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Abstract

We analyzed the temporal stability of soil moisture patterns acquired using a proxi-
mal ground-penetrating radar (GPR) in a 2.5 ha agricultural field at five different dates
over three weeks. The GPR system was mounted on a mobile platform, allowing for
real-time mapping of soil moisture with a high spatial resolution (2-5m). The spatio-
temporal soil moisture patterns were in accordance with the meteorological data and
with soil moisture measurements from soil core sampling. Time-stable areas showing
the field-average moisture could be revealed by two methods: (1) by the computation
of temporal stability indicators based on relative differences of soil moisture to the field-
average and (2) by the spatial intersection of the areas showing the field-average. Lo-
cations where the mean relative difference was below 0.02 m® m~2 extended upto10%
of the field area whereas the intersection of areas showing the field-average within a
tolerance of 0.02m*®m™ covered 5 % of the field area. Compared to most of the previ-
ous studies about temporal stability of soil moisture, time-stable areas and their spatial
patterns could be revealed instead of single point locations, owing to the advanced
GPR method for real-time mapping. It is believed that determining spatially coherent
time-stable areas is more informative rather than determining time-stable points. Other
acquisitions over larger time periods would be necessary to assert the robustness of
the time-stable areas.

1 Introduction

Surface soil moisture, i.e. the water held in the upper few centimeters of soils, is an im-
portant state variable of the water cycle and climate system. It is increasingly used by
the hydrology and climate science community as a direct or proxy variable to be assim-
ilated into hydrological (Pauwels et al., 2002; De Lannoy et al., 2007; Crow and Ryu,
2009) and global circulation models (Seneviratne et al., 2010), especially owing to the
ongoing development of dedicated remote sensing platforms for surface soil moisture
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measurements. Exposed to the rapidly changing atmospheric conditions, surface soil
moisture is known to be highly variable in time and space at practically all scales of in-
terest. A better understanding of the surface soil moisture dynamics could be obtained
based on the analysis of spatio-temporal soil moisture measurements.

In that respect, the characterization of surface soil moisture patterns may benefit
from the temporal stability of the spatial patterns of soil moisture, a concept firstly in-
troduced by Vachaud et al. (1985). The investigation of the temporal stability of soil
moisture patterns has then received a specific attention in numerous experimental soil
moisture field studies (e.g. Brocca et al., 2009; da Silva et al., 2001; Jacobs et al., 2004;
Guber et al., 2008; Grayson and Western, 1998; Mohanty and Skaggs, 2001). These
studies showed that when repeating measurements of soil moisture over a certain ex-
tent, it often resulted in similar spatial patterns. In particular, locations that persistently
show the field-average could be found with different degrees of accuracy and stability
with time.

A first application of temporal stability of soil moisture studies is the selection of time-
stable locations for the installation of in-situ sensors or for the optimal sampling of soil
moisture measurements (Heathman et al., 2012). Although temporal stability studies
have mainly focused on the retrieval of time-stable point-locations showing the field-
average, the temporal stability of the continuous soil moisture pattern is also needed
for many applications. In that respect, one may be interested in finding time-stable lo-
cations either exhibiting the field-average or extreme soil moisture values. If the offsets
between time-stable locations showing under- or over-estimates and the field-average
are known, these locations can be also used to determine the field-average (Starks
et al., 2006).

Rather than the temporal stability of point-locations, knowing the temporal stability
of soil moisture patterns can better help for the validation of remote sensing data (e.g.
Cosh et al., 2004), downscaling of remotely-sensed soil moisture data (e.g. Loew and
Mauser, 2008; Vernieuwe et al., 2011) and support hydrological modeling at the field
scale, given the high sensitivity of hydrological models to soil moisture. When studying
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a catchment, the persistence of soil moisture patterns in time can bring out the spatial
pattern of hydrological processes such as infiltration, surface redistribution and uprising
groundwater that are occurring in the field.

