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s u m m a r y
Heat from wildﬁres can produce a two-layer system composed of extremely dry soil covered by a layer of
ash, which when subjected to rainfall, may produce extreme ﬂoods. To understand the soil physics controlling runoff for these initial conditions, we used a small, portable disk inﬁltrometer to measure two
hydraulic properties: (1) near-saturated hydraulic conductivity, Kf and (2) sorptivity, S(hi), as a function
of initial soil moisture content, hi, ranging from extremely dry conditions (hi < 0.02 cm3 cm3) to near saturation. In the ﬁeld and in the laboratory replicate measurements were made of ash, reference soils, soils
unaffected by ﬁre, and ﬁre-affected soils. Each has a different degrees of water repellency that inﬂuences
Kf and S(hi).
Values of Kf ranged from 4.5  103 to 53  103 cm s1 for ash; from 0.93  103 to 130  103 cm s1
for reference soils; and from 0.86  103 to 3.0  103 cm s1, for soil unaffected by ﬁre, which had the
lowest values of Kf. Measurements indicated that S(hi) could be represented by an empirical non-linear
function of hi with a sorptivity maximum of 0.18–0.20 cm s0.5, between 0.03 and 0.08 cm3 cm3. This
functional form differs from the monotonically decreasing non-linear functions often used to represent
S(hi) for rainfall–runoff modeling. The sorptivity maximum may represent the combined effects of gravity, capillarity, and adsorption in a transitional domain corresponding to extremely dry soil, and moreover, it may explain the observed non-linear behavior, and the critical soil-moisture threshold of water
repellent soils. Laboratory measurements of Kf and S(hi) are the ﬁrst for ash and ﬁre-affected soil, but
additional measurements are needed of these hydraulic properties for in situ ﬁre-affected soils. They provide insight into water repellency behavior and inﬁltration under extremely dry conditions. Most importantly, they indicate how existing rainfall–runoff models can be modiﬁed to accommodate a possible
two-layer system in extremely dry conditions. These modiﬁed models can be used to predict ﬂoods from
burned watersheds under these initial conditions.
Published by Elsevier B.V.

Introduction
Volume and timing of runoff in inﬁltration-excess overland ﬂow
regimes are controlled by inﬁltration and thus by the hydraulic
properties of the soil, surface boundary conditions, and initial soil
moisture conditions. Inﬁltration can be separated into a short- and
a long-time scale response. The short-time scale response depends
on the sorptivity–soil moisture relation and reﬂects the capillary
potential and the inﬁltrability of the soil. The long-time scale response depends on the hydraulic conductivity–soil moisture relation and reﬂects the gravity potential (Philip, 1957a; Smith,
2002). These relations have been modeled for porous, unsaturated
soils by analytical solutions of the Richards’ ﬂow equations in 1-D
(Philip, 1957a; Smith, 2002), and are easily incorporated into rain* Corresponding author. Address: US Geological Survey, 3215 Marine Street, Suite
E-127, Boulder, CO 80303, USA. Tel.: +1 303 541 3011.
E-mail address: jamoody@usgs.gov (J.A. Moody).
0022-1694/$ - see front matter Published by Elsevier B.V.
doi:10.1016/j.jhydrol.2009.10.015

