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Monitoring Soil Water Content Using 
Time-Lapse Horizontal Borehole GPR 
Data at the Field-Plot Scale
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Shehan Morandage, Miriam Zörner, Harry Vereecken, 
and Jan van der Kruk

Ground penetrating radar (GPR) has shown a high potential to derive soil water 

content (SWC) at different scales. In this study, we combined multiple horizontal 

GPR measurements at different depths to investigate the spatial and temporal 

variability of the SWC under cropped plots. The SWC data were analyzed for four 

growing seasons between 2014 and 2017, two soil types (gravelly and clayey–

silty), two crops (wheat [Triticum aestivum L.] and maize [Zea mays L.]), and three 

different water treatments. We acquired more than 150 time-lapse GPR datasets 

along 6-m-long horizontal crossholes at six depths. The GPR SWC distributions 

are distinct both horizontally and vertically for both soil types. A clear change in 

SWC can be observed at both sites between the surface layer (>0.3 m) and subsoil. 

Alternating patches of higher and lower SWC, probably caused by the soil het-

erogeneity, were observed along the horizontal SWC profiles. To investigate the 

changes in SWC with time, GPR and time-domain reflectometry (TDR) data were 

averaged for each depth and compared with changes in precipitation, treatment, 

and soil type. The high-temporal-resolution TDR and the large-sampling-volume 

GPR show similar trends in SWC for both sites, but because of the different sens-

ing volumes, different responses were obtained due to the spatial heterogeneity. 

A difference in spatial variation of the crosshole GPR SWC data was detected 

between maize and wheat. The results for this 4-yr period indicate the potential 

of this novel experimental setup to monitor spatial and temporal SWC changes 

that can be used to study soil–plant–atmosphere interactions.

Abbreviations: EM, electromagnetic; EMI, electromagnetic induction; ERT, electrical resistivity tomogra-
phy; GPR, ground penetrating radar; SV, sampling volume; SWC, soil water content; TDR, time domain 
reflectometry; ZOP, zero-offset-profile.

Soil water content (SWC) is an important state variable that is linked to several 

important soil functions and strongly depends on the internal organization of the soil–

plant system. Soil water is important for crop growth and food and feed production, can 

percolate to deeper layers and replenish aquifers, can carry solutes toward the groundwa-

ter, and is required by microorganisms that regulate biogeochemical cycles. Soil water and 

related soil processes vary considerably in space and time due to spatially variable soil prop-

erties and highly dynamic boundary conditions (e.g., precipitation, evapotranspiration). 

Understanding and subsequently predicting soil processes require information on SWC and 

how it varies in time and space. Soil water content can be monitored using in situ sensors 

(that can be connected to the internet and provide seamless data streams of local SWC) and 

using remote sensing from satellites (e.g., Simmer et al., 2015; Vereecken et al., 2016). In situ 

sensors have a small spatial support so that a large number of sensors would be required to 

obtain an accurate and precise estimate at large scales. Another challenge is to infer con-

nected patterns of SWC that represent preferential flow paths in the soil or landscape with 

in situ sensors since they do not provide a dense spatial coverage. The limitation of satel-

lite SWC products is that they have a low spatial resolution and most sensors are sensitive 

to the SWC in only the upper few centimeters of the soil profile. To fill the gap between 

in situ sensors and satellite products, high-resolution nondestructive geophysical imaging 
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methods show an increasing potential to further improve the detec-

tion, monitoring, and imaging of in situ soil properties at the field 

scale. Near-surface geophysical methods, such as electrical resistivity 

tomography (ERT), electromagnetic induction (EMI), and ground-

penetrating radar (GPR) provide maps of the SWC at the field-plot 

scale up to the field and catchment scales with dense spatial cover-

age and can be used to enhance agricultural, environmental, and 

land surface models (e.g., Binley et al., 2015). Several geophysical 

studies have been performed to investigate the soil–plant system 

using time-lapse monitoring data at the laboratory or field scale, 

applying mainly ERT, time domain reflectometry (TDR), or EMI 

tools. For example, root water uptake was investigated with time-

lapse ERT within lysimeters and for different cropping systems 

in the field (Garré et al., 2011, 2013). Several other field studies 

were performed using a fixed, installed ERT monitoring transect 

to study the soil–plant interaction of orange [Citrus  sinensis 

(L.) Osbeck] trees (e.g., Vanella et al., 2018) and crops like wheat 

(Triticum aestivum L.) (e.g., Shanahan et al., 2015) and maize (Zea 

mays L.) (e.g., Michot et al., 2003; Beff et al., 2013). Even though all 

these studies successfully demonstrated the potential to derive soil 

water and plant interactions, each of the methods has limitations. 