The concept of temporal stability implies that soil moisture is partly locally deter-
mined by soil or topographic attributes that are time-invariant. In that respect, Mittel-
bach and Seneviratne (2012) proposed a new statistical approach for decomposing
time-invariant and time-dependant contributions of the spatial variance of absolute soil
moisture, but this requires long-term soil moisture measurements. At the field scale, soil
moisture spatial patterns are mostly controlled by topography, soil type, vegetation and
land use. The relative predominance of these controlling factors is variable and also
dependent on the wetness conditions, e.g. as shown by Grayson et al. (1997) for differ-
ent catchments in Australia where spatial patterns of soil moisture switched between
a dry and a wet state because different hydrological processes took place according
to the wetness conditions. The assumption that topography is the first prevalent fac-
tor has been largely supported in many hydrological studies (e.g. Hawley et al., 1983;
Gulntner et al., 2004; Western et al., 1999) and is the basis of numerous hydrologic
models and indices, such as the widely-used TOPMODEL (Beven and Kirkby, 1979)
and the topographic wetness index (Quinn et al., 1995). In that respect, Grayson and
Western (1998) showed that time-stable locations representing the field-average were
located in mid-slopes areas, which was further confirmed in the works of Brocca et al.
(2009); Jacobs et al. (2004); Mohanty and Skaggs (2001). Nevertheless, topography is
not always the prevalent factor, either in case of dry conditions that may limit the lateral
redistribution of water (Grayson et al., 1997), in case of flat topography (e.g. Hupet and
Vanclooster, 2002) or when other factors dominate because of their large variability or
their importance for a particular catchment. In that respect, in a highly contrasted field in
terms of texture, da Silva et al. (2001) stated that clay content and organic matter were
the main determining factors controlling soil moisture, whereas topographic attributes
did not appear to be related to soil moisture. Soil properties showing time-stability ap-
peared to be more site-specific and no general rule about soil properties that caused
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temporal stability of soil moisture could be drawn. For instance, while Jacobs et al.
(2004) observed that sampling points with moderate or moderately high clay content
tended to have more temporal stability, Mohanty and Skaggs (2001) noticed that sandy
loams showed more temporal stability than silt loams. The importance of controlling
factors for temporal stability of soil moisture is dependent on the relative dominance of
the factors that govern soil moisture patterns.

The characterization of soil moisture spatial patterns actually depends on the mea-
surement scale, which is determined by the soil moisture measurement technique.
According to Bloschl and Sivapalan (1995), the measurement scale can be character-
ized by a scale triplet that consists of extent, spacing and support scale. The extent
is the total coverage of the measurements, the spacing (or resolution) is the distance
between two measurements and the support (or integration, sampling scale) is the
scale on which one measurement is integrated. Each soil moisture measurement tech-
nique can thus be characterized by its scale triplet. So far, the majority of the studies
that have investigated the temporal stability of soil moisture patterns were built on soil
moisture datasets acquired with small-scale invasive sensors (e.g. time domain reflec-
tometry (TDR), capacitance probes, neutron probes or gravimetric sampling). These
datasets are characterized by point measurements (small support scale) separated by
large spacings over relatively small extents (field scale). On the other hand, remote
sensing provides soil moisture data over large extents but with a spatial resolution that
is usually too large for field-scale studies.

Proximal soil moisture sensing techniques, such as ground-penetrating radar (GPR),
permit to perform high spatial resolution measurements at the field scale and to bridge
the scale gap in terms of spatial resolution and support scale between invasive and
remote sensors. Regarding time-stability studies, using proximal sensing techniques
such as GPR allows to reveal time-stable areas and to investigate nearly-continuous
spatial patterns instead of identifying time-stable points. In particular, the off-ground
GPR method developed by Lambot et al. (2004, 2006) has shown great potential for
soil moisture sensing and was applied in field conditions for proximal soil moisture
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mapping by Jadoon et al. (2010); Jonard et al. (2011); Lambot et al. (2008); Minet et al.
(2011, 2012). Soil permittivity and correlated water content are derived from inversion
of a full-wave radar model that accounts for wave propagation in three-dimensional
layered media and antenna effects, including antenna-soil interactions.

In this study, we used a large soil moisture dataset acquired with the proposed GPR
method to investigate the spatiotemporal patterns of surface soil moisture and their
temporal stability. Soil moisture was acquired in a 2.5 ha agricultural field at five differ-
ent dates in spring 2010 in Belgium. First, soil moisture patterns and their evolution
over time were investigated through a geostatistical analysis. Then, time-stable areas
showing the field-average were analyzed by two methods: (1) by the computation of
temporal stability indicators based on the relative differences of soil moisture to the
field-average (Vachaud et al., 1985) and (2) by the spatial intersection of the zones
showing the field-average. The methods were compared in the light of the scale char-
acteristics of the dataset.