fall–runoff models. However, these analytical solutions may not
represent the actual relations for soils affected by wildﬁres, which
produce volatile chemical compounds, ash, and heat.
The heat impulse into the soil during a wildﬁre depends primarily on the fuel load and on the duration of the ﬁre. Crown ﬁres, in
the canopy layer, with large ﬂame lengths may produce temperatures up to 1000 °C (Ryan, 2002), but may pass quickly and produce less heat ﬂux into the soil than the combustion of the litter
and duff layer, which often continue to burn long after a crown ﬁre
has passed (Johnson and Miyanishi, 2001). Heat ﬂux into soil during ﬁre can range by several orders of magnitude, and even for a
single ecosystem, a wide range of values would be expected. For
example, during controlled surface ﬁres in a ponderosa pine ecosystem, the maximum heat ﬂuxes ranged from 2300 to
3000 W m2 (Massman et al., 2003). This magnitude of heat ﬂux
can drive off adsorbed water contained in the intra-aggregate
pores (Blonquist et al., 2006) and reduce the soil moisture content
to near zero, producing extremely dry soils.
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Volatile chemical compounds, by-products of combustion, are
often hydrophobic. These compounds can penetrate down into
the soil through the pore network, and there, in relatively cooler
temperatures, condense and coat the surface of particles lining
the soil pores and make the soil more water repellent (DeBano,
2000; Doerr et al., 2000; Letey, 2001; Blonquist et al., 2006). Most
models of porous media assume ‘‘clean” soil particles forming idealized cylindrical pores, but in ﬁre-affected soils, pores may have
ﬁre-induced water repellency (in addition to natural water repellency) with a natural pore network that is tortuous with irregular,
non-cylindrical walls (Czachor, 2006; Shirtcliffe et al., 2006). These
water-repellent compounds and the irregular, non-cylindrical
walls will affect the liquid–air–soil contact angle within the pores
(King, 1981; Letey et al., 2000; Dekker et al., 2001; Fox et al., 2007),
and thus, they inﬂuence the sorptivity and hydraulic conductivity
that control inﬁltration into porous media at different soil moisture
content (Philip, 1957a; Humphreys and Craig, 1981; Neary et al.,
1999; Smith, 2002).
Ash in the broad sense is a mixture of black carbon, soot, and
burned organic matter of various size that can include charred
material, charcoal, and mineral material transported by the winds
created by ﬁre dynamics and deposited as combustion ceases
(Jones et al., 1997; Trabaud, 1994). Ash on top of mineral soil produces a two-layer system (Smith, 1990; Kinner and Moody, 2008),
and the effects of this two-layer system on the inﬁltration processes are only beginning to be investigated (Kinner and Moody,
2008; Onda et al., 2008).
For the initial conditions of extremely dry soil, water repellency,
and two-layer system, the relations between sorptivity and soil
moisture content and between hydraulic conductivity and soil
moisture content cannot be assumed to be represented by existing
analytical relations used in rainfall–inﬁltration–runoff models
(Brooks and Corey, 1964; Van Genuchten, 1980; Parlange, 1975;
Parlange et al., 1985; Smith, 2002; Khlosi et al., 2008). Therefore,
the objective of this work was to measure the quantitative relations between sorptivity and hydraulic conductivity and particle
size, type of material (soil or ash), and initial soil moisture content
(ranging from extremely dry to near saturation); and then use
these relations to explain the observed behavior of water
repellency.

I1D ¼ St 1=2 þ

"

I3D ¼ St

1=2

ð1Þ

where I1D, [L], is the equivalent depth of water (if soil was not
present), and S(hi, hf), [LT1/2], is the sorptivity (Philip, 1957a;
Smith, 2002), which represents the ability of soil to absorb water
under a suction gradient or pressure potential. S(hi, hf) is a function of the initial soil moisture content, hi [L3 L3], ﬁnal soil moisture content, hf [L3 L3], (which may not equal saturation), and
the diffusivity, which is a ratio of the hydraulic conductivity to
the water capacity of the soil (Kutílek and Valentová, 1986;
White and Sully, 1987; Marshall et al., 1996). In this paper,
S(hi, hf) is replaced by S to make equations more concise. If gravity is included, then the cumulative inﬁltration is given by Vandervaere et al. (2000a) as
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where rd [L] is the disk radius, Ki [LT1] the hydraulic conductivity
K(hi) at the surface, and c is a dimensionless proportionality constant introduced by Haverkamp et al. (1994) to correct ‘‘for the
use of simpliﬁed wetting front, sorptivity, and gravity assumptions”.
Values of c have been estimated to be 0.6–0.8 (Haverkamp et al.,
1994; Smettem et al., 1995). For dry conditions, Ki  Kf, Eq. (3) simpliﬁes to
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where the ﬁrst S-term represents the vertical capillary process, the
second S-term represents the lateral capillary process, and the Kfterm represents the gravity process (Vandervaere et al., 2000b).
For conditions near saturation KiKf and Eq. (3) is approximately

"
I3D ¼ St

I1D ¼ Sðhi ; hf Þt 1=2

ð2Þ

Eq. (2) represents the truncation of a power series approximation proposed by Philip (1957b, 1957c) and Kf [LT1] is the ﬁnal
hydraulic conductivity. Note that Kf = K(hf) is the hydraulic conductivity at ﬁnal soil moisture content hf [L3 L3] and because disk
inﬁltrometers apply a negative pressure then hf may be less than
saturation. Parameter b is an integral shape parameter such that
b = 0 corresponds to the Green and Ampt (1911) inﬁltration equation (Parlange et al., 1985), and typically, is assumed to be about
0.6 (Haverkamp et al., 1994; Vandervaere et al., 2000a). For early
times after the beginning of inﬁltration, the capillary gradient is
high and sorptivity controls inﬁltration (Philip, 1957a). For longer
times hydraulic conductivity limits inﬁltration.
Most 3-D solutions for Kf and S require steady conditions or the
use of multiple pressure heads. These types of solutions limit the
use in remote locations with steep slopes and limited availability
of water. Short-time transient solutions are more practical. One
transient solution (Smettem et al., 1994; Haverkamp et al., 1994)
has the form