For example, TDR provides point information, ERT and EMI are 

sensitive to several other factors beyond water content, and EMI 

provides good coverage in space but with limited spatial resolution.

The advantage of GPR compared with ERT and EMI is that 

GPR provides information about the relative dielectric permittivity 

r of the soil, which is more directly related to SWC than the elec-

trical conductivity  (Huisman et al., 2003; Klotzsche et al., 2018). 

Since the emergence of the field of hydrogeophysics (Binley et al., 

2015), GPR has shown a high potential to map, detect, and monitor 

SWC changes to improve the hydrological characterization of the 

vadose zone with the highest possible resolution compared with 

other geophysical methods because of the use of high frequencies 

between 25 MHz and 1.6 GHz (e.g., Binley et al., 2002; Linde 

et al., 2006; Dafflon et al., 2011; Paz et al., 2017; Steelman et al., 

2017). Because of the large difference between the relative dielec-

tric permittivity of air, r = 1, and water, r = 80, it can be used 

to obtain the SWC in the vadose zone. To investigate flow and 

transport processes, time-lapse GPR measurements with a high 

spatial and temporal resolution can be linked to soil hydrological 

parameters such as hydraulic conductivity. For example, Looms et 

al. (2008b) investigated unsaturated flow and transport processes 

using crosshole GPR and ERT in alluvial sandy sediments and 

estimated hydraulic patterns (Looms et al., 2008a). Strobach et 

al. (2014) combined surface and borehole GPR measurements to 

monitor rainfall infiltration in the vadose zone and to investigate 

characteristic infiltration regimes.

Allroggen et al. (2015) measured and monitored f low pro-

cesses in the near subsurface using three-dimensional surface GPR 

measurements during rainfall experiments and associated patterns 

of travel-time changes in GPR signals with SWC variations. To 

further extend our knowledge about the relations between GPR 

data and hydrological parameters, controlled environments are 

essential. At the laboratory scale, GPR measurements can be per-

formed in lysimeters (e.g., Schmalholz et al., 2004; Wijewardana et 

al., 2017). Klenk et al. (2015) and Jaumann and Roth (2018) used 

surface GPR data to study SWC changes during pumping and 

infiltration experiments at the ASSESS site of the University of 

Heidelberg: a 20-m-long, 4-m-wide, and approximately 1.9-m-deep 

tank in which a known heterogeneous structure of different sand 

layers was created. Due to the control of these layers on the spa-

tiotemporal distribution of SWC, which could be observed with 

surface GPR, they could infer the hydraulic properties of the layers. 

Furthermore, several surface GPR studies have been performed to 

detect and characterize soil–plant systems and the influence of the 

SWC on plant development. For example, Rodríguez-Robles et al. 

(2017) used GPR to map tree roots. Wijewardana and Galagedara 

(2010) investigated the spatial and temporal variability of the 

SWC for different crop types. Nevertheless, the characterization 

of the climate–plant–soil interaction at the plot scale has been very 

limited until now, and long-term monitoring using GPR or other 

geophysical methods during serval growing seasons are very sparse 

in the literature (e.g., Jayawickreme et al. [2010] for a 2-yr ERT 

study). The disadvantages of “classical” GPR is that it cannot be 

used in an automated monitoring mode and that the interpretation 

of surface GPR measurements to derive depth profiles of SWC is 

not straightforward in the absence of clear reflections and/or gra-

dients. Cross-borehole GPR can be used to investigate the deeper 

near-subsurface between boreholes. Borehole GPR measurements 

can provide higher resolution insights into the subsurface and are 

well suited to characterize the vadose zone (e.g., Binley et al., 2002; 

Klotzsche et al., 2013) and to monitor infiltration and recharge 

processes (e.g., Looms et al., 2008a). Horizontal cross-borehole 

acquisitions provide a direct link of SWC variations between the 

tubes at certain depth slices and are well suited to investigate how 

SWC varies in both time and space at a certain depth due to infil-

tration, redistribution, and plant water uptake at the plot scale. 