2 Materials and methods
2.1 Study site

We surveyed a 2.5 ha agricultural field situated in the loess belt area in the center of
Belgium (Lon. 4°41'8" E, Lat. 50°35'59" N) (Fig. 1). The soil type is uniformly silt loam
and elevation ranges from 130 m to 144 m a.s.l. According to the national Belgian soil
database (The Aardewerk database, Van Orshoven and Vandenbroucke, 1993), soil
particle fractions are 4 % of sand, 82 % of silt and 14 % of clay for a soil sampling point
situated at about 500 m from the field. The GPR acquisitions were performed at the end
of the winter at five different dates from 15 March to 6 April 2010. The field was covered
by winter wheat having a canopy height less than 5 cm. Meteorological data such as air
temperature and precipitation were recorded with an hourly time step in a meteorolog-
ical station situated at 2km apart from the field (Fig. 2). Dry conditions characterized
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the first three dates of the acquisition while the last two dates were characterized by
large antecedent precipitation events (Table 1).

2.2 Soil moisture mapping by ground-penetrating radar

The field was surveyed using a proximal off-ground GPR based on vector network an-
alyzer technology and a directive ultra-wideband horn antenna (Lambot et al., 2004,
2006). Similarly to the active radar remote sensing platforms, the GPR principle for
soil moisture sensing is based on the measurement of an electromagnetic wave which
is transmitted to the soil, backscattered by the soil surface and recorded by the GPR
antenna. The backscattered electromagnetic wave is function of the soil dielectric per-
mittivity. As the dielectric permittivity of water overwhelms the one of the soil particles
and air, the propagation of the electromagnetic wave into the soil is mainly governed
by its water content.

The soil dielectric permittivity was retrieved by inverting the GPR data using an elec-
tromagnetic model simulating the GPR wave propagation. The electromagnetic model
is an exact solution of the 3-D Maxwell’s equation for electromagnetic wave propaga-
tion in the air—soil system modeled as a planar layered medium. The full-wave inversion
of the GPR data focused on the surface reflection in the time domain (Lambot et al.,
2006), using GPR data in the frequency range 200—800 MHz with a frequency step of
6 MHz. GPR-derived surface dielectric permittivity was then converted into volumetric
soil moisture values using the relationship of Topp et al. (1980).

Field acquisitions were performed by mounting the GPR system on an all-terrain ve-
hicle (ATV) equipped with a differential global positioning system (GPS) and a PC for
automated acquisition, as used in Minet et al. (2012) (see Fig. 3). For each survey,
the ATV followed 12 parallel tracks with a spacin9 of 5 m between the acquisition tracks
(see Fig. 1) and a driving speed of about 5kmh™". The GPR horn antenna was situated
at approximately 1.1 m above the ground surface, thereby providing a characterization
footprint of about 2 m? and a sampling depth around 5 cm. This characterization depth
is determined by the relatively low-frequency bandwidth of the GPR and is also slightly
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varying with the soil dielectric permittivity. Table 1 indicates the number of points and
the duration of the acquisition for each survey. This proximal GPR method has an in-
termediate coverage between points measurements and continuous remote sensing
acquisition. Compared to in situ soil moisture sensors, this method has a larger spa-
tial resolution but a lower temporal resolution. Soil moisture acquisition using this GPR
setup was evaluated in Minet et al. (2012) in the same field and appeared to be pre-
cise (error of 0.0039 m®m™2), accurate (RMSE of comparison with ground-truthing of
0.0233m° m'3) and repeatable (error of repetition of 0.0169 m? m'3).

Some high soil permittivity values resulting in large soil moisture values were ob-
tained in particularly wet conditions in the last two surveys. These values were trun-
cated at a maximum soil moisture of 0.5 m3m'3, which is believed to be the soil mois-
ture at saturation. These high values are expected to result from measurements over
areas partly covered by ponding water.

In order to validate the accuracy of the GPR soil moisture measurements, surface soil
moisture was independently measured by volumetric soil core sampling in the top 5cm
at 20 regularly spaced locations (see Fig. 1). Soil samples were oven-dried at 105°C
for at least 48 h and the dry and wet weights were measured, in order to determine the
volumetric soil moisture.

