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Soil: Earthʼs multi-scale skin
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• physically-based understanding
of water movement through soils

• spatial scale 1 m…1 km

• soils with little vegetation

required answers

Soil: Earthʼs multi-scale skin

focus today
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Physically-based model

6

j = −K[∇ψm − ρg]

∂tθ +∇ · j = 0

• conservation of mass
• incompressible media
• Buckinghamʼs conjecture

soil hydraulic
properties

∂tθ −∇ ·
�
K(θ)[∇ψm − ρwg]

�
= 0

Richards equation

θ(ψm), K(θ)
3.4 Material Properties 17:50, December 18, 2011 69
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Figure 3.26. Soil hydraulic properties for two different soil textures in the

Mualem-van Genuchten (thick lines) and in the Mualem-Brooks-Corey (thin dash-

dotted lines) parameterization: soil water characteristic function θ(hm) (a) and the

hydraulic conductivity function K(θ) (b) and K(hm) (c). The parameters used

are adapted from van Dam et al. [1992] and are given in Table 3.1.

media become unsaturated, the conductivity representations K(θ) and K(hm)

reflect the simultaneous influence of the cross-sectional area on the one hand and

of the pore radii on the other.

In the sand, K(θ) decreases rather gradually, by about an order of magnitude

down to θ ≈ 0.1. As can be deduced from the soil water characteristic, θ and �
contribute roughly equally to this decrease. For θ < 0.1, K(θ) drops dramatically

because water is then only conducted by rapidly thinning films. The situation

is quite different for the silt with its much broader pore size distribution. With

the simplified van Genuchten parameterization (3.45), K(θ) drops by an order

of magnitude with θ only decreasing slightly from saturation. This reflects the

rapid decrease of the mean pore radius of the water-filled space with just slightly

decreasing θ as it is apparent from the soil water characteristic function. Ippisch
et al. [2006] pointed out that such a rapid decrease of K(θ) near saturation is not

expected in real soils, since such fine-textured media would not contain any pores

of the required size at all. They identified this as an artifact of the simplified van

Genuchten parameterization for parameters n < 2. This issue can be resolved

by using a form that allows the suppression of arbitrarily large pores. This is

indeed achieved by all the other parameterization presented above.

Returning to the general behavior of K(θ) in the differently textured mate-

rials, notice that for a given value of θ, the conductivity of the silt is always

smaller than that of the sand. Vice versa, for a given conductivity the water

content of the silt is higher.

The behavior of K(hm) is very different from that of K(θ) since now the

conductivity is considered as a function of the largest radius of the water-filled

pore space. Hence, we essentially look at the cross-sectional area for a given

radius. For the sand, θ decreases much more rapidly with decreasing radius

than for the silt. Consequently, the same is true for the conductivity. We thus
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Physically-based model
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j = −K[∇ψm − ρg]

∂tθ +∇ · j = 0
∂tθ −∇ ·

�
K(θ)[∇ψm − ρwg]

�
= 0

θ(ψm), K(θ)
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Figure 5.13. Matric head hm [m] (middle) and water saturation Θ = θ/θs

(bottom) for a soil composed of heterogeneous sand and silt layers (top) for the
infiltration flux j0

w = 1.16 · 10−8 m s−1 (1 mm d−1). White lines in the lower two
graphs represent the boundary between the materials, dashed lines are equidistant
streamlines. Vertical boundaries are periodic.

soil architecture
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Figure 5.13. Matric head hm [m] (middle) and water saturation Θ = θ/θs

(bottom) for a soil composed of heterogeneous sand and silt layers (top) for the
infiltration flux j0

w = 1.16 · 10−8 m s−1 (1 mm d−1). White lines in the lower two
graphs represent the boundary between the materials, dashed lines are equidistant
streamlines. Vertical boundaries are periodic.

