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1. Introduction

3. Monitoring Infiltration with GPR

Understanding infiltration in dry heterogeneous sandy soils is a key issue with water resources in
semi-arid areas. It includes a number of challenging soil-water phenomena that range from the
strong non-linearity through mulitscale heterogeneity, all the way to non-equilibrium phenomena
like fingering. We aim to represent the processes based primarily on GPR-measurements and in
particular aim for the quantification of effective soil hydraulic properties.

Ground Penetrating Radar is a method to monitor subsurface processes with electromagnetic waves. It measures travel time, phase and amplitude of an electromagnetic pulse between two antennas. These quantities
are determined by the permittivity of the soil and the pathway of the rays, e.g. reflections at permittivity
jumps in different depth. Soil permittivity is strongly related to the soil water content. Two measurements
are commonly used for local GPR measurements: CMP measurements where both emitter and receiver are
moving symmetrically away from one common midpoint. Here a number of reflections at the same point is
measured with different angles. WARR measurements are realized by moving the receiver over the infiltration
area, while the emitter stays at a fixed position. Thus the reflection point moves with varying antenna separation. The measurement radargrams show color coded amplitude in dependence of travel time and antenna
separation. The development of the signal travel time due to varying permittivity on the ray path can be seen.

2. Infiltration in sandy soils
Physics of Infiltration

Raypath from GPR measurements above infiltration

Soil water dynamics is commonly represented by the Richards equation, describing the
development of water content θ in dependence of hydraulic conductivity K and matric
potential Ψm
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For the representation of the subscale physics we use the Mualem and van-Genuchten
parametrization:
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CMP

For CMP- measurements over infiltrations the signal differs, if the antennas
are on the infiltration area (a), close to
it (b) or far enough
to enable a reflection around the infiltration pulse through
completely dry soil
(c). The corresponding development of
the signal travel time
can be found in radargrams below.

WARR
measurements
over
infiltration
areas
include
a
measurement in
completely
dry
soil (a), a measurement with the
receiver on the infiltration area and
therefore parts of
the raypaths in
wet soil (b), and
a
measurement
with angles large enough to enable a reflection around
the infiltration pulse (c).
WARR
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Simulated radargrams above infiltration

Sensitivity of hydraulic parameters on infiltration characteristics
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Influence of hydraulic conductivity
To show the sensitivity of shape and water distribution within an infiltration pulse several infiltrations
An
increasing
hydraulic
conwere simulated while always one parameter was
ductivity
leads
varied in a physical reasonable range. All other
to a much larger
parameters are fixed using standard hydraulic
volume
the
parameters of sand after [5]. As a result the
infiltration pulse
dependency of the size and shape of the volume of
is spread into. For low hydraulic conductivities
the potential difference to the surrounding
the infiltration pulse as well as different gradients
area has to be much larger to realize the same
of the water content at the pulse edge can be
influx determined by the boundary condition.
noted. Therefore the determination of hydraulic
Therefore the gradient of the potential as
soil parameters seems quite promising on the basis
well as of the water content at the pulse
of infiltration processes. Following figures show
edge is much larger for low conductivities.
simulated water content distributions colorcoded
The pulse shape is horizontally wider for low
conductivities, because due to the slower
from blue (wet) to yellow (dry).
propagation velocity capillary forces are more
relevant.

Influence of parameter n

The parameter n determines the sharpness of
the capillary fringe, where large n produce a
very sharp fringe. Thus for potentials around
the capillary fringe a small variation of the potential leads to a major change in water content.
The potential within the volume of the infiltration pulse is nearly constant for the shown simulations. The water content variation for large
n is larger within the pulse volume due to the
larger gradient of θ(hm ). This can be seen in
the smoother pulse boundary for larger n.

Influence of scale factor α p

Increasing the parameter α leads to a decreasing
capillarity of the simulated soil material. Therefore the capillary fringe, which is analogous to
the largest gradient of the function θ(h), occurs
for larger potentials for increasing α. Infiltration
of water with a certain flux rate creates a gradient of the potential from the infiltration area
to the dry surrounding. Depending on α this
range of potentials can produce different gradients of θ. Therefore the smoothness of the pulse
boundary varies for varying parameter α.

Dashed
arrows
mark the signal
of the reflection
at the edge of
the
infiltration
pulse, while solid
arrows
show
the direct signal
in air (shortest
travel time) and
the groundwave.
Dashed-pointed
arrows show the
bottom reflection.
This signal shows a jump in travel time, when a
reflection in completely dry soil is possible (c). The
gradient of travel time of all signals decreases, when
the antennas leave the wet infiltration area with high
permittivity (b).
CMP

Quantification of infiltration from radargrams
Evaluation of CMP-radargrams
Permittivity of infiltration pulse from bottom reflection when infiltration reaches this boundary :
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A sudden change of hydraulic properties at layer boundaries deforms
infiltration pulses. Water accumulates if the infiltration front enters
a material with lower hydraulic conductivity. This leads to a broadening of the infiltration pulse above the layer boundary. Different
porosities of the materials can produce different water contents in
the materials. The amount of water of an infiltration pulse with
saturated water content has to be distributed in a larger soil volume, if it enters a material with lower porosity which leads to a broadening of the pulse below the layer boundary.

4. Summary
Infiltration processes are highly dependent on the properties and architecture
of the soil. Especially the single parameters commonly used to characterize soil
water dynamics can influence the shape
and water distribution of an infiltration
pulse. GPR measurements can monitor the temporal evolution of infiltration
Automated GPR-scanner at ASSESS site [P. Klenk]
processes, as the signals are delayed and
reflected by infiltrated water. Already
simple ray geometrics indicates that while the GPR data will contain quantitative information on
soil hydraulic properties, their determination is not straightforward. This is further corroborated
by the simulated radargrams. High-precision measurements, as they become feasible with the
built GPR-scanner, in conjunction with knowledge fusion (see posters by Hannes Bauser and
Daniel Berg) appears as a promising route to gaining a consistent and quantitative representation
of the sites soil hydrology in a truly noninvasive way.
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Estimation of infiltration volume from width at upper
boundary calculated from ground wave and depth
calculated from reflection at lowest boundary of the
infiltration pulse in CMP-measurement

Width w of infiltration pulse at upper boundary from
fit at measured groundwave traveltime:
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a
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behavior at layer boundaries

The
gradient
of the travel
time
increases
when the receiver enters the
infiltration area
due to higher
permittivity (b).
It decreases after
entering
the
dry area again
(c).
Dashed
arrows mark the
signal of the
bottom reflection, while solid arrows show the direct
signal in air (smallest travel time) and the groundwave propagating directly under the soil-air-interface.
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Evaluation of WARR-Radargrams
Permittivity of dry soil from bottom reflection with
both antennas before infiltration area:
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Estimation of infiltration volume from geometric
raypath considerations with the assumption of
constant dry and wet

Estimation of edge of infiltration pulse due to geometric considerations:
1. total length of ray path of bottom reflection
p
s = a2 + 4d2 = swet + sdry
2. travel time of bottom reflection
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3. coordinates of pulse edge
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-  electric permittivity, a antenna separation, c0 speed of
light
- tBR , tGW , tIR signal travel time of bottom reflection, of
ground wave and of reflection at edge of infiltration pulse
- d, dinfilt depth of bottom reflector and of of edge of
infiltration pulse
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