1=2

Inﬁltration equations
Inﬁltration of water into homogenous soil from disk inﬁltrometers is the combination of gravity-free absorption in three-dimensions (3-D) and gravitational ﬂow downward in one-dimension
(1-D) (see Smettem et al. (1994) for discussion). If the ﬂow of air
within the soil pores is ignored, and water inﬁltration is conﬁned
by physical boundaries to 1-D, then the gravity-free solution for
ﬂow through a horizontal boundary, relates the absorption ‘‘depth”
or cumulative inﬁltration, I [L] to the elapsed time, t [T], by:

ð2  bÞ
Kf t
3

þ

cS2

rd ðhf  hi Þ

#
þ K f t:

ð5Þ

Methods
Most measurements of S and Kf were made on a set of soil and
ash samples in the laboratory, but some measurements of S and Kf
were made in the ﬁeld on soils in burned and unburned areas. All
measurements were made using a Mini-disk inﬁltrometer described later.
Samples
We developed a set of reference soils, which are intended to
serve only as reproducible standards representing ideal soils with
uniform particle size. These proposed standards are reproducible
such that other researchers can compare hydraulic measurements
made on their speciﬁc soils with their measurements made on similar reference standards. ‘‘Real” soils are composed of mixed particle sizes and a range of organic matter. This makes it difﬁcult, if not
impossible, to compare values of S and Kf for ‘‘real” soils. In addition to acting as standards, measurements of these reference soils
provide some insight into the fundamental dependence of sorptivity and hydraulic conductivity on soil moisture content and particle size because the possible dependence on water repellency has
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been eliminated (see next paragraph). Values of S and Kf for the reference soils reported in this paper are only meant to be used as a
standard and to represent an ideal soil. They should not be used
to model ‘‘real” soils.
Reference soils were obtained from granitic material eroded
from the hillslope and recently deposited as small alluvial fans
within an area burned by the 2003 Overland Fire near Jamestown,
Colorado (Kinner and Moody, 2008). This material was dry sieved
and separated into two size classes – silt and clay (<0.063 mm)
and very-ﬁne sand (0.063–0.125 mm). These two soil size classes
are referred to as ‘‘Fine” and ‘‘Coarse”, respectively, throughout
the remainder of this paper (see Table 1 for sample location, elevation, and soil type). These two soil classes were then further subdivided into two groups to produce four reference soils. The ﬁrst
group was treated by wet sieving, drying, and heating for 1 h at
550 °C to produce a reference soil assumed to have no water repellency (Table 2) because heating above 400 °C destroys water-repellent compounds (Bauters et al., 2000; DeBano, 2000). However,
heating at 550 °C caused the disintegration of some soil aggregates
so that the material was resieved to eliminate the ﬁner material
before inﬁltration measurements were made. We refer to these soil
samples as ‘‘Fine, heated reference” or ‘‘Coarse, heated reference”
soils throughout the paper. These heated reference soils eliminate
the complexity introduced by organic matter and its associated
water repellency. The second group was the original soil, which
probably had some residual water repellency (Table 2) derived
from natural sources even though the sieving process probably decreased the degree of water repellency (King, 1981). We referred to
these samples as ‘‘Fine, natural reference” or ‘‘Coarse, natural reference” soils.
Ash and additional soil samples were collected from sites in Colorado and California. Ash samples were collected from the surface
on north- and south-facing slopes a few weeks after the 2003 Over-

