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Introduction

Objectives

Understand Infiltration Processes

Fundamental soil physics
Know most important formulae
Know measurement techniques
Understand relevance for hydrology
Be able to apply infiltration models

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Relevance in Hydrology

Infiltration
Switch in Flowpaths
Infiltration is an important switch in hydrological flow paths,
dividing precipitation into surface flows and subsurface flows.

Qs = P − I [mm]

mit Qs = surface runoff in mm, P Precipitation, I Infiltration in
mm.

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Relevance in Hydrology

Infiltration and runoff

Tarboton, 2003
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Relevance in Hydrology

Infiltration and runoff

Tarboton, 2003
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Relevance in Hydrology

Infiltration and runoff

Dunne & Leopold, 1997

Infiltration rate
decreases
Approaches
constant value

Prof. Dr. Christoph Külls, Hydrology Lab
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Relevance in Hydrology

Infiltration and runoff

Dunne & Leopold, 1997

P > I infiltration and runoff
P <= I infiltration, no runoff

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Relevance in Hydrology

Infiltration and runoff

Bras, cited in Tarboton, 2003

Prof. Dr. Christoph Külls, Hydrology Lab
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Relevance in Hydrology

Infiltration and runoff

Tarboton, 2003

Infiltration
saturates soil
Saturated soil
produces runoff
Floodplain turns
into runoff
producing area
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Relevance in Hydrology

Infiltration and runoff

Dunne & Leopold, 1997

Saturated area
near rivers
Runoff
producing
areas
High correlation
of moisture with
runoff
coefficient
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Relevance in Hydrology

Infiltration and runoff

Tarboton, 2003
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Relevance in Hydrology

Transmission losses

Goodrich, USDA cited in Tarboton, 2003
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Relevance in Hydrology

Infiltration models

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

Infiltration and Drainage

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

Kostiakov
Infiltration Equation
Kostiakov (1932) and Lewis (1938) proposed an empirical
infiltration equation based on curve fitting from field data:

fp = Kk ∗ t−α

with fp infiltration [L/T ]
Kk infiltration capacity [L]
α constant [−]
t time since infiltration [T ]

Problems: converges to 0 with t →∞. This flaw can be
compensated by introducing an extra term +ffin as the final
infiltration rate.

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

Smith & Parlange
Infiltration Equation
Smith & Parlange developed an infiltration formula for variable
rainfall rates:

is = Ks ∗
[
1 +

α

exp(α ∗ F/B)− 1

]

with is infiltration rate [L/T ]
Ks conductivity [L]
α constant [−]
F Infiltration amount [L]
B parameter [L]

Prof. Dr. Christoph Külls, Hydrology Lab
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Formula

Haverkamp
Infiltration Equation
Haverkamp et al. (1994) proposed for infiltration :

I3D = S0∗t1/2+

[
Kn +

γ ∗ S2
0

rd ∗ (θ0 − θn)
+

1
3
∗ (K0 − Kn) ∗ (2− β)

]
∗t

with I3D infiltration amount [L]
S0 sorptivity [1/L]
Kn conductivity at current moisture θn [L/T ]
K0 conductivity at initial moisture θ0 [L/T ]
β shape parameter [L]
γ parameter [L]
rd disc diameter [L]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

Philip Infiltration Formula
Infiltration Amount
Philip wrote a famous paper on the theory of infiltration in 1969:
Philip J R. Theory of infiltration. Advan. Hydrosci. 5:215-96,
1969. [Division of Plant Industry, CSIRO, Canberra, Australia]

I = S ∗
√

t + a ∗ t

with I infiltration amount [mm]
S sorptivity [mm/h−0.5]
a hydraulic conductivity [mm/h]
t time [hours]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

R program

The infiltration formula can be plotted using an R program.

