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Accuracy and Reproducibility of Measuring Surface 
Soil Water Content with the Ground Wave of Ground-
Penetrating Radar* 

Abstract 
Ground-penetrating radar (GPR) is an attractive technique for the non-destructive 
measurement of soil water content. In this chapter, we investigated the accuracy and 
reproducibility of measuring surface soil water content with the ground wave of 
GPR. In particular, we 1) examined the influence of equipment in the vicinity of the 
GPR antennas on the data quality and 2) compared two methods to calculate soil 
permittivity from the arrival time of the air and ground wave. The first method 
assumes that the air wave and ground wave arrive simultaneously at zero antenna 
offset, whereas the second method includes a correction for a time shift in arrival 
time at zero antenna offset. We tested the influence of the equipment on the radar 
by introducing the different components (sleds, odometer and vehicle to pull 
equipment) stepwise. The results showed that the use of sleds caused a decrease in 
the amplitude of the ground wave. The presence of the sleds also changed the pulse 
shape of the air and ground wave and caused disturbances in the air wave. However, 
the data quality after the addition of all components was sufficient to allow 
automatic picking of arrival times by standard GPR software. The importance of the 
time shift at zero antenna offset was assessed with 20 duplicate WARR 
measurements measured along a 30 m transect and a sensitivity analysis based on 
GPR simulations. The results showed that: 1) there was a mean time shift at zero 
offset of 0.5231 ns that could not be explained from the GPR simulations and 
2) there was a large variation in time shift at zero offset that could be explained by 
considering time picking error, positional error and soil water content heterogeneity 
in the sensitivity analysis. We conclude that a time shift correction in the calculation 
of soil permittivity would improve the accuracy of absolute soil water content 
measurements with GPR, but it should be noted that the large variation in time 
shifts makes it difficult to accurately estimate the mean time shift. 

* Published by J.A. Huisman and W. Bouten, 2002. Proceedings of the ninth international 
conference on ground-penetrating radar. Editors: S.K. Koppenjan and H. Lee. 
Proceedings of SPIE 4758,162-169. 

77 



Chapter 6 

6.1 Introduction 
Accurate measurements of soil water content (SWC) are important in many 

research fields, such as hydrology, agronomy and soil science. The accepted 
standard technique for measuring SWC is oven drying a soil sample at a prescribed 
temperature and duration. However, this standard technique is time consuming and 
destructive. Since the work of Topp et al. (1980), the use of dielectric and electrical 
methods for SWC measurements has increased strongly. Twenty years later, the 
success of time domain reflectometry (TDR) is such that it can be considered as 
the new standard technique to measure SWC. 

GPR has most often been used as a tool in shallow geophysics (e.g. detection of 
buried objects, mapping stratigraphic units etc.). More recently, it has also been 
used to measure SWC. Kung and Lu (1993), Greaves et al. (1996), and Weiler 
et al. (1998) used reflected waves from static subsurface features with known depth, 
such as soil horizons and buried objects, to estimate SWC. Vellidis et al. (1990) 
used GPR to detect movement of a wetting front in the vadose zone of a sandy 
soil. Van Overmeeren et al. (1997) used the reflection from the ground water table 
to determine the SWC of the entire vadose zone. Unfortunately, these methods all 
require the presence of layers or objects with a significant contrast in dielectric 
permittivity in order to generate the reflected waves needed for SWC 
determination. 

Du and Rummel (1994) used the velocity of the GPR ground wave to determine 
SWC in the near subsurface. The GPR ground wave is the direct transmission from 
source to receiver through the upper centimeters of the soil. It is an interesting 
wave to use because it is the only wave that is also there in absence of (clearly) 
reflecting subsurface features (also see Du, 1996; Sperl, 1999 and Wollny, 1999). 
The ground wave can be recognized in a Wide Angle Reflection and Refraction 
(WARR) measurement. WARR acquisition consists of increasing the distance 
between the antennas stepwise while one antenna remains at a fixed position. In a 
homogeneous soil, the direct path of the ground wave between source and receiver 
results in a linear relationship between travel time and antenna separation that 
allows the determination of the ground wave velocity and soil permittivity (see 
figure 6.1). However, the use of WARR measurements for SWC determination is 
cumbersome because the antenna separation has to be changed after each recorded 
trace. Du (1996) and Sperl (1999) proposed to map SWC by putting the radar 
equipment on sleds with a fixed separation. The use of sleds allows a quick 
mapping of SWC provided that the approximate arrival time in the common offset 
measurement is known from the WARR measurement (i.e. the ground wave can be 
recognized in the common offset measurement). 