Parkin et al. (2000) first applied crosshole GPR measurements in 

horizontal tubes below a wastewater trench at the 1.2-m depth. 

They applied zero-offset profiling (ZOP) that provided an aver-

age SWC along the tubes and multi-offset gathers to estimate a 

two-dimensional SWC distribution in a horizontal plane. Redman 

et al. (2000) and Galagedara et al. (2002) used GPR in horizon-

tal boreholes to study the temporal and spatial variation of SWC 

under wetting and drying conditions. These studies indicated 

the potential to detect and map zones of higher water content in 

between tubes that could be linked to preferential flow paths at 

the plot scale, which are difficult to obtain using other methods. 

All these studies mainly concentrated on water content changes 

without considering the effect of plants and atmospheric condi-

tions. Especially the impact of plants has not been investigated so 

far using horizontal borehole GPR data. The challenging aspect is 

that GPR is able to retrieve SWC for a certain domain, but with-

out further information it is very difficult to distinguish between 

the part of the water in the soil and water related to roots. For 

tree roots, al Hagrey (2007) stated a variation of the permittivity 
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Using the known distance between the boreholes (0.75 m) 

and the first breaks of the ZOP, the electromagnetic (EM) wave 

velocity within the medium is calculated, which can be converted 

into relative permittivity r of the soil using

2

r
c

v
  [1]

where v is the EM velocity and c is the speed of light. Both WARR 

analysis for determining the absolute time zero and ZOP analysis 

to obtain GPR travel times depend on an accurate and precise pick-

ing of the first arrival signals; otherwise errors can occur in the 

permittivity estimates. Normally for GPR applications, far-field 

conditions are assumed, where no interferences with the anten-

nae are expected, meaning that the antennae separations should 

be at least two times larger than the wavelength. In the near-field 

regime (below one wavelength), the propagation of EM waves is 

interfered with by the antennae. Depending on the soil properties, 

the far-field conditions were not always reached for the borehole 

separation of 0.75 m and the frequencies of the 200 MHz antennae, 

which are the highest of commercially available borehole antennae. 

This is particularly important for RUT, where a longer wavelength 

than at RLT can be expected. This should be considered in the 

data analysis and picking of the first arrivals. For example, the first 

break picking in very dry soil is very difficult because no clear first 

break point is present in the data (long and slow rise of the trace). 

For such days, the time shift for the ZOP data was defined using 

only data where a clear point could be chosen (normally deeper 

depths that were wetter) and was then applied to all data of this day.

First tests indicated that the permittivities of the uppermost 

depth slice at the 0.1-m depth were usually underestimated com-

pared with GPR data for the 0.2-m depth and showed significantly 

lower and unrealistic values compared with the permittivities of 

the underlying depth slices. Because of the small distance between 

the air–soil interface and the shallow boreholes, an interference of 

the critically refracted air wave and direct wave is present (more 

details in Klotzsche et al., 2016). Therefore, we investigated 

the influence of the air and direct wave interaction on the GPR 

traces and the retrieved permittivities and water contents using 

full-waveform simulations (see Appendix A). Summarizing the 

synthetic studies of Appendix A, using standard travel-time pick-

ing procedures, the travel time of the EM wave through the soil 

is underestimated for the shallow boreholes at 0.1-m depth and 

no reliable SWC can be obtained. Therefore, these data are not 

shown in the following. Note that for the depth of 0.2 m also a 

minor effect can be expected, especially under dry soil conditions.

Furthermore, we investigated the inf luence of the GPR 

picked permittivity if gradients or discontinuities in permittiv-

ity depth profiles at layer interfaces are present in the subsurface 

(see Appendix B). The standard first-break picking approach of 

the travel times assumes that the waves travel directly and on a 

straight line between the transmitter and receiver antennae. 