land Fire area (Table 1), and were separated by sieving into ‘‘Fine
ash” and ‘‘Coarse ash” size classes. Additional surface soil samples
were collected from areas burned by the 2000 Hi Meadow Fire near
Bailey, Colorado, and from an area burned by the 2005 Harvard Fire
near Burbank, California and measured in the laboratory (see Table 1 for location, elevation, and soil types). These samples are referred to as ‘‘Burned-lab”. Some soil samples were collected from
an unburned area adjacent to the 2000 Hi Meadow Fire and are referred to as ‘‘Unburned-lab”.
Replicate in situ measurements were made at sites in Colorado
and California. Three measurements were made on the north-facing slope in the area burned by the 2003 Overland Fire (made in
2004), seven in the burned area of the 2000 Hi Meadow Fire
(made in 2002), three in the unburned area adjacent to the
2000 Hi Meadow Fire (made in 2002), and three on east-facing
and three on west-facing slopes within the boundary of the
2005 Harvard Fire (made in 2005). These measurements were in
the same general location as the soil samples that were collected
and brought back to the laboratory, and therefore, they had
similar elevation and soil type. They are not listed separately
in Table 1, but are listed in Table 2 as ‘‘Burned-ﬁeld” or ‘‘Unburned-ﬁeld” samples.
Field and laboratory procedures
Laboratory and ﬁeld measurements of S and Kf were made for
different soils samples by using the Mini-disk inﬁltrometer (Decagon Devices; Mini-disk Inﬁltrometer Model S; Decagon, 2006). This
inﬁltrometer (4.4-cm diameter; 32.6-cm tall) is portable, can be
easily used on mountain slopes with little water (50–90 mL per
measurement), had a variable suction range (0.5 to 6 cm), and
has already been used to make qualitative measurements after
some wildﬁres (Robichaud et al., 2008).

Table 1
Summary information for soil and ash samples (standard error is given as a % following the ± symbol).
Descriptor

Center point for
sample site, NAD83

Elevation
range (m)

Soil type

Latitude (N)
Longitude (W)
Reference soils from the 2003 Overland Fire site near Jamestown, Colorado
2320–2380
Pachic ArgiustollsFine
40° 07.770
105° 23.650
Aquic Argiudolls
Coarse
40° 07.770
2320–2380
Pachic ArgiustollsAquic Argiudolls
105° 23.650
Soil from the 2003 Overland Fire site near Jamestown, Colorado
2320–2380
Pachic ArgiustollsBurned
40° 07.770
105° 23.650
Aquic Argiudolls
Ash from the 2003 Overland Fire site near Jamestown, Colorado
Fine
40° 07.770
2320–2380
Not applicable
105° 23.650
Coarse
40° 07.770
2320–2380
Not applicable
105° 23.650
Soils from the 2000 Hi Meadow Fire site near Bailey, Coloradof
Burned
39° 22.300
2495–2500
Typic Usorthents
105° 22.850
Unburned
39° 22.300
2485–2490
Typic Cryorthents
105° 22.850
Soils from the 2005 Harvard Fire site near Burbank, California
610–670
Not mapped
Burned
34° 12.860
118° 17.380
a

Particle
diametera
(mm)

Median
diameter
(mm)

Bulk densityb
(g cm3) (%)

Particle
densityc
(g cm3)

Porosity

Organic
contentd
(%)

<0.063

–

1.04 ± 2.5

2.14 ± 3.0%

0.52 ± 1.8%

–

0.063–0.125

0.088

1.16 ± 1.5

2.44 ± 5.7%

0.52 ± 0.6%

–

<8.0

0.88e ± 13%

1.10 ± 2.4

2.4

0.51

–

<0.063

–

0.83 ± 2.4

2.44 ± 11%

0.66 ± 1.0%

–

0.063–0.125

0.088

0.79 ± 3.5

1.75 ± 4.9%

0.55 ± 2.0%

–

<6.0

3.7 ± 64%

1.43 ± 1.5

2.48 ± 9.0%

0.42 ± 9.1%

2.1 ± 5.0%

<1.1

0.76 ± 9.7%

1.27 ± 1.0

2.43 ± 9.6%

0.48 ± 9.6%

4.5 ± 22%

<1.48

0.55 ± 8.1%

1.36 ± 5.5

2.34 ± 3.8%

0.43 ± 2.1%

4.3 ± 12%

Size was measured using standard sieves corresponding to whole phi-intervals.
Bulk density was the average of multiple cores that were 3 cm deep (52.05 cm3).
Particle density was measured by slowly adding about 0.5–1.6 g to an 8-mm diameter cylinder, agitating the sediment gently to remove air bubbles, and measuring the
change in volume. Particle density for 2003 Overland Fire site was estimated based on reference soil from same site.
d
Organic content was measured as percent loss on ignition after heating for 4 h at 500 °C.
e
Median particle size was not measured for the speciﬁc site but from multiple samples collected within 50 m (see Kinner and Moody (2008), Table 5 for more details).
f
See Moody et al. (2007b) for more details.
b

c
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Table 2
Summary of inﬁltration measurements.
Sample

Hydraulic relation:
S = aebhs

Number

Type

Number

Pressure head
(cm)

Minimum R2 for ﬁts to Eq. (2),
(4)

Mean
(cm s1)