In this chapter, we focus on two important requirements for accurate and 
reproducible SWC measurements with the ground wave of GPR. First, the extra 
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Antenna Separation (m) Antenna Separation (m) 
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 

Figure 6.1. Schematic representation of WARR measurements with and without a time 
offset to at zero antenna separation (AW=air wave, GW=ground wave, RW=reflected 
wave). 

equipment needed for SWC mapping should not interfere too strongly with the 
radar. Therefore, the first aim of this chapter is to examine the influence of SWC 
mapping equipment on the GPR data quality. This was tested by stepwise addition 
of the different components (sleds, odometer and vehicle to pull equipment) in the 
vicinity of the source and receiver antennas. The second requirement is that it 
should be possible to calculate the soil permittivity from the arrival time of the air 
wave and ground wave at a single antenna separation (hereafter referred to as 
Single Trace Analysis; STA). Sperl (1999) pointed out that it is not straightforward 
to calculate soil permittivity from a single trace because there can be a significant 
time difference between the arrival time of the air and ground wave at zero antenna 
offset (t0 in figure 6.1). He suggested that the accuracy of SWC measurements 
could be improved by including a correction in the STA. Therefore, the second aim 
of this chapter is to investigate whether it is necessary and possible to correct for t0 

in the calculation of soil permittivity from a single trace. This is done by comparing 
SWC measurements based on the ground wave velocity determined from WARR 
measurements and from the arrival time of the air and ground wave in single traces. 
To investigate the sensitivity of t0 towards several sources of error in t0 

determination, we did a sensitivity analysis of a simple model describing ground 
wave propagation. 

6.2 Materials and Methods 
We used a pulseEKKO™ 1000 GPR system with a 200 V transmitter (Sensors 

and Software, Mississauga, ON, Canada) and broadband antennas with a center 
frequency of 450 MHz (in air) and a frequency bandwidth of approximately 
450 MHz (Davis and Annan, 1989). The radar data were collected with the 
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Chapter 6 

Figure 6.2. Equipment used for soil water content measurements with GPR. A) source 
antenna, B) receiving antenna, C) odometer and D) rigid poles for a fixed antenna 
separation. 

acquisition software supplied by the manufacturer. We used REFLEX (Sandmeier 
Scientific Software, Karlsruhe, Germany) for standard GPR data processing, 
including a 'dewow'-filter to remove low-frequency induction and a down-trace 
averaging filter to remove noise. 

6.2.1 Influence oj'equipment near GPR. antennas 
To map SWC with GPR, extra equipment is needed in the vicinity of the 

antennas (see figure 6.2): 1) sleds to move the antennas at a fixed antenna 
separation, 2) an odometer (supplied by the manufacturer of the radar equipment) 
to trigger the radar at a predefined measurement interval, 3) a vehicle to pull the 
sleds and the radar equipment, in our case a three-wheeled electric scooter. We 
used two custom-made sleds consisting of a wooden frame with a width of 0.56 m 
and a length of 1.06 m and an underside covered with 1 mm thick PVC sheet. We 
did not use any metallic components (no screws etc.) in the construction of the 
sleds in order to minimize reflections from the sleds. The antennas are strapped to 
the sleds and positioned with Velcro. A fixed but adjustable antenna separation was 
ensured by two rigid poles, which could be connected to the sleds at different 
positions. 