2.3 Soil moisture interpolation

Soil moisture maps were produced by the interpolation of point measurements using
ordinary kriging. To deal with the uneven distribution of the points in space (i.e. approx-
imately a 2m spacing along the acquisition line and 5m spacing between the lines),
a rectangular neighborhood window was chosen such that the same number of points
was taken in the perpendicular and parallel directions, respectively, with respect to the
acquisition lines direction (Minet et al., 2012). This prevented acquisition line effects to
appear in the interpolated maps. Unidirectional variograms estimates were computed
along (parallel) the acquisition lines with a class distance from 0 to 150 m by a step of
5m and were used for interpolating the point-data by kriging after fitting an exponential
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model accounting for a nugget effect. The exponential model appeared to be the best
model for fitting the parallel variograms estimates for each survey.

The purpose of the interpolation was to allow the comparison between the 5 ac-
quisitions, as the GPR measurements points could not be taken exactly at the same
locations, but along the same tracks. It is worth noting that the interpolation caused
a smoothing of the measurements resulting in a reduction of the extremes values.

2.4 Temporal stability of soil moisture pattern identification

A large majority of studies that focused on the temporal stability of soil moisture at the
field scale were based on point measurements. The GPR method resulted in a different
characterization method compared to point measurements, with a much larger amount
of data, a support scale close to the measurements spacing, but a rather low temporal
sampling. Moreover, the GPR data could be interpolated owing to the high spatial sam-
pling rate and in the aim of comparing the different acquisitions. Therefore, this study
differed from previous ones since soil moisture patterns were compared instead of soil
moisture points. In this study temporal stability was investigated using two methods: (1)
using the widely-used time stability indicator developed by Vachaud et al. (1985) and
(2) using an indicator based on the intersection of the areas showing the field-average.

In the first method, temporal stability was revealed by the computation, for each
location /, of the mean and standard deviation over time of the relative differences in
soil moisture, §; and o(§;), respectively, which were firstly introduced by Vachaud et al.
(1985) and widely used afterward (e.g. Brocca et al., 2009; Jacobs et al., 2004; Hu
et al., 2010; Mohanty and Skaggs, 2001). These indicators are based on the relative
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_1n
6n—z

/1_91

(1)

— 2
eit_et =

Z — -0 2)

0,

where n; being the number of dates and 5, the spatial average of soil moisture 6, ;
computed as follows:

1 <
=5 2 O ©)
"i=1

where n; is the number of locations within the field where soil moisture was interpo-
lated. —

The time-averaged mean of the relative difference §; indicates, for each location, the
difference in soil moisture with respect to the spatial average, i.e. whether the location
is drier (6; < 0) or wetter (6; > 0) on average over time. Locations that on average

over time show the spatial average of the field have §; equal to zero. The standard
deviation of the relative difference o(5;) gives the degree of variation of the relative
difference, that is, time-stable locations have low o(5;). For identifying the most time-
stable locations for the spatial average, we may combine these indicators in a temporal
stability indicator for the field-average TSI, (Jacobs et al., 2004), which is given by:

TSls, = \/5,? +0(5;)2 (4)
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The locations showing a high temporal stability for the field-average were thus given
by the lowest TSI5 values, combining the mean difference of soil moisture compared
to the field-average and its temporal standard deviation.

In the second method, time-stable locations showing the field-average were identified
by the intersection among the five dates of the zones where soil moisture was equal to
the field-average within a tolerance of +£0.02 m®m™2. This threshold of 0.02m*m~ was
chosen as it is close to the soil moisture measurement and interpolation uncertainties
(Minet et al., 2012). This method was expected to perform well for a relatively low num-
ber of acquisitions, as the intersected time-stable surface could only decreased with
further acquisitions. This method might be affected by a single date showing a differ-
ent pattern. It is particularly well suited for comparing spatial patterns from proximal or
remote sensing data because it benefits from the high spatial coverage of this type of
data as compared to point measurements. A mathematical formulation of this method
can be expressed as follows:

‘ﬁ 1 if |6;,-6;<0.02m’m™® )
h otherwise

where /; is a binary indicator showing if location / is time-stable (1) or not (0).

3 Soil moisture patterns
3.1 Geostatistical analysis

Figure 4 shows the maps of the GPR-derived soil moisture point-measurements for the
five surveys. Soil moisture values are depicted by colored circles with a diameter corre-
sponding to the real GPR antenna footprint. The coverage rate of the GPR acquisition
was estimated at around 9 % of the field area for this configuration of acquisition, as-
suming an antenna footprint of 2 m?. Soil moisture data acquired for the first three dates
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showed similar patterns and drier conditions than the last two ones (see Table 2), which
was related to the recorded precipitation (see Fig. 2). The overall agreement between
the soil moisture maps in terms of soil moisture patterns and its evolution according to
meteorological events gave valuable confidence in the GPR method for soil moisture
mapping.