1: S <- 30 # mm

2: a <- 8 # mm/hour

3: t <- seq(0,0.5,by=1/60.0)

4: I <- S*t^(0.5)+a*t

5: plot(t,I)

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

R program of infiltration amount (Philip)
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Formula

Philip Infiltration Formula
Infiltration rate
The infiltration rate i in mm per time can be derived from the
derivation of the Philip formula for infiltration amount (or vice
vs. amount by integration of rate):

i =
1
2
∗ S ∗ t−0.5 + a

with i infiltration rate [mm/h]
S sorptivity [mm/h−0.5]
a hydraulic conductivity [mm/h]
t time [h]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

R program

The infiltration rate formula can be plotted using an R program.

1: S <- 30 # mm

2: a <- 8 # mm/hour

3: t <- seq(0,1,by=1/60.0)

4: i <- 0.5*S*t^(-0.5) + a

5: plot(t,i)

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

R program of infiltration rate (Philip)
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Formula

Horton equation

cited in Tarboton, 2003

f1 constant
infiltration
rate
f0 initial
infiltration
rate
k recession
factor

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

R program of Horton equation
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Formula

Green & Ampt Model

hf corresponds to ψf

model works with sharp wetting fronts

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

Green & Ampt equation

cited in Tarboton, 2003

Assuming
block sharp
wetting front
Analytical
solution
Can include
ponded
water

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

Green & Ampt equation

At any time, t , the penetration of the infiltrating wetting front will
be Z . Darcy’s law can be stated as follows:

q =
dI
dt

= −Ksat ∗
[
ψf − (hs + Z )

Z

]
where Ks is the hydraulic conductivity corresponding to the
surface water content, and I(t) is the cumulative infiltration at
time t , and is equal to Z ∗ (θs − θ0).

with I(t) infiltration amount [cm]
Ksat hydr. conductivity [cm/h]
ψf wetting front pressure head (negative) cm
hs water pressure at surface (ponding) cm
Z depth cm

Prof. Dr. Christoph Külls, Hydrology Lab
2017



30

Formula

Green & Ampt equation

Using this relation for I(t) to eliminate Z and performing the
integration yields,

I = Ksat ∗ t−(ψf−hs)∗(θs−θ0)∗ loge

(
1− I

(ψf − hs) ∗ (θs − θ0)

)

with I(t) infiltration amount [cm]
Ksat hydr. conductivity [cm/h]
ψf wetting front pressure head (negative) cm
hs water pressure at surface (ponding) cm
θs moisture content at saturation −
θ0 antecedent moisture −

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Formula

Green & Ampt equation

In order to solve this equation, we need to bring I(t) to one side
of the equation:

1
Ksat
∗
[
I − (ψf − hs) ∗ (θs − θ0) ∗ loge

(
1− I

(ψf − hs) ∗ (θs − θ0)

)]
= t

with I(t) infiltration amount [cm]
Ksat hydr. conductivity [cm/h]
ψf wetting front pressure head (negative) cm
hs water pressure at surface (ponding) cm
θs moisture content at saturation −
θ0 antecedent moisture −

Prof. Dr. Christoph Külls, Hydrology Lab
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Formula

R program of Green & Ampt equation
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Formula

Green & Ampt parameters

Ksat sat.
hydr.
conductivity
|ψf | suction
at wetting
front
θe effective
porosity
θ0 initial
wetness

Prof. Dr. Christoph Külls, Hydrology Lab
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Formula

Time to Ponding

Examples and exercises in At a Point Infiltration Models, Chapter 5, Tarabaton (2003)

Prof. Dr. Christoph Külls, Hydrology Lab
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Formula

Runoff models

Prof. Dr. Christoph Külls, Hydrology Lab
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Runoff

Rainfall - Infiltration
= Runoff

cited in Tarboton, 2003

Prof. Dr. Christoph Külls, Hydrology Lab
2017



37

Runoff

Rainfall - Infiltration
Real world example

cited in Tarboton, 2003

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

Φ− IndexMethod

Φ is a constant infiltration rate
R > Φ : Q = R − Φ runoff
R < Φ : Q = 0 no runoff
coarse material, long time steps, large basins