To test the influence of the different components in the vicinity of the radar 
antennas, we placed the antennas on the soil without any equipment and acquired 
100 duplicate traces. Next, we installed the antenna on the sleds and acquired 100 
duplicate traces again, then we added the odometer and lasdy we also added the 
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Figure 6.3. Design of a test for time shift stability at zero antenna offset. Arrows indicate 
WARR measurements. 

three-wheeled electric scooter with 2 controllers. This resulted in a total of 
400 traces. By averaging each set of 100 traces, we obtained four traces showing the 
influence of each component of the measurement system on the radar signal, in 
particular the air wave and the ground wave. The GPR measurements were 
performed with an antenna separation of 1.54 m, a time window of 60 ns, 
a sampling rate of 60 ps (1000 points per trace) and 64 stacks per trace. 

6.2.2 Stability oft0 

To accurately map SWC with GPR, it is necessary to convert the arrival times of 
the air and ground wave to soil permittivity. Theoretically, the soil permittivity can 
readily be calculated from the antenna offset (*•), the arrival time of the air wave 
(tAW) and the arrival time of the ground wave (ZGir) 

ESTA = [6-1] 

\ x J 
where c is the electromagnetic wave velocity in air (3 x 108 ms4). Equation 6.1 
assumes that the air and ground wave arrive simultaneously at zero antenna offset 
(x=0, left side of figure 6.1). However, Sperl (1999) reported that this assumption 
does not necessarily hold because a time difference between ground and air wave 
arrival is sometimes observed at zero offset (right side of figure 6.1). He suggested 
including a time shift t0 correcting for this problem 

C\*GW ~ ' Q ~*AW ) + X JV- ~-| 

x J 

The modified procedure for mapping SWC would include the estimation of t0 from 
a WARR measurement at a representative location in the area of interest. However, 
the use of equation 6.2 can only be recommended when 1) the t0 is constant for the 
area of interest or 2) the mean t0 can be estimated with reasonable accuracy for the 
area of interest. 

To test the t0 stability, we acquired 20 WARR-measurement along a 30 m 
transect as shown in figure 6.3. The WARR measurements were made with antenna 
separations increasing from 0.4 to 1.5 m with increments of 0.1 m, a time window 
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of 60 ns, a sampling rate of 60 ps and 64 stacks per trace. We also made 
20 'duplicate' WARR measurements in the reverse direction (e.g. receiver position 
from 1.1 m to 0.0 m with increments of 0.1 m, source at 1.5 m). We did not use the 
SWC mapping equipment in this experiment. In each of the 40 WARR 
measurements, the arrival time of air and ground wave were picked for each 
antenna separation with REFLEX. These arrival times were used to fit linear 
regression lines between antenna separation and arrival time. Extrapolation of the 
regressions for the air and ground wave to 2ero offset gives the required estimate 
of t0. The regression for the ground wave was also used to calculate the ground 
wave velocity and therewith the soil permittivity from a WARR measurement. The 
permittivity from a STA was calculated from the arrival time of the air and ground 
wave in the last trace of each WARR measurement (antenna separation of 1.5 m). 
We chose this trace because 1) the STA is more accurate for larger antenna 
separations and 2) the 'duplicate' STA measurements have the same measurement 
volume for this antenna separation. 

The measurement site was located in a pasture near Molenschot, the 
Netherlands. The soil was classified as a Plaggept according to the Soil Taxonomy 
by the USDA (1975). The textural class of the topsoil was sandy loam (66.5% sand, 
30.2% silt and 3.3% clay) as determined by grain-size analysis. The average SWC of 
the pasture was 0.30 m3m3 . The measured soil permittivity was converted to SWC 
with a calibration equation based on Herkelrath et al. (1991) 

SWC = 0.1116-s/ë"- 0.1543 [6.3] 

6.2.3 Sensitivity analysis 
Two possible sources of error in SWC measurements with GPR are: 

1) inaccurate arrival time determination, here referred to as time picking error (E) 
and 2) inaccurate antenna positioning (EJ. In our field experiment, the standard 
deviation of E, is estimated to be 30 ps (half of the time sampling resolution), 
whereas the standard deviation of Exwas estimated as 0.01 m. 