Standard error
(%)

a (cm
s0.5)

b

R2

1.2
2.4
4.2
0.4

0.0043
0.0019
0.0095
0.0025

4
4
2
7

3-D
1-D
1-D
3-D

19
20b
12
26

6
6
6
6

0.997
0.997
0.994
0.995

12  103
4.3  103
0.93  103
130  103

14
11
11
16

0.17
0.17
0.10
0.23

2.5
2.3
9.1
3.5

0.62
0.45
0.91
0.77

2.0

0.0025

6

1-D

22

6

0.910

3.8  103

26

0.20

5.0

0.71

2.5

0.0086

2

1-D

24

6

0.994

1.8  103

9.6

0.067

8.5

0.42

Ash
Fine
Fine
Coarse

1.7
3.6
0.6

0.0023
0.0155
0.0046

2
1
2

3-D
1-D
3-D

11
10
10

6
6
6

0.998
0.998
0.996

12  103
4.5  103
53  103

17
9.0
38

0.14
0.053
0.24

4.4
3.1
6.8

0.85
0.20
0.94

Overland Soil
Burned-ﬁeld

4.9

0.0204

3

3-D

3

6

0.999

Measurement calculation
produced negative values

Insufﬁcient data

2.7
5.4
4.9
41

0.013c
0.0188
0.0027
0.031c

7
3
2
3

3-D
3-D
1-D
3-D

Made with Mini-disk model_0.5 on 16 August 2002
8
2
0.999
12
2
0.992
Made with Mini-disk model_0.5 on 16 August 2002

2.0  103
1.9  103

24
66

0.066
0.082

16

0.0104

2

3-D

15

4

0.992

3.0  103

22

Unburned-lab

19

0.0124

2

1-D

10

4

0.981

0.86  103

16

Constant  0.016 cm
s0.5
Constant  0.010 cm
s0.5

Harvard soil
Burned-ﬁeld
Burned-lab
Burned-lab

72
7.2
5.6

0.012
0.010
0.014

6
6
2

3-D
3-D
1-D

6
15
10

6
2
2

0.993
0.987
0.991

1.3  103
7.7  103
1.1  103

18
18
24

Volume of water that inﬁltrated in 30 s was interpolated or extrapolated from the data and then converted to a time to inﬁltrate 1 mL.
Two runs at hi/hf = 0.81 had no inﬁltration after about 10 min.
See Moody et al. (2007b) for soil moistures in Tables 7 and 8 for 16 August 2002.

20.3
56.1

Insufﬁcient data
0.11
16.3
0.078
22.5

0.65
0.90

0.74
0.54

J.A. Moody et al. / Journal of Hydrology 379 (2009) 291–303

c

Near-saturation hydraulic
conductivity, Kf = K(Hf)

Soil moisture
(cm3 cm3)

Hi Meadow soil
Burned-ﬁeld
Burned-lab
Burned-lab
Unburnedﬁeld
Unburned-lab

a

Mini-disk measurements

Time for 1 mL to inﬁltrate T1
(s)
Reference soil
Fine, heated
Fine, heated
Fine, natural
Coarse,
heated
Coarse,
heated
Coarse,
natural

b

Water-repellency metrica
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For comparison purposes, we measured a water-repellency
metric in the ﬁeld and before any laboratory sample processing
or repeated inﬁltration measurements altered the water repellency
(King, 1981; Doerr et al., 2000). We modiﬁed the metric proposed
by Robichaud et al. (2008), who suggested using the volume of
water that inﬁltrates into the soil in 1 min. We measured the volume that inﬁltrated in 30 s (because for some samples the entire
capacity, 90 mL, of the Mini-disk inﬁltrated in less than 1 min),
and calculated the water-repellency metric as the time, T1, for
1 mL of water to inﬁltrate into a soil sample (Table 2). This
water-repellency metric depends on soil moisture content (Doerr
et al., 2000), so we have reported the metric corresponding to
dry soil moisture conditions (<0.03 cm3 cm3). Soil moisture could
not be controlled in the ﬁeld, but in each case the metrics corresponded to dry soil conditions (Table 2). This metric intuitively reﬂects the degree of water repellency (i.e. longer times would
correspond to a greater degree of water repellency), and thus, is
similar to the water drop penetration time (WDPT) metric, which
is a measure of the persistence of water repellency (Doerr, 1998;
Letey et al., 2000; Robichaud et al., 2008).
Initial and ﬁnal soil moisture contents were determined for all
measurements. A 3-cm deep soil core with a volume of
52.05 cm3 was collected before and after each measurement in
the ﬁeld and in the laboratory. In the ﬁeld, ‘‘before samples” were
collected outside the potential wetted area, and in the laboratory,
‘‘before samples” were collected from soil used to ﬁll the experimental cylinders described below. ‘‘After samples” were collected
from the soil directly under the Mini-disk inﬁltrometer. Samples
were put in sealed soil cans, weighed, dried at 105 °C, and reweighed to determine the mass of water lost and mass of dry sediment. Soil moisture content based on mass data were then
converted to volume using the soil bulk density (Table 1).
Field measurements using the Mini-disk inﬁltrometer on steep,
burned slopes had some problems to keep in mind. For some measurements, water moved almost completely laterally rather than
vertically. Excavation after some measurements found a layer just
beneath the soil surface that appeared to be ash, and some measurements appeared to lack a good seal between the disk and the
Coarse textured soil on a steep surface. Thus, it is important to