The variograms were similar for the first three dates, with respect to nugget and sill
variances and ranges (Table 2). The soil moisture patterns from the first three dates
showed stationarity within the field extent, with a range around 75 m. The last two dates,
characterized by wetter conditions, showed different soil moisture patterns with a sharp
amplification in nugget and sill variances, in correspondence to what is observed in
Western et al. (1998) in wet conditions. The relatively large nugget effects that were
observed can be attributed to three causes (Chiles and Delfiner, 1999), namely, (1)
measurement and positioning errors, (2) unrevealed spatial variability at the resolution
scale and (3) small-scale spatial variability within the support scale. Herein, nugget ef-
fects may be mainly attributed to the unrevealed spatial variability within the support
scale. Indeed, along the acquisition lines, the spacing (2 m) was close to the support
scale (1.5m in diameter), which excluded that unrevealed variability between the sup-
port and spacing scales may solely explain the large nugget effects. The measurement
error in soil moisture using the same GPR technique was evaluated in the same field
in Minet et al. (2012) using three repetitions of the acquisition within three hours and
the repetition error was evaluated as 0.0169 m3m_3, which is far below the observed
nugget effects.

Soil moisture spatial variability was maximal in wetter conditions because of the
presence of both nearly saturated and relatively dry areas. This can be attributed to
shallow characterization depth of the GPR method with respect to the rapid drainage
of the shallow soil layer for some locations. Although soil moisture variability is gen-
erally expected to decrease with wet conditions (Famiglietti et al., 2008), De Lannoy
et al. (2006) already remarked that this decreasing trend in soil moisture variability with
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high soil moisture was not observed for shallow (0—10 cm) soil layer but only for deeper
layers, because of the faster soil moisture dynamics of the shallow layer.

3.2 Line effect

The uneven acquisition sampling resulted in stripped soil moisture patterns (see Fig. 4),
i.e. denoting a line effect, which could be observed by a larger spatial coherency of the
soil moisture values when looking along the acquisition compared to the perpendicular
direction to the acquisition lines. We could interestingly notice that this line effect was
observed at same locations for repeated dates (Fig. 4), i.e. it seemed related to local
soil conditions and not to a sensor drift. The line effect was higher for the last two dates
in the wettest conditions.

This line effect was already observed and discussed in Minet et al. (2011) in another
field using the same mobile platform. It was mainly attributed to the soil compaction
induced by the ploughing or fertilizer spreading machine, as we followed the same
direction with the platform. The largest line effect that was observed here with wet
conditions may be related to: (1) the overall largest soil moisture variance observed
in wet conditions or to (2) a real increase in the stripped soil moisture patterns due
to the repeated passes of the ATV holding the GPR system. It was observed in situ
that the passes of the ATV slightly compacted the soil and this might have affected
the volumetric soil moisture. In addition, flow paths may have been deviated by these
acquisition lines, particularly in flat areas. The rectangular neighboring window used in
the soil moisture interpolation permitted to deal with this line effect for producing the
soil moisture maps without influence of the acquisition lines.

3.3 Comparison with soil core sampling measurements

Figure 5 presents the comparison between interpolated GPR-derived soil dielectric
permittivity egpr and volumetric soil moisture 6, from the soil sampling measurements.
The standard relationship of Topp et al. (1980) that was used for translating the GPR
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derived dielectric permittivities into soil moisture values was drawn for comparison.
There was an overall moderate agreement between the soil permittivity and volumetric
moisture with an RMSEq,,, of 0.0519m®m™. There were poorer agreements for the
last two dates, with a small sensitivity of volumetric soil moisture to the large range of
GPR-derived dielectric permittivity. The observed discrepancies could be attributed to
the different support scales and characterization depths of the techniques, with respect
to the small-scale variability of soil moisture. In particular, the small sensitivity of the
ground-sampled soil moisture values to the large variation of the dielectric permittivity
for the last two dates may be related to the shallower characterization depth for the
GPR compared to the ground samples, with respect to the larger dynamics of the
upper soil layers. Nevertheless, as point soil moisture were compared with interpolated
dielectric permittivity values, the range of the discrepancies could be simply related to
the interpolation uncertainties (Minet et al., 2012), at least for the first three dates.