The sensitivity of t0 towards different sources of error was determined in a 
simple exercise, in which we calculated arrival times for the air and ground wave 
for the same acquisition scheme as the field measurements (figure 6.3). Both the air 
wave and the ground wave are direct waves and, therefore, the arrival time at each 
specific antenna separation can simply be calculated from the average SWC 
between sender and receiver. For a homogeneous soil, the sensitivity towards Et 

was determined by 1) adding (normally distributed) random error to calculated 
arrival times of the air and ground wave for each trace, 2) calculating t0 by 
extrapolating regressions fitted to the air and ground wave arrival times to x=0 for 
the WARR measurements in forward and backward direction and 3) repeating this 
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procedure 1000 times to calculate mean t0 as a function of Er The reproducibility 
of t0 was approximated by the standard deviation of the difference (SDD) between 
AT duplicate measurements calculated in forward and backward direction (x1 and x2) 

SDD=\h%{x[~x'i)2 [6A] 

Note that a higher SDD means a lower reproducibility. For uncorrelated errors, the 
SDD is the same as the standard deviation of all duplicate measurements. The 
sensitivity of t0 towards Ex was determined by adding (normally distributed) 
random error in position to each trace and repeating the procedure described 
above. 

A third source of error in t0 is spatial variability of SWC within the 1.5 m of the 
WARR measurement. In our field experiment, the mean SWC measured with TDR 
was 0.30 m 3 m 3 with a standard deviation of 0.0356 m3m"3. The sensitivity of t0 

towards random SWC variability was calculated by generating (normally 
distributed) random variation with the TDR measured mean and standard deviation 
for a transect of 1.5 m with a resolution of 0.01 m, which is the approximate 
diameter of the sampling volume of the TDR probe. Structured SWC variability for 
the same transect was simulated by unconditional Gaussian simulation in GSTAT 
(Pebesma and Wesseling, 1998) with a predefined mean and a variability based on a 
variogram based on TDR measurements 

y(x) = 0.00025 +0.0008 exp(--) [6.5] 
8 

The semivariance y(x) is (half) the expected variance in SWC of two points 
separated by a distance x. The semivariance given by equation 6.5 increases, which 
means that points close together are more similar than points with a large 
separation (Goovaerts, 1997). After generating these random and structured 
patterns in SWC, the t0 sensitivity was then calculated by extrapolating regressions 
of air and ground wave arrival times to x=0 for 1000 different random and 
structured patterns. 

6.3 Results and Discussion 
6.3.11nfluence of equipment near GPR antennas 

Figure 6.4 shows the influence of the sleds on the amplitude of the air wave and 
the ground wave. The amplitude of the ground wave is strongly attenuated due to 
the presence of the sleds, whereas the air wave amplitude is relatively unaffected. 
The maximum (absolute) amplitude of the ground wave decreased with 66 %. 
A likely explanation for the decrease in ground wave amplitude is the reduced 
coupling of the source antenna due to the PVC underside (and the associated small 
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Amplitude (DN) 

Figure 6.4. Influence of the sleds on the amplitude of a GPR trace measured with an 
antenna separation of 1.5 m. 

air gaps) of the sleds. The small difference in ground wave arrival times between 
the traces was most likely introduced by the unavoidable repositioning of the 
antennas during installation on the sleds. 