matric head [m]

saturation

j0
w = 1.16 · 10−8 m s−1 (3.06 mm d−1)
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Physically-based model
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given
• spatially resolved material properties 
• appropriate boundary conditions

can solve Richards equation
for very large systems

1010 grid nodes on JUGENE
(O. Ippisch, IWR Heidelberg)

Heidelberg University 
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e.g.,
100 km2 with 1 m resolution 

and 100 levels of depths
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(bottom) for a soil composed of heterogeneous sand and silt layers (top) for the
infiltration flux j0

w = 1.16 · 10−8 m s−1 (1 mm d−1). White lines in the lower two
graphs represent the boundary between the materials, dashed lines are equidistant
streamlines. Vertical boundaries are periodic.
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Physically-based model

real systems:
• how to get the parameters?
• how to verify the results?
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• spatially resolved material properties 
• appropriate boundary conditions

can solve Richards equation
for very large systems

1010 grid nodes on JUGENE
(O. Ippisch, IWR Heidelberg)

theory & scenarios ✓
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thatʼs gonna a be a long long road…
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…but there are options
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sensor networks
• individual, profile
• 2d spread, quasi 3d

geophysical methods
• GPR, ERT, EMI
• NMR, SIP,…
• n-, Ra-emission,…

remote sensing
• passive radiometry
• active radar
• gravimetry,…

assessment space
•quantity (measured vs wanted, applicability)

•accuracy (proxy relation)

•extent, coverage, resolution
in space and in time

• installation & operation resources

•…

but,
nowhere near 1010 points!
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sensor networks
• individual, profile
• 2d spread, quasi 3d

geophysical methods
• GPR, ERT, EMI
• NMR, SIP,…
• n-, Ra-emission,…

remote sensing
• passive radiometry
• active radar
• gravimetry,…

assessment space
•quantity

•accuracy

•extent, coverage, resolution in space

•extent, coverage, resolution in time

• installation & operation ressources

but,
nowhere near 1010 points!

focus on GPR
specifically on GPR reflections
(neglecting air-groundwave)
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Outline

• fundamentals

• single-channel GPR

• multi-channel GPR

• constructive inversion

GPR yields information on
•reflector topography d(xh;t)
•liquid water content θ(x;t)

powerful extension for 
traditional analysis 

traditional analysis useless 
for soils

the way to go for 
complicated architectures

major findings



GPR fundamentals

reflection coefficient 1 → 2 (µr=1)

ρ :=
Ain

Arefl
=

√
ε1 −

√
ε2√

ε1 +
√
ε2

liquid water 80.4 (at 20
◦
C and 1 GHz)

pure ice 3.2

quartz 4.3

dielectric numbers of soil constituents

speed of light

c =
c0√
µrεr

Heidelberg University
Institute of Environmental Physics14

α = 1/2: CRIM

composite dielectric number

εαc =
�

i

θiε
α
i (T, ν, . . . )

[Roth et al., 1990]

quality of
proxy-relation
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α = 1/2: CRIM

composite dielectric number

εαc =
�

i

θiε
α
i (T, ν, . . . )

[Roth et al., 1990]

[Robinson et al., 2003]

some minor complications

GPR
in soils room for improvement:

dispersive material properties

GPR fundamentals
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[modified from Wollschläger et al., 2010]

t =
�

v

=

�
εc(θ)

c0

�
4d2 + a2

a

d�

single channel
common-offset
measurement

Single-channel GPR
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t =
�

v

=

�
εc(θ)

c0

�
4d2 + a2

[modified from Wollschläger et al., 2010]

a

d�

single channel
common-offset
measurement

Single-channel GPR

air-ground wave

reflected wave

example from permafrost site, Xinjiang, China

pure icesoil layers wet & salineice table

identification of
subsurface architecture
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[modified from Wollschläger et al., 2010]

t =
�

v

=

�
εc(θ)

c0

�
4d2 + a2

a

d�

single channel
common-offset
measurement

Single-channel GPR

BUT:
one measurement
two unknowns!