4 Temporal stability of soil moisture patterns
4.1 Relative difference to field-average

Figure 6 presents the maps of the time-averaged indicator based on the relative dif-
ference of soil moisture to the field-average. The locations where 6 =0 (Fig. 6a) gave

on average over time the field-average. Persistently drier (6 < 0) and wetter (6 >0)
areas are depicted in orange and blue, respectively, and divide the field in almost equal
parts. The time-averaged soil moisture difference patterns could be related to topo-
graphic features in some part of the field. For instance, the largest persistently wet
areas were located in flat areas, in both the most and less elevated places of the field.

The second map (Fig. 6b) indicates the standard deviation over time of the differ-
ence of soil moisture to the field-average. The locations where ¢(5;) was low indicated
a high time-stability of soil moisture with respect to the field-average. The o(5;) pattern

appeared less spatially correlated than the 5, pattern. The third map (TSI@_) (Fig. 6¢)
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combined the information of the first two maps and gave an assessment of the temporal
stability of the field-average soil moisture.

The distributions of the mean and the standard deviation of the relative difference (5,
and o(6;)) computed for each interpolated points are presented in Fig. 7. The mean of
the relative difference ranges from -0.40 to 0.33 m®m™ while the standard deviation
ranges from O to 0.27 m®m™>. Although no clear trend could be drawn from the rela-
tionship between these two variables, it could be noticed that the largest o(6;) values
were encountered for slightly positive 6;, meaning that moderately wet locations were
the less time-stable. This was related to some saturated areas (6 ~ 0.5) observed in
the last two dates but not always in the first three dates.

4.2 Intersection of field-average soil moisture areas

Figure 8 shows the areas giving the field-average soil moisture for the five dates with
a tolerance of +0.02m>m=2 and their intersection between the five dates (second
method). There was a remarkable temporal stability of soil moisture patterns for the
sets of the first three and the last two dates, respectively, i.e. the zones outlined by
black lines are similar for these two sets of dates. However, due to moderate precip-
itation (24.8 mm between 24 and 30 March 2010), the soil moisture pattern greatly
changed for the last two dates. The zones indicating the field-average soil moisture
shrank from dry to wet conditions as a result of the increase in soil moisture variance
with wet conditions. There existed locations that indicated the field-average for all the
five dates (red lines), but these locations were split and dispersed within the field.

4.3 Temporal stability of soil moisture from soil core sampling measurements

The same analysis on the temporal stability using the relative difference method was
performed with soil core sampling measurements and results are depicted in Fig. 9.
The mean of the relative difference was ranging from -0.12 to 0.19 m>m~> while the
standard deviation was ranging from 0.11 to 0.29 m3m'3, which was smaller than the
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relative difference from the interpolated GPR-derived soil moisture maps. Four sam-
pling points appeared to fall into the area showing the intersection of time-stable loca-
tions (second method) and they were outlined with larger error bars for o(5); in Fig. 9.
Three of these points showed a large temporal stability for the volumetric soil moisture
data from soil core sampling as well, as they actually correspond to the three smallest
TSls,. Locations showing temporal stability of field-average soil moisture could thus be
also detected using the soil core sampling measurements.

4.4 Comparison of the two methods

Locations showing a temporal stability of field-average soil moisture were revealed in
accordance by the two methods used for the investigation of the temporal stability of
the soil moisture patterns. There were good matches between the lowest |§;| and TSI,
values and the time-stable zones outlined by the second method.

The proportions of the field surface that showed the field-average were however dif-
ferent between the two methods, as shown in the Table 3. Considering all acquisitions,
10.1 % of locations where |§;| < 0.02 m>m™2 (first method) could be identified whereas
the intersection of the area showing the field-average +0.02 m3m™ (second method)
concerned only 5.0 % of the field area. However, when fewer sets of acquisitions are
considered, the intersection method delineated larger areas compared to the indicator
|6,] method, reaching 21.3 % (second method) against 11.0 % (first method) of the field
surface when considering only the first three acquisitions. As we surveyed the field in
a rather short time range (i.e. 22 days), the second method still resulted in intersected
areas indicating the field-average between all acquisitions, but over longer period, the
second method may fail to identify time-stable areas because of the absence of inter-
section. Therefore, the second method based on the intersection of time-stable areas
is suited only when a few acquisitions are considered (low temporal sampling). On the
other hand, it is better adapted for data with a continuous spatial coverage than the first
method.
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4.5 Comparison with previous studies