Figure 6.5 shows four normalized traces that illustrate the influence of SWC 
mapping equipment in the vicinity of antennas. Trace 1 is the 'clean' measurement 
without any extra equipment. Both the air wave and the ground wave are well 
defined and relatively free of noise. Traces 2-4 show the influence of the extra 
equipment near the antennas on the radar signal. The apparent change in the 
amplitude ratio between air and ground wave is caused by the strong attenuation of 
the ground wave as compared with the other waves. The most important 
conclusion from these normalized traces is the increased noise in the air wave when 
the SWC mapping equipment is present. Most likely, this increased noise is caused 
by interference of the direct air wave and waves reflected from the SWC mapping 
equipment. The increase in noise is strongest after the addition of the odometer 
(difference between trace 2 and trace 3), indicating that the metallic frame design of 
the odometer is somewhat unfortunate for SWC measurements with the ground 
wave of GPR. The similarity between trace 3 and 4 indicates that the electric 
scooter and the controllers were not close enough to the radar antennas to affect 
the quality of the GPR measurements. 
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Figure 6.5. Four GPR traces normalized by the highest (absolute) amplitude showing the 
effect of extra equipment in the vicinity of the radar antenna. Trace 1: without extra 
equipment, Trace 2: antennas mounted on sleds, Trace 3: antennas mounted on sleds with 
odometer attached to source antenna, Trace 4: all extra equipment installed (for more 
explanation see text). 

The distortion of the air wave due to presence of equipment near the antennas 
has implications for SWC mapping with GPR. The traces presented in figure 6.5 
are both stacked and averaged, but still it was not an easy task to consistently pick 
an air wave arrival time. The best opportunity to pick an arrival time is the zero 
crossing between the first positive and negative amplitude marked with A-A' in 
figure 6.5 in case of the air wave and with B-B' in case of the ground wave because 
the gradient of the radar signal is steepest there. The onset or the maximum of the 
wave are two other widely used options, but they are less suited for our application 
because these locations are difficult to recognize for the air wave. The problem of 
consistently picking an air wave arrival time intensifies when GPR traces are 
acquired 'on-the-move' with low stacking and without averaging. In practice, it 
might be necessary to average several traces in post-processing in order to pick the 
air wave arrival time. 

6.3.2 Stability oft0 

Figure 6.6 shows a comparison between time shift t0, SWC obtained with a 
WARR measurement and SWC obtained from the arrival time of the air and 
ground wave at x = 1.5 m. The SWC measurements based on the STA were on 
average 0.012 m3m"3 higher than the measurements based on the WARR 
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Figure 6.6. Difference between soil water content measurements based on the ground 
wave velocity from a WARR measurement and a single trace analysis (STA) related to the 
time shift at zero offset (to). 

measurements. Three interesting points can be made about the time shift t0: 1) the 
average of t0 is 0.5231 ns, 2) there is a large variation in t0 within the 30 meter 
transect (standard deviation of 0.32 ns) and 3) the difference between WARR and 
STA measurements clearly increases with higher t0. A direct comparison between 
the difference in SWC and t0 in figure 6.7 shows a significant correlation of 
R2=0.77. These results suggest that a correction for t0 can improve the accuracy of 
SWC measurements with the STA. 

6.3.3 Sensitivity analysis qftg 

The mean t0 and the variation in t0 as a function of different error sources were 
further investigated in a sensitivity analysis. Table 6.1 shows the results for the 
individual and combined effect of time picking error, positional error and SWC 
variation within 1.5 m on the mean t0. It can be seen that all simulated mean t0's 
were very low (<0.0101 ns). Clearly, the observed mean t0 of 0.5231 ns could not be 
explained by any of the error sources considered in our model. 

Table 6.1 also shows the t0 variability as a function of the error sources. For 
homogeneous soils, the positional error has a larger contribution to t0 variability 
than the picking error (SDD of 0.1010 ns vs. 0.0236 ns). For heterogeneous soils 
with spatially correlated SWC, time picking error and positional error, the SDD of 
simulated tg (0.2410 ns) is similar to the observed SDD (0.2411 ns), although it 
should be noted that the standard deviation of the measurements was higher than 
the standard deviation of the simulations (e.g. there was a positive correlation 
between duplicate measurements not present in the simulation). The general 
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Figure 6.7. Scatter plot of time shift at zero offset {to) and difference in soil water content 
based on ground wave velocity obtained from WARR measurement and a single trace 
analysis (STA). 

Table 6.1. Measured and modeled reproducibility of soil water content measurements 
with WARR and STA expressed as SDD defined in equation 6.4. Modeled reproducibility 
is based on realistic estimates of different error sources (positional error, picking error 
and error due to spatial heterogeneity of soil water content). 