7.0

I = 0.1551 t + 0.1931 t1/2
R2 = 0.9958

compute the values of S and Kf in the ﬁeld so that changes can
be made immediately rather than discovering problems later.
Moreover, it emphasizes the necessity to examine the subsurface
to determine if the experiment meets the assumptions of Eqs.
(3)–(5). Field measurements of Kf were made only in the Harvard
and Overland Fire sites, and all 3-D ﬁeld measurements were made
at dry soil conditions (hi = 0.0089–0.019 cm3 cm3 and hi = 0.017–
0.025 cm3 cm3, respectively); therefore, the entire S–h relation
could not be determined in the ﬁeld.
Laboratory measurements have the advantage of permitting
replicate measurements over a wide range of predetermined initial soil moisture conditions not possible in the ﬁeld. However,
the disadvantage is that measurements are made on disturbed
soils and repeated wetting and drying may affect the water repellency. Soil samples were collected from the ﬁeld, oven dried at
105 °C, resieved, and then predetermined volumes of water were
mixed uniformly into the soil to produce the desired initial soil
moisture content. Cumulative inﬁltration was measured under
3-D conditions and under conditions approximating 1-D inﬁltration; we refer to these as 3-D and 1-D measurements throughout
this paper although all inﬁltration measurements are technically
made in 3-D. For 1-D inﬁltration measurements, soil was introduced in 5–10 increments into a 5.1-cm diameter, 20-cm tall cylinders with porous landscape fabric and wire screening on the
bottom to allow air to escape but retain the soil sample. These
cylinders were about 1 mm larger than the diameter of the base
of the Mini-disk inﬁltrometer. Increments of soil were placed inside the cylinder and tamped gently using a hand piston by the
same person for each set of measurements. The full, packed cylinder was covered with an aluminum sheet, until the measurements were made, to avoid loss of moisture. For 3-D inﬁltration
measurements, soil samples were prepared using the same technique, but put in 10-cm diameter, 12-cm tall plastic cylinders.
The 10-cm diameter was large enough so that the cylinder walls
did not visibly affect the 3-D shape of the wetting front during
inﬁltration except near the end of a few measurements. Soil samples were redried after each inﬁltration measurement and reused
for the next measurement at different initial soil moisture
content.

I = 0.0400 t + 0.1792 t1/2
R2 = 0.9997

Cumulative infiltration, I, cm

I = 0.0178 t + 0.1188 t1/2
R2 = 0.9996

6.0

Coarse, heated reference soil: 0.28%
Fine, heated reference soil: 0.26%

5.0

Fine ash: 0.10%
Hi Meadow soil. Burned-lab: 1.73%
Hi Meadow soil. Unburned-lab: 1.01%
Harvard soil, Burned-field: 0.90%

4.0

I = 0.0040 t + 0.0653 t1/2

3.0

R2 = 0.9994

2.0

I = 0.0040 t + 0.0115 t1/2
R2 = 0.9935

I = 0.0004 t + 0.0093 t1/2

1.0
0.0

R2 = 0.9996

0

5

10

15

Square Root of time,

20

t1/2,

25

30

s1/2

Fig. 1. Selected examples of 3-D inﬁltration measurements for different types of material. Each was selected to represent dry, initial soil moisture conditions and the soil
moisture (% by volume) is listed in the explanation. The coefﬁcient of t1/2-term is the sorptivity value in cm s1/2. The coefﬁcient of the t-term is used to calculate hydraulic
conductivity.
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#
"
3
cS2
:
Kf ¼
B
2b
r d ðhf  hi Þ


Determination of S and Kf
Cumulative inﬁltration, I, as a function of elapsed time, t, was
measured for different values of hi. The results (I and t) were ﬁt,
using least-squares regression, to a second-order polynomial having the form I = At1/2 + B(t1/2)2 (Fig. 1). For 1-D measurements Eq.
(2) was used, giving