Compared to previous studies where they were used, the relative difference indica-
tors §; and o(6;) showed a great temporal stability of field-average soil moisture. The
most comprehensive review about temporal stability of soil moisture was given by
Brocca et al. (2009, Table 1). Few studies resulted in smaller ranges in terms of §;
and o(6); than the ones observed in this study (i.e. §, = -0.40 to 0.33 and o(5); =0
t0 0.08 m* m'3). In Jacobs et al. (2004), rather large criteria for highlighting time-stable
locations of the field-average were used, that were, time-stable locations were defined
by |6;| < 0.05 or 0.10m>m™2 and covered 13-18 % and 27-37 % of fields areas, re-
spectively. Applying the same thresholds, time-stable locations could be identified in,
respectively, 24 % and 46 % of the field area in our study. This high temporal stability
was attributed to the short time range and the small number of acquisition of the GPR
field acquisitions, although, for instance, a shorter time range (14 days) was used in Ja-
cobs et al. (2004). A large part of this high temporal stability could be also attributed to
the interpolation of point-measurements that have smoothed local point-measurements
discrepancies. The interpolation approximately led to a half-reduction in the standard
deviation of soil moisture (see Table 2).

The time-stable zones indicating the field-average appeared to be located in-
between low and high elevated areas, as already noticed in many previous studies
(Brocca et al., 2009; Jacobs et al., 2004; Mohanty and Skaggs, 2001). Unfortunately,
high-resolution soil information was lacking to relate the spatiotemporal pattern to soil
conditions.

Lastly, the use of a proximal soil mapping tool like the GPR allows to get an unprece-
dented soil moisture spatial resolution and to use the intersection of time-stable areas
as a method for revealing locations showing the field-average. Given the observed spa-
tial coherence of the soil moisture patterns, determining time-stable areas rather than
time-stable points was less uncertain given the high number of spatially-coherent data
acquired with the GPR method. Therefore, this method gives more confidence for the
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choice of locations where sensors could be installed, as eventually time-stable areas
can be identified rather than time-stable points.

5 Conclusions and perspectives

Soil moisture patterns were measured by a proximal GPR mobile platform in a 2.5 ha
agricultural field at five dates in spring 2010. Time-lapse measurements at high spatial
resolution permitted to extensively study the spatiotemporal soil moisture variability and
to investigate the temporal stability of soil moisture.

The evolution of the soil moisture patterns was mainly governed by rainfall, i.e. similar
patterns were obtained for the different dates unless large rainfall occurred. The over-
all good time stability of the soil moisture patterns further validated this GPR method
for soil moisture mapping. Soil moisture from soil core sampling were in a moderate
agreement with GPR-derived estimates (RMSE; = 0.0475m>m™°) and the discrepan-
cies were mainly related to the shallow characterization depth of the GPR compared to
the soil core sampling and to interpolation uncertainties.

Temporal stability of the field-average soil moisture was revealed by two methods,
that were: (1) the computation of the mean and standard deviation over time of the
relative difference of soil moisture to the field-average, as defined by Vachaud et al.
(1985) and by (2) the intersection of areas showing the field-average. These meth-
ods were in accordance, although they showed different degrees of temporal stability
extents depending on the number of acquisitions that were taken into account. Con-
sidering the five acquisitions, locations where the mean relative difference |6,| was
below 0.02m*m~2 extended up to 10 % of the field area, whereas the intersection of
areas showing the field-average within a tolerance of 0.02 m®m™2 covered 5% of the
field area. Considering a fewer sets of acquisitions, the second method however delin-
eated larger areas than the first method. Compared to previous studies, the temporal
stability of the field-average soil moisture was high, with 24 % of locations showing
|6,] < 0.05 m>m™2, although it was attributed to the relatively small time frame over
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which the field campaigns were performed and to the interpolation step that smoothed
extremes values. Soil moisture data from the soil core sampling also exhibited tem-
poral stability of the field-average and some sampling locations were found to be in
accordance with the intersected time-stable areas determined using GPR-derived soll
moisture data.

