity and soil 833 

moisture are all close to the TDR measurements. Compared with the single-elevation 834 

approach, the multi-elevation UAV-GPR method significantly improves the 835 

measurement accuracy. In the grassland with 8 antenna height investigations, the 836 

RMSE of surface reflectivity and soil moisture between GPR and TDR are 0.03 and 837 

0.05 cm3/cm3, respectively.  838 
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In summary, the multi-elevation UAV-GPR may offer a useful method to measure the 839 

surface soil moisture, offering a higher resolution than remote sensing method and 840 

better working efficiency than conventional in-situ (e.g., TDR) methods. The horizontal 841 

resolution approximates that of the size of the GPR footprint, which offers a potentially 842 

useful intermediate measurement scale. For this method limitations mainly originate 843 

from the point source assumptions i.e., the compact structure of Tx antenna and the 844 

appropriate height of the Rx antenna. The multi-elevation method is an efficient 845 

approach to reduce the effect of instrumental errors (i.e., the measurement biases of the 846 

reflected and direct wave amplitudes and the antenna height) of GPR. Underlying 847 

surface conditions, e.g., surface roughness and land cover can affect the translation of 848 

measured reflectivity to soil moisture. This may limit application to areas of relatively 849 

uniform vegetation cover and benefit from locally derived permittivity - soil moisture 850 

relationships. Given the growing use of UAVs to support geophysical measurements, 851 

we expect to see further development and application of the method proposed here.  852 
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Figure Captions 1015 

Fig. 1 Air-launched ground penetrating radar: (a) principle; (b) characteristic 1016 

parameters of received radar signals, where A and A0 are the amplitudes of 1017 

reflected and air waves, respectively; H is the antenna height; τ is the travel time 1018 

difference between reflected and air waves and c is the radar velocity in air 1019 

(≈3×108 m/s). 1020 

Fig. 2 Multi-elevation GPR carried by UAV: (a) sketch of configuration; (b) prototype 1021 

system in operation above a water surface (of known reflectivity). 1022 

Fig. 3 Location and geographic features of the riparian transect: (a) location; (b) aerial 1023 

orthophoto; (c) digital surface model. Six red star symbols (P1 to P6) indicate 1024 

locations where the point method was applied. The black asterisk marks the 1025 

location of an observation well. The red line presents the route survey line, and the 1026 

black circular symbols show the map scale. 1027 

Fig. 4 Geographic features of the grassland: (a) aerial orthophoto; (b) digital surface 1028 

model. The water filled channel is demarked by a red line. The TDR survey lines 1029 

are numbered as 1, 2, 3 and 4 sequentially from left to right. 1030 

Fig. 5 Numerical simulation results: (a) the reflected and air wave amplitude ratio (A/A0) 1031 

versus the reciprocal of GPR height (1/H); (b) the slope coefficient (K) of trend 1032 

line in Fig. 5a versus the absolute reflectivity (|ξ|) of ground surface. The dashed 1033 

lines are the linear trend lines with an intercept of 0. The symbols with different 1034 

colors represent the different materials considered. 1035 

Fig. 6 The ratio of the reflected to air wave amplitudes (A/A0) versus the reciprocal of 1036 

GPR height (1/H) at the six test points, the river surface and the iron plate. The red 1037 

dashed lines are the linear trend lines with an intercept of 0. 1038 

Fig. 7 The slope coefficient (K) of trend line between the reflected and air wave 1039 

amplitude ratio and the reciprocal of GPR height (in Fig. 6) versus the absolute 1040 

reflectivity (|ξ|) of ground surface. The red dashed line is the linear trend line with 1041 

the intercept of 0. 1042 

Fig. 8 Normalized raw GPR signals received along the survey line at different antenna 1043 

elevations: (a) 5 m; (b) 10 m; and (c) 15 m. 1044 
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Fig. 9 Comparison of the UAV-GPR and TDR measurement results along the survey 1045 

line: (a) absolute reflectivity; (b) relative permittivity; (c) soil moisture. 1046 

Fig. 10 UAV-GPR results versus TDR measurements: (a) absolute reflectivity; (b) 1047 

relative permittivity; (c) soil moisture. The red dashed line indicates a 1:1 match. 1048 

Fig. 11 Measurement results of UAV-GPR in the grassland area: (a) surface absolute 1049 

reflectivity at measurement points; (b) spatial distribution of surface absolute 1050 

reflectivity interpolated by Kriging; (c) permittivity; (d) soil moisture. 1051 

Fig. 12 Comparison of surface absolute reflectivity measured by UAV-GPR and TDR 1052 

along four survey lines (Fig. 4a). 1053 

Fig. 13 UAV-GPR results versus TDR measurements in the grassland: (a) absolute 1054 

reflectivity; (b) relative permittivity; (c) soil moisture. The red dashed line 1055 

indicates a 1:1 match. 1056 

Fig. 14 Test of the Mala 100 MHz rough terrain (non-point source) antenna using the 1057 

UAV-GPR method: (a) schematic of the UAV-GPR system; (b) the reflected and 1058 

air wave amplitude ratio versus the reciprocal of GPR height, showing a clear non-1059 

linear response.  1060 

Fig. 15 The reflected and air wave amplitude ratio (A/A0) versus the reciprocal of GPR 1061 

height (1/H) for the water surface and the iron plate using the antenna frequencies 1062 

of 2.3 and 1.2 GHz. The red dashed lines are the linear trend lines with an intercept 1063 

of 0. 1064 

Fig. 16 The slope coefficient (K) of trend line (in Fig. 15) versus the surface absolute 1065 

reflectivity (|ξ|) for the antenna frequencies of 2.3 and 1.2 GHz. The red dashed 1066 

line is the linear trend line with the intercept of 0. 1067 

Fig. 17 The estimated surface absolute reflectivity values of iron plate at each record 1068 

versus the corresponding antenna heights. 1069 

Fig. 18 The reflectivity mismatch (between GPR and TDR) of different single-elevation 1070 

GPR investigations.  1071 

Fig. 19 The effect of the inhomogeneous materials of ground surface: (a) the soil 1072 

stratum with wrap structure in the new numerical model; (b) the reflected and air 1073 

wave amplitude ratio (A/A0) versus the reciprocal of GPR height (1/H). The green 1074 
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and blue lines represent the linear relationships of A/A0 and 1/H for the 1075 

homogeneous soil stratum with the permittivity of 2.0 and 5.4, respectively. The 1076 

black and red symbols are the A/A0 values at the corresponding GPR heights for 1077 

the side length (d) of 0.2 and 0.6 m at the inner soil column, respectively. 1078 
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