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

Wetness & Infiltration
Runoff Parameter

higher infiltration rate in dry soil
higher initial rate

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

SCS Method
Rural Basins

yields total runoff in [mm]
regional model (!), conversion to SI [mm]: CN*25.4

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

SCS Method

soil
groups
A,B,C,D

vegetation
type
yield
Curve
Numbers
(CN-
values)
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Runoff

SCS Method

normal II
if dry I
if wet III

Prof. Dr. Christoph Külls, Hydrology Lab
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Runoff

SCS Equation
Basic Assumptions
The SCS equation is based on the assumption that:

F
S

=
Q

(P − Ia)

with F infiltration amount [mm]
S maximum storage [mm]
Q runoff [mm]
P precipitation [mm]
Ia initial loss [mm]

We also assume that the water balance holds:

F = (P − Ia)−Q

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

SCS Equation
Solution
The SCS equation is derived by combining both assumptions
and solving for Q:

F = (S ∗Q)/(P − Ia)
F = (P − Ia)−Q

(P − Ia)−Q = (S ∗Q)/(P − Ia)
(P − Ia)2 −Q ∗ (P − Ia) = (S ∗Q)

(P − Ia)2 = (Q ∗ S) + Q ∗ (P − Ia)
(P − Ia)2 = Q ∗ (P + S − Ia)

Q =
(P − Ia)2

(P + (S − Ia))

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

SCS Equation
Initial loss
The equation is simplified by expressing Ia as a function of S:

Ia = f ∗ S
f = 0.1

Q =
(P − f ∗ S)2

(P + (S − f ∗ S))

Q =
(P − f ∗ S)2

(P + ((1− f ) ∗ S))

Q =
(P − 0.1 ∗ S)2

(P + (0.9 ∗ S))

For U.S. f=0.2 for Europe usually f=0.05-0.1.

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

SCS Equation

Runoff Q in [mm] can be calculated using the equation:

Q =
(P − Ia)2

(P − Ia) + S)

with F infiltration amount [mm]
S maximum storage [mm]
Q runoff [mm]
P precipitation [mm]
Ia initial loss [mm]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

Curve Numbers

The storage can be translated into curve numbers or CN into
storage using:

S =
1000

(S + 10)

S = fc ∗
[

1000
(S + 10)

]
S =

25,400
(S + 254)

S maximum storage [mm]
CN curve number [−]
fc conversion inches→ mm [−] = 25.4

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff

Estimation of initial loss and total storage
Regional
experiments Ia
versus S
S estimated
from water
balance
Requires
measurement
of P, Q, F

Prof. Dr. Christoph Külls, Hydrology Lab
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Runoff

Estimation of initial loss and total storage
Regional
experiments Ia
versus S
S estimated
from water
balance
Requires
measurement
of P, Q, F
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Runoff

Curve Numbers
TR-55 Handbook soil for

hydrologic
groups
vegetation
specifically for
agriculture
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Runoff

Curve Numbers
Impervious Area Correction
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Runoff

Curve Numbers
Impervious Area Correction
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Runoff

Design Tables

Prof. Dr. Christoph Külls, Hydrology Lab
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Runoff

Parameters
Effective Porosity
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Runoff

Parameters
Residual moisture
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2017



56

Runoff

Parameters
Air-Entry Pressure
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Runoff

Parameters
Poresize Index

Prof. Dr. Christoph Külls, Hydrology Lab
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Runoff

Parameters

Prof. Dr. Christoph Külls, Hydrology Lab
2017



59

Runoff

Infiltration Experiments
Devices

Prof. Dr. Christoph Külls, Hydrology Lab
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Summary

Summary

Measurement methods: Guelph, double ring, single
ring and suction plate
Models: Horton, Philip, Green-Ampt, Haverkamp
Application: Runoff modeling, recharge, pollutants

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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