Appendix B illustrates using a second synthetic study how strong 

and abrupt changes in water contents across layer interfaces or 

across infiltration or drying fronts influence ray-based estimates 

of SWC. In particular special attention needs to be drawn toward 

the interpretation of the topsoil SWC, for instance when a wetted 

soil is overlying drier subsoil. Such a condition could occur during 

an infiltration event.

 Soil Water Content Derived 
from GPR and TDR Data

To convert the relative permittivity to SWC, appropriate 

empirical or petrophysical models are necessary (Huisman et al., 

2003; Steelman and Endres, 2011). In general, these relationships 

can be divided into empirical models, volumetric mixing formu-

las, and effective medium approximations. Empirical relationships 

like Topp’s equation (Topp et al., 1980) require very limited 

information about the soil type. In contrast, volumetric mixing 

formulae relate the measured bulk permittivity to the individual 

components within the system, weighted by their volume fractions. 

Effective medium approximations extend this mixing approach 

by considering structural and textural contributions to formulate 

microscale geometric models instead of a function of only porosity 

 and water content . For the right choice of the most appropri-

ate model, information about the soil is needed. For this study, we 

used the Complex Refractive Index Model (CRIM) with a geom-

etry factor of 0.5 considering a three-phase system using air, water, 

and soil components under consideration of the soil porosity  

(Roth et al., 1990; Steelman and Endres, 2011):

s

w

1
SWC  

1

%
  [2]

where  % is the relative bulk permittivity,  is the soil porosity, and 

w and s are the relative dielectric permittivity of water and soil 

particles, respectively. For both facilities, RUT and RLT, higher 

porosities of 0.33 and 0.4 were considered for the topsoil layer (0–0.3 

m) and 0.25 and 0.35 for the subsoil, respectively (Weihermüller et 

al., 2007). The permittivity of water at 10 C is w = 84, and the 

permittivity of the soil s was considered to be 4.7 and 4.0 for RUT 

and RLT, respectively (Robinson et al., 2005). For RLT, the relations 

obtained by CRIM were very similar to the empirical Topp equation 

(Topp et al., 1980), which was used by Cai et al. (2016) to derive 

SWC from TDR measured  %. For the stony soil at RUT, CRIM 

deviated from Topp’s equation, and Cai et al. (2016) used CRIM 

to derive the SWC from TDR-measured permittivity.

 Comparison of GPR and TDR 
Soil Water Contents

The TDR sensors have a high temporal resolution but a 

limited spatial coverage compared with the GPR measurements. 

Several other studies have indicated a good correlation between 

SWC derived by TDR and surface GPR using the direct ground-

wave velocity for different soil state conditions (e.g., Huisman et 

al., 2002). To better quantify the sensing volume of the horizontal 
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SWC variability for 2015 and 2016 are indicated by the red and 

green lines, respectively. In particular for RUT, the site with the 

higher gravel content and coarse material, very clear and consis-

tent patches during the 3 yr can be seen (Fig. 10a, black circles). 

Furthermore, these consistent structures with time also indicate 

the repeatability and reproducibility of the GPR data analysis. This 

observation suggests that the SWC variability of RUT is probably 

controlled by the soil properties rather than root growth of the 

wheat and indicates heterogeneity of the soil properties along the 

tubes. For the RLT, the site in the more silty soil, the SWC vari-

ability of RLT in the gray 2014 profiles shows similar trends but a 

much larger spread. Contrary to RUT, the mean RLT SWC curves 

for 2014, 2015, and 2016 show also larger differences. This could 

be the result of varying root water uptake along the tubes during 

the different years. Note that some results show a clear increas-

ing trend from low to higher SWC (e.g., the 1.2-m depth of the 

irrigated and rainfed plots). This might reflect horizontal varia-

tions in SWC and suggests that the TDR sensors at the 1.2- and 

0.8-m depths in the irrigated and rainfed plots are located in a 

drier part of the plot and might explain why the TDR sensors 

in the rainfed and irrigated plots show smaller SWC than in the 

sheltered plot at RLT. However, the persistent increase in SWC 

along the tubes might also be caused by the horizontal boreholes 

having some deviation from the planned 0.75-m distance due to 

the horizontal drilling. Since for RUT the tubes were buried and 

not drilled, such deviations are not expected at RUT. The boreholes 

are straight along the 7-m length (checked after drilling), but an 

unknown error in the angle of the tubes could be present. If we 

consider, for example, a maximum deviation away from the 75-cm 

offset from 5 cm ( 10 cm) at the end of the tube for the average 

soil condition of RLT ( r = 14), the SWC would vary by 3 ( 6)% 

(v/v) SWC. This makes clear that a very detailed deviation logging 

needs to be performed to investigate this effect on the SWC in 

more detail, especially for RLT. The reason why the RUT shows a 

small spread and similar trends over the years whereas RLT shows 

a larger spread and different trends is not clear and might be due 

to the different textures of the soil material.