To the best of our knowledge, among the large body of literature about the tempo-
ral stability of soil moisture, there were no studies using soil moisture estimates from
proximal sensing platform such as GPR. The use of the GPR platform permitted to
investigate the temporal stability pattern using a large number of measurements at an
unprecedented spatial resolution at the field scale. Owing to the proximity of its sup-
port scale to its spacing, the technique was able to nearly acquire the continuous soil
moisture patterns and provided coherent interpolated maps. The main output of this
GPR method regarding temporal stability studies is that time-stable areas and spatial
patterns could be revealed rather than time-stable points. Time-stable areas are more
informative given their spatial coherence and the understanding of the associated spa-
tial pattern. This study showed the potential of the proposed GPR method for the de-
termination of the best time-stable locations for in situ sensors and to model complete
soil moisture patterns in data assimilation frameworks. These promising results should
be nevertheless corroborated by conducting field acquisitions over a larger time frame,
e.g. over a year, and for different field topographies and surface conditions.
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Table 1. Presentation of the five GPR acquisitions.

Date 10 days ant. Number Duration
precipitation [mm]  of points

15 Mar 2010 6.3 1496 1h 09

18 Mar 2010 0.1 1252 56’

24 Mar 2010 5.1 1429 1h 01

30 Mar 2010 29.8 1227 1h 32

6 Apr 2010 38.4 1759 51’
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Table 2. Statistics of GPR-derived volumetric soil moisture expressed in [m3 m_s] and vari-

ograms parameters (Nugget [m®*m~%, Sill [n*m~]? and Range [m]).

GPR measurements

Interpolated soil moisture

Date Mean Stdev Skew Mean Stdev Skew Nugget Sill Nugget/Sill Range
15Mar 2010 0.228 0.067 0.512 0.227 0.042 0.307 0.0013 0.0041 32 79
18 Mar 2010 0.235 0.062 0.367 0.233 0.032 0.218 0.0016 0.0034 47 77
24 Mar 2010 0.240 0.064 0.281 0.239 0.035 0.059 0.0014 0.0036 39 70
30 Mar2010 0.295 0.114 0.214 0.292 0.052 -0.007 0.0031 0.0115 26 107
06 Apr2010 0.298 0.115 0.076 0.297 0.057 -0.007 0.0026 0.0113 23 109
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Table 3. Proportions of the time-stable area showing the field-average at £0.02 m>m~2 to the

total surface.

Acquisitions  First method Second method

All 10.1% 5.0%
First three 11.0% 21.3%
Last two 71% 16.1%
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0 25 50 75

Fig. 1. Description of the study site. For each survey, GPR acquisition was performed along 12
parallel lines and volumetric soil sampling was performed in 20 locations.
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Fig. 2. Air temperature and precipitation depicted from 4 March to 10 April 2010. The dates of
the GPR acquisitions are indicated with arrows.
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GPS antenna

GPR antennaT\

GPS unit

Fig. 3. All-terrain vehicle holding the GPR system constituted of the GPR horn antenna linked
to a vector network analyzer (VNA), the GPS device, and the PC.
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Fig. 4. GPR-derived soil moisture point-measurements depicted with the same color scale for

the five GPR surveys.
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Fig. 5. Comparison between interpolated GPR-derived soil dielectric permittivity egpg and vol-

umetric sampling soil moisture 6, for all dates.

4093

Jadedq uoissnosiq | Jaded uoissnosiq

i

Jadeq uoissnasiq | Jaded uoissnosiq

HESSD
10, 4063-4097, 2013

Temporal stability of
soil moisture
patterns

J. Minet et al.

(8
S

o
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/4063/2013/hessd-10-4063-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/4063/2013/hessd-10-4063-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

a(0;)

£ mm

High : 0.25

_Low:O0

Meters
0 25 50 75 100 4

Fig. 6. Maps of the temporal stability computed by indicators based on the relative difference
of soil moisture to the field-average (first method). From top to bottom, the mean of the relative
difference &; (a), the standard deviation of the relative difference o(5;) (b) and the indicator
TSI5/, (c) are presented. The time-stable zones determined by the second method are also
outlined by black lines.
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Fig. 7. Rank ordered mean relative difference of GPR-derived soil moisture to the field-average
6, (dashed line) depicted with standard deviation o(6;) (in gray). The temporal stability indicator

TSI, is presented in a plain line.
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Fig. 8. Soil moisture maps for the five dates. The locations where soil moisture is equal to the
field-average within a tolerance of £0.02 m>m~2 are outlined by black lines. The intersection of
these zones between the five dates are outlined by red lines (second method).
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Fig. 9. Rank ordered mean relative difference of volumetric soil moisture to the field-average

6, (dashed line) depicted with standard deviation o(6); (in gray) for the 20 soil core sampling
locations. The temporal stability indicator TSI, is presented in a plain line. Results from soil

core sampling measurements.
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