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Macropores (> 300 µm)
Fast, gravity-driven, preferential flow

● contribute to regulation of water fluxes
● ↗ availability of nutriments
●↗ stability of soil structure

● Earthworms and plants  

● Macropore – matrix exchanges 

increasing macropore matrix transfers

van den Bogaert et al. Geoderma., 2016



● 1D compartment models “Double permeability”

Cey et al.
J. Cont. Hydrol., 2009

●matrix and macropore characterized by  effective parameters
● Interface macropore—matrix not described explicitly

● Outputs of model: 

in each compartment

● water content 𝜽 = f(z,t)
● flow rate q = f(z,t) 
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𝐴exch wetted specific surface area of 
macropores, (m2 m−3).

Jarvis, Vadose Zone J., 2017

macropores



Current operational models of macropore & matrix flow
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● Issue with “d ”

exchange term

“The initial "values of d for the different layers

based on visual observations of the soil structure were

increased considerably to obtain a better fit” 

(Larsson & Jarvis, J. Hydrol., 1999)

“A value of 10 cm for d is considered large in relation to 

the size and scale of aggregation in the Lanna clay soil.” 

(Saxena, Jarvis, Bergström, J. Hydrol., 1994)

𝑆 𝑧, 𝑡 = −
𝐾mi ℎ
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𝑑
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𝜃ma,max

d has a physical meaning, 

but is calibrated to fit experimental data.

Current operational models of macropore & matrix flow

𝑑(z) = mean half distance between macropores (m)



Current coupled models of macropore & matrix flow

● Issue with “d”

“The initial "values of d for the different layers

based on visual observations of the soil structure were

increased considerably to obtain a better fit” 

(Larsson & Jarvis, J. Hydrol., 1999)

“A value of 10 cm for d is considered large in relation to 

the size and scale of aggregation in the Lanna clay soil.” 

(Saxena, Jarvis, Bergström, J. Hydrol., 1994)

Why ?  Can we fix that ? 

d has a physical meaning, 

but is calibrated to fit experimental data.



Material and methods — simulated rainfall on undisturbed soil cores

4 undisturbed soil columns: 2 of a loamy calcisol, 

2 of a silty calcaric luvisol. 

2 initial conditions : 

initially wet : matrix saturated, macropores empty,  

initialy dry :  all pores above ~ 8 µm are empty .

Rainfall of 20 mm h-1, duration 90 minutes

//////////////////////

soil

rain

15 cm

////////////////////////

Simulated
rainfalls

scale

scale

Effluent

Outflow rate (m s-1)

Water accumulated in the column (m)

12.5 cm



Material and methods — 3D X-ray CT: characterization of macropores

400 
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slices 

Voxel 

size 

400 µm

macroporosity
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Material and methods — 3D X-ray CT: characterization of macropores
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Lissy et al. Geoderma., 2020
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Material and methods — 4D X-ray CT : where is water flowing ? 

Scan duration 10 s 

30 images per rainfall 

Water (ti)  = image (ti) – image (t0)
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Material and methods — 4D X-ray CT : where is water flowing ? 

Scan duration 10 s 

30 images per rainfall 

Sammartino et al. AGU Fall Meeting, 2015

Cross section of an 

active macropore

10  mm

Loamy soil, initially dry  



Material and methods — 4D X-ray CT : where is water flowing ? 

Scan duration 10 s 

30 images per rainfall 

Sammartino et al. AGU Fall Meeting, 2015

wetted
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water content. 

10  mm

Loamy soil, initially dry  



Material and methods — 4D X-ray CT : where is water flowing ? 

Macropore water content (m3 m-3)

W
et

te
d

sp
ec

if
ic

su
rf

ac
e 

ar
ea

 (
m

²m
-3

) 𝐴exch = 𝛾 𝜃ma
𝛽

β = 0.831 ± 0.002
10  mm

macropore 
water content. 

wetted
macropore 

specific
surface area

d(z),  θma,max(z),  a,    K(𝜃), 𝜃(h),           b, ν 

a =3- 2 β = 1.34  

β = 0.544 ± 0.002

a =3- 2 β = 1.91  

CalibratedDetermined from
X-ray CT

Determined from
specific exp.
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The first-order exchange term does not capture properly the exchange dynamics. 



A new — pseudo 2D — model of macropore & matrix flow
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A new, pseudo 2D, macropore – matrix exchange term

matrixmacropores
Kinematic

Dispersive Wave Richards 
equations

𝒏 horizontal
Richards 
equation

matrix
Vertical

2

4

update 

𝜃mi,horiz

compute S

𝑆 𝑧 = σ𝒏 (difference between water content at t and t+dt in horizontal matrix)n x (Exchange Surface/n) )
m3

eau s-1 m-2
sol m2

sol m
-3

sol 

z

𝑺

● The total specific surface area of the macropore–matrix interface is discretized in 𝒏 sections 

● Each section corresponds to a horizontal représentation of the matrix where the horizontal Richards equation is solved
to keep track of the horizontal distribution of water in the soil matrix 

𝒏



A new — pseudo 2D — model of macropore & matrix flow
W

at
er

 a
m

o
u

n
t

st
o

re
d

in
 t

h
e 

so
il

(m
)

initially dry

initially wet

P
ro

fi
le

 c
u

m
u

la
te

d
ex

ch
an

ge
d

fl
u

x 
d

e
n

si
ty

fr
o

m
m

ac
ro

p
o

re
s 

to
 t

h
e 

m
at

ri
x 

(m
 s

-1
)



Conclusion

● The new model opens up the possibility 
to use measured or modeled d values

Macropore water content (m3 m-3)
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ea● 3D and 4D X-ray CT data were used for

the first time to determine the parameters
of a permeability model that were to date
calibrated to fit the experimental data.

Link to the 
related paper

● Made it possible to test the model and propose an improved version.    

vsoil.hub.inrae.fr/

● Both models will be made available 
in the Vsoil platform





Link between total water amount exchanged and time

𝐭𝐢𝐦𝐞−
𝟏
𝟐



𝛾 =
1

𝑑

1

𝜃ma,max
𝛽

1 − 𝜃ma,max

𝑨𝐞𝐱𝐜𝐡 = 𝜸𝜽𝐦𝐚
𝜷
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Grey-level histogram



Grey-level histogram of subtracted images