 Water Content Spatial Distribution 
for Di�erent Crop Types

In 2017 maize, instead of wheat, was sown. Note that the shel-

ter was removed and, for 2017, two rainfed plots were present. The 

same analysis for the 2017 GPR data was applied as for the other 

years of both facilities. While the wheat showed no clear impact 

on the GPR recordings, the maize plants showed an impact, espe-

cially under dry conditions at RUT (boxes in Fig. 11). In particular 

during the growing phase of the plants between July and August, 

clear patches of where the plants are located can be observed. For 

example, for very dry conditions during the growing phase such 

as 27 July 2017, a higher SWC can be seen at the locations of the 

maize rows (very dry soil), and this contrast decreases with increas-

ing depth. The measured SWC shows peaks with a separation of 

about 75 cm, which equals the distance between the crop rows (Fig. 

11, right side). Ten rows were planted along the rhizotube profiles, 

of which seven can be detected with the GPR data. After some 

rain events at the end of July, the GPR SWC data of 2 Aug. 2017 

also show patches but this time not that clearly. Furthermore, the 

SWC is lower at the maize plant rows (greatest for the irrigated 

plot). Therefore, the ZOP recordings and the inferred SWC varia-

tions are influenced by not only the weather conditions and the 

soil but also by the presence of the crop. This becomes clear also 

by analyzing the SWC variation along the 7-m-long tubes for the 

time period from July to August (Fig. 11, left side). For a dry day 

(cyan line), a very strong variation is visible with maximum peaks 

at the plant locations. By comparing these variations with Fig. 7c, 

where constant patches with time for wheat were visible, for maize 

these constant patches overlap and are controlled by the plant pres-

ence during the growing phase and more temporal changes are 

observed. One explanation could be that under very dry soil condi-

tions, the SWC below the plant rows was higher than between the 

rows and this could be caused by the amount of water in the plant 

roots in combination with the higher root density below the plant 

row. These variations along the depth slices were already visible in 

the unprocessed data (not shown). As Fig. 11 indicates, the SWC 

patterns caused by the root zone are visible only in the shallow 

depths. The roots are very concentrated near the surface and are 

more distributed with increasing depth (Fig. 12). This is particu-

larly true for RUT with a high root count density near the surface. 

For RLT, high root count density values are distributed across the 

entire depths (patches much harder to identify in the GPR data, 

not shown). Note, that the effects of the surface and aboveground 

plant biomass (see Table 2 for sensing volume) is currently not clear 

and needs to be investigated in future research.

Summarizing, for plants like maize, clearly the strength of 

the GPR SWC estimation is visible due to its power to sense lat-

eral SWC changes and distribution. We have seen that a clear link 

between the SWC of the GPR and the plant location can be made. 

Such variations could maybe also have been shown for the upper 

few centimeters with TDR sensors, but to gain the same spatial 

resolution, a large number of sensors would need to be installed, 

which would disturb the soil conditions. More research is necessary 

to link the measured SWC from GPR to the SWC of the roots 

themselves. Generally, the currently estimated SWC is an aver-

aged value for a certain domain including all components, e.g., soil, 

roots, and air. Interestingly, other studies that mainly conducted 

ERT measurements suggested an opposite row–interrow effect of 

the SWC in a maize crop, with a smaller SWC under the rows (e.g., 

Michot et al., 2003; Garré et al., 2013). It must be noted that ERT 

does not measure the permittivity, and the impact of root water 

content on bulk soil electrical conductivity is not unequivocal.

 Conclusions and Outlook
We used a novel experimental setup to map and monitor SWC 

variability and dynamics using horizontal crosshole GPR data 
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