usel
ess 

for 
soil

s
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[modified from Wollschläger et al., 2010]

t =
�

v

=

�
εc(θ)

c0

�
4d2 + a2

a

d�

single channel
common-offset
measurement

multi-channel
common-offset
measurement

caveat:
lateral uniformity

Multi-channel GPR
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Multi-channel GPR: typical setup
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Fig. 12. The influence of soil architecture to field-scale soil water dynamics and surface crops
in the profile p25. Two different patterns of wheat (lines: P1 and P2) in the right half profile
are compared with soil architecture and soil water dynamics marked by two vertical dashed
lines (P1 and P2). (a) apparent wheat difference; (b) soil architecture in the radargram. The
reflection (red line) was used in (c) and (d); (c) time-lapse of the estimated soil water content
change; (d) time-lapse of the stored water change.
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Application: Huang-Huai-Hai Plain, China

21

[exploratory study by Pan Xicai, 2011]
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HHH Plain: subsurface architecture
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Fig. 4. Soil architecture in the GPR radargram (p26 in Fig. 2).
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HHH Plain: subsurface architecture
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HHH Plain: subsurface architecture
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Fig. 6. Three dimensional reflector depth map for the underground ancient dunes using aver-
age data from the time series measurements.

25

main reflector:
old dune landscape
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HHH Plain: assessment of accuracy
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Fig. 7. Comparison on measured reflector depths from multi-channel GPR measurements and
borehole logs at 7 positions at the study site. Dashed lines indicate the standard deviation of
0.05 m.
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volumetric water content

TDR: θ = 0.23± 0.03
GPR: θ = 0.27± 0.01
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P1 P2

HHH Plain: soil hydrology
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P1 P2P1 P2

HHH Plain: soil hydrology

27

A

B

B-A

0.1

0.15

0.2

0.25

S
o

il 
w

a
te

r 
co

n
te

n
t 

θ
 [

−
]

19
 M

ay

22
 M

ay

23
 M

ay

25
 M

ay

27
 M

ay

29
 M

ay

(a)

0.1

0.15

0.2

0.25

S
o

il 
w

a
te

r 
vo

lu
m

e
 l w

 [
m

]
19

 M
ay

22
 M

ay

23
 M

ay

25
 M

ay

27
 M

ay

29
 M

ay

(b)

−0.04

−0.03

−0.02

−0.01

0

W
a

te
r 

co
n

te
n

t 
ch

a
n

g
e

 ∆
θ
 [

−
]

19
 M

ay

22
 M

ay

23
 M

ay

25
 M

ay

27
 M

ay

29
 M

ay
 

 
(c)

A−clay

B−valley

B−ridge

−0.04

−0.03

−0.02

−0.01

0

W
a

te
r 

vo
lu

m
e

 c
h

a
n

g
e

 ∆
l w

 [
m

]

19
 M

ay

22
 M

ay

23
 M

ay

25
 M

ay

27
 M

ay

29
 M

ay
 

 
(d)

A−clay

B−valley

B−ridge
E

p

0.7 × E
p

soil water content amount of water



Heidelberg University 
Institute of Environmental Physics

P1 P2P1 P2

HHH Plain: soil hydrology
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Constructive inversion:
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[PhD project of Jens Buchner, 2012]

•construct parametric representation
of subsurface architecture
from traditional single-/multi-channel scan

•simulate GPR measurement numerically

•identify prominent features in 
measured & simulated radargrams

•adjust architecture parameters for 
optimal agreement

rough concept
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Parametric architecture model

•construct parametric representation
of subsurface architecture
from traditional single-/multi-channel scan
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Identification of features and pairing
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•adjust architecture parameters for 
optimal agreement
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room for improvement:

•more flexible parameterization 

of geometry elements

•continuous variation o
f material 

properties within elements

•hydraulic model for θ(x;t)
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•probably (hopefully) need not
- explicitly parameterize
-observe
with that resolution

•need to simulate with very high resolution
in order to represent all relevant phenomena
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thank you

thereʼs light!