Transect 

Picking Error (30 ps) 
Positional Error (1 cm) 
Combined (30 ps / 1cm) 

Random SWC 
Structured SWC 
Random SWC + combined 
Structured SWC + combined 

WARR 
mean 

0.3014 

0.3000 
0.2996 
0.2998 

0.2999 
0.3000 
0.2999 
0.3000 

SDD 

0.0066 

. 
0.0008 
0.0036 
0.0039 

STA 
Mean SDD 

Measured 
0.3129 0.0034 

h 
mean 

0.5231 

Modeled (homogeneous SWC) 
0.3000 0.0009 
0.3000 0.0022 
0.3000 0.0024 

-0.0050 
0.0101 
0.0044 

Modeled (heterogeneous SWC) 
0.0020 
0.0030 
0.0046 
0.0054 

0.3000 
0.3000 
0.3000 0.0025 
0.3000 0.0023 

0.0064 
0.0020 
0.0041 
0.0004 

SDD 

0.2411 

0.0236 
0.1010 
0.1103 

0.0897 
0.2101 
0.1461 
0.2410 
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Table 6.2. Empirical parameters a to d of equation 6.4 needed to estimate SDD of & and 
SWC measurements based on WARR and STA acquisition. 

a b e d 
WARR 0.0279 0.8415 0.1273 0.0590 
STA 0.0304 0.6315 0.0266 0 
t0 0.7926 23.874 3.6127 2.5211 

agreement between measured and modeled variation indicates that the observed 
(high) variation in t0 can be explained by the three error sources considered in this 
chapter. The implication of the large variation in t0 is that a large number of WARR 
measurements is required to accurately estimate mean t0. For example, for the given 
acquisition scheme and the wet heterogeneous soil with spatially correlated SWC 
one would need 20 WARR measurements to estimate t0 with a standard error 
of <0.1 ns. 

The simulated results in table 6.1 are only valid for a mean SWC of 0.30 m3rrf3. 
However, the SDD for other conditions can accurately be approximated by 
assuming that the three error sources are independent: 

SDD = -yJiaE, f + {(bSWC + c)Ex f + (ds, f [6.6] 

in which Et is expressed as the expected standard deviation [ns], Ex is expressed as 
the expected standard deviation [m], SWC is the mean SWC [m3m~3], .re is the 
standard deviation in SWC [m3m~3] and a, b, c and d are empirical constants [-], 
which are given in table 6.2 for the acquisition scheme used in this chapter. This 
approximation does not include spatial correlation in SWC. The SDD from 
equation 6.6 must, therefore, be considered as the best-case estimate of/<, variation. 
Of course, another acquisition scheme will result in a different SDD. For example, 
a WARR measurement from 0.4 to 3.0 m wifh a step size of 0.1 m would decrease 
the SDD in case of a random soil water distribution (from 0.1461 to 0.1166 ns) but 
increase the SDD in case of spatially correlated SWC (from 0.2410 to 0.4187 ns). 

6.3.4 Sensitivity of soil water content measurements 
The sensitivity analysis was also used to determine the reproducibility (quantified 

through SDD) of SWC measurements with GPR. Figure 6.8 shows the duplicate 
measurements of the WARR measurements and the regular STA (equation 6.1). 
The SDD of the WARR measurements was 0.0066 m3m"3 and the SDD of the 
regular STA was 0.0034 m3m~3, which suggests that SWC measurements based on 
one trace are more reproducible than SWC measurements based on WARR 
measurements. This counterintuitive notion is confirmed by the simulations 
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Figure 6.8. Comparison of duplicate soil water content measurement based on the ground 
wave velocity obtained from a WARR measurement and a single trace analysis (STA). 

presented in table 6.1 and can be explained by 1) the sensitivity of arrival times to 
positional errors for small antenna separations included in the WARR measurement 
and 2) the unequal averaging properties of WARR (and CMP) measurements that 
introduce bias towards the SWC near the sending antenna in soils with 
heterogeneous SWC. 