S¼A

ð8Þ

For 3-D measurements and conditions near saturation, hi/
hf > 0.5, Eq. (5) was used, which also gave Eq. (6) and

"
Kf ¼ B 

ð6Þ

#

cS2
r d ðhf  hi Þ

ð9Þ

:

and

Kf ¼

Results

3B
:
2b

ð7Þ

For 3-D measurements and relatively dry conditions, hi/hf 6 0.5,
Eq. (4) was used, giving Eq. (6) above, and

A

Cumulative inﬁltration data collected using the Mini-disk inﬁltrometer consistently ﬁt a second-order polynomial with coefﬁcient of regression for all experimental runs greater than 0.91
and most greater than 0.98 (see examples in Fig. 1). Thus, values
of sorptivity, S, were well constrained whereas values of hydraulic

0.40
Fine, heated reference soil: 3-D
Fine, heated reference soil: 1-D

Sorptivity, cm s-0.5

0.30

Fine, natural reference soil: 1-D

0.20

0.10

0.00
0.00

0.10

0.20

0.30

0.40

Initial Soil Moisture, cm3 cm-3

B

0.40
Coarse, heated reference soil: 3-D
Coarse, heated reference soil: 1-D

Sorptivity, cm s-0.5

0.30

Coarse, natural reference soil: 1-D

0.20

0.10

0.00
0.00

0.10

0.20

0.30

0.40

Initial Soil Moisture, cm3 cm-3
Fig. 2. Sorptivity as function of initial soil moisture content for heated and natural reference soils, for one- and three-dimensional (1-D and 3-D) inﬁltrometer measurements,
and for two particle size classes. (A) Fine represents particle diameter: <0.063 mm and (B) Coarse represents particle diameter: 0.063–0.125 mm.
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conductivity, Kf, depended on the choice of b and c. The dependence of cumulative inﬁltration on sorptivity can easily been seen
in Fig. 1 as the coefﬁcient A = S decreases by three orders of magnitude, and the length of time for 1 cm of water to inﬁltrate (proportion to the water-repellency metric, T1) increases substantially.
Sorptivity
Sorptivity decreased exponentially as a function of hi for the 1-D
and 3-D measurements of both heated reference soils. The S–h
relations had the form:

S ¼ aebhi

ð10Þ
3

3

For soil moisture content near zero (hi < 0.02 cm cm ), the
sorptivity of the Fine, heated reference soils (Fig. 2A) was signiﬁcantly less (p = 0.014, 3-D measurement) than the Coarse, heated
reference soils (Fig. 2B) (insufﬁcient data for a 1-D t-test; twotailed, t-test are used throughout). Similar exponential relations
(Eq. (10), Table 2) were measured for both natural reference soils,
but sorptivity measurements (1-D) were about half (0.005–
0.156 cm s0.5) those measured for heated reference soils (0.027–
0.303 cm s0.5) (Fig. 2A and B).
For ash, the S–h relation was also an exponential function. Fine
ash and Coarse ash had similar values of a (0.14 and 0.24 cm s0.5)
as the values of a for the Fine, and Coarse, heated reference soil (Table 2); but the values of the decay parameter b were about twice as
large as those for the heated reference soils (Fig. 3, Table 2). Difference in sorptivity for dry soil moisture contents (<0.02 cm3 cm3)
were less signiﬁcant (p = 0.11, two-tailed t-test) than for the
heated reference soils. For Fine ash, the 1-D sorptivity measurements were signiﬁcantly (p = 0.03) less than the 3-D sorptivity
measurements and had a poor ﬁt to the exponential function
(R2 = 0.20, Table 2). The S–h relation for ash appears to depend
on particle size for hi < 0.20 cm3 cm3, but it is essentially independent of particle size for hi > 0.20 cm3 cm3 (Fig. 3).
Values of S for ﬁre-affected soil samples (with mixed grain
sizes) were lower than those for the Fine, heated reference soils.
For the Harvard soil, the few values of S (corresponding to dry con-