The sensitivity analysis showed that the largest error contribution is the 
positional error, which reduced the reproducibility to 0.0036 m3m~3 for the WARR 
measurements and 0.0022 m3m~3 for the STA. The contribution of the time picking 
error is higher for the STA (0.0009 m3m"3) than for the WARR measurements 
(0.0008 m3m-3), but the contribution of the picking error to the total (combined) 
error is small. In heterogeneous soils, the reproducibility of the WARR 
measurements was further reduced, whereas the reproducibility of the STA does 
not depend on the distribution of SWC within the measurement volume. 

The simulated results in table 6.1 are only valid for a soil water content of 
0.30 m3m3 . However, equation 6.6 can be used to calculate the reproducibility for 
other conditions. The required parameters a to d are given in table 6.2 for both the 
WARR and the STA measurements. For example, for the same errors and SWC 
variation as in table 6.1, the reproducibility for a moist soil is higher than for a wet 
soil (decrease from 0.0034 to 0.0044 m3rn3 for a SWC of 0.15 and 0.30 m3m'3, 
respectively). Again, this assessment of the reproducibility is only valid for the 
acquisition scheme used in this chapter and must be considered as a best-case 
estimate of reproducibility because the spatial correlation in SWC is not included. 

6.4 Conclusions 
In this chapter, the influence of equipment in the vicinity of the GPR antennas 

on the GPR data quality was examined by stepwise addition of different 
components. The results showed that the addition of the sleds caused a strong 
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decrease in the amplitude of the ground wave. This decrease was attributed to the 
reduced coupling of the antennas to the soil due to presence of the sleds (and air) 
beneath the antennas. Furthermore, the combined effect of the sleds and the 
odometer caused disturbances in the air wave. However, the data quality after the 
addition of all components was sufficient to allow automatic picking of air wave 
and ground wave arrival times by standard GPR software. 

Two methods to calculate soil permittivity from the arrival time of the air and 
ground wave 'were also compared. The first method assumes that the air wave and 
ground wave arrive simultaneously at zero antenna offset, whereas the second 
method includes a correction for a time shift, t0, in arrival time at zero antenna 
offset. The relevance of this t0 correction was investigated with 20 duplicate WARR 
measurements along a 30 m transect and a sensitivity analysis of GPR simulations 
of the air and ground wave. The measurements showed that there is a mean t0 of 
0.5231 ns. This t0 shift could not be explained by the sensitivity analysis, which 
included time picking error, positional error and SWC heterogeneity. The 
measurements also showed that there is a large variation in t0, which could be 
explained by the three aforementioned error sources. It was concluded that a t0 

correction would improve the accuracy of SWC measurements with GPR, but that 
a large number of WARR measurements is required to accurately estimate the 
mean t0 because of the large variation in t0. 

The measurements in this chapter were restricted to one soil with high SWC. 
The sensitivity analysis provided insight in the variation of t0 for different soil water 
contents, but the nonzero mean t0 remains unexplained. It seems that an 
explanation for the observed nonzero t̂  must be sought in the poorly defined 
radiation characteristics of the GPR antennas. For example, van der Kruk (2002) 
reported a distortion of the air wave shape, most likely caused by the antenna 
shielding of the GPR system used in this thesis and Wollny (1999) reported 
distortions in the shape of the air and ground wave due the imperfect electrical 
coupling of the antenna and the soil. It is well possible that these pulse shape 
distortions have also caused the t0 offset observed in this chapter. Future research 
should focus on these technical GPR aspects to increase confidence in GPR for 
measuring absolute soil water content. 

The reproducibility of SWC measurements with GPR was also determined. Both 
the measurements and the sensitivity analysis showed that the STA measurements 
were more reproducible than the WARR measurements due to the biased spatial 
averaging of WARR measurements. We conclude that the reproducibility of the 
WARR measurements was 0.006 m3m~3, whereas the reproducibility of the STA 
measurements was 0.003 m3m"3 for the acquisition scheme used in this chapter. 
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