dition) were the lowest values of all samples, ranging from 0.0003
to 0.013 cm s0.5 (mean = 0.0065 cm s0.5) and were associated
with the largest values of the water-repellency metric (T1 = 72 s
at 0.012 cm3 cm3). Burned-ﬁeld samples of Overland soil appear
to have greater sorptivity than the Harvard soil (Fig. 4A), ranging
from 0.041 to 0.12 cm s0.5 (mean = 0.070 cm s0.5) and a correat
sponding
lower
water-repellency
metric
(T1 = 4.9 s
0.020 cm3 cm3); however, fewer measurements (see Table 2)
and the large variance gives only a p-value = 0.11.
Sorptivities of the Harvard soil (Burned-lab), measured at soil
moisture content similar to those in the ﬁeld (0.010 cm cm3 cm3),
were greater (p = 0.0004) than the Burned-ﬁeld measurements.
Average sorptivity was 0.076 cm s0.5 for the 3-D measurements
and 0.049 cm s0.5 for the 1-D measurements (Fig. 4A). These
sorptivities were about an order of magnitude greater than the ﬁeld
measurements (0.01 cm s0.5), and the corresponding waterrepellency metric was about an order of magnitude lower than the
ﬁeld measurement (Table 2). Laboratory measurements of S bestﬁt Eq. (10) with a = 0.11 and 0.078 cm s0.5 (3-D and 1-D, respectively) and had a relatively rapid decay constants of b = 16.3 and
22.5 (Fig. 4A, Table 2).
Sorptivity relations for the Hi Meadow soil (Burned-lab) were
similar to the Harvard soil (Burned-lab) at low soil moisture content (see values of a in Table 2). However, sorptivity relation for
the Hi Meadow soil (Unburned-lab) was essentially constant, and
thus, independent of initial soil moisture content. Moreover, S for
the Unburned-lab was signiﬁcantly (p = 0.01) less than the sorptivity for the Burned-lab, and had correspondingly larger values of the
water-repellency metric (Fig. 4B, Table 2).
Hydraulic conductivity
Some ﬁeld and laboratory measurements of Kf using the Minidisk inﬁltrometer produced negative values when ﬁt to Eqs. (2),
(4), (5). Negative values (see ‘‘Discussion” below) of Kf were calculated for 3-D and 1-D measurements and were clustered at values
of low soil moisture content where 79% corresponded to
hi =hf 6 0:10, and only 16% corresponded to hi =hf P 0:78 near satu-

0.40

Fine ash: 3-D
Fine ash: 1-D

Sorptivity, cm s-0.5
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Coarse ash: 3-D
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Fine, heated reference soil: 3-D

0.10

0.00
0.00

0.10

0.20

0.30

0.40

Initial Soil Moisture, cm3 cm-3
Fig. 3. Sorptivity as function of initial soil moisture content for one- and three-dimensional (1-D and 3-D) inﬁltrometer measurements and for two size classes of ash – Fine
ash and Coarse ash. The empirical curve for the Fine, heated reference soil (<0.063 mm; 3-D in Fig. 2A) is shown as a heavy line for comparison.

298

J.A. Moody et al. / Journal of Hydrology 379 (2009) 291–303

A

0.20
Overland soil, Burned-field: 3-D
Harvard soil, Burned-field: 3-D
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Hi Meadow soil, Burned-lab: 3-D
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Hi Meadow soil, Unburned-lab: 3-D
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Fig. 4. Sorptivity as function of initial soil moisture content for soils from burned sites. Note the change in vertical scale relative to Figs. 2 and 3. The empirical curve for the
ﬁne, heated reference soil (<0.063 mm; 3-D in Fig. 2A) is shown as a heavy line for comparison. (A) Overland soil and Harvard soil. (B) Hi Meadow soil from burned area an
unburned area adjacent to the Hi Meadow Fire.

ration. Negative values were small, ranging from 0.049 to
0.00009 cm s1 for reference soils and ash, from 0.012 to
0.00019 cm s1 for samples collected in the ﬁeld (but measured
in the laboratory), and 0.021 to 0.0003 cm s1 for measurements made in the ﬁeld.
For reference soils, the dependence of Kf on particle size was unclear from the 1-D measurements, but Kf was dependent on water
repellency (Table 2). Values of Kf for the natural reference soil were
signiﬁcantly less than Kf for the heated reference soils (p = 4  107
for Fine, and p = 0.03 for the Coarse, heated reference soil). Specifically, Kf for the Fine, natural reference soil (water repellent metric
T1 = 4.2 s) was about 5-fold less than Kf for Fine, heated reference
soils (T1 = 2.4 s), and Kf for the Coarse, natural reference soil
(T1 = 2.5 s) was only about 2-fold less than Kf for the Coarse, heated
reference soil (T1 = 2.0 s). (Table 2).

For ash, the mean of Kf (4.5  103 cm s1, 1-D measurements)
was essentially the same as the mean for both size classes of the
reference soil considering the standard error of the measurements
(Table 2). However, the 3-D mean value of Kf was about one order
of magnitude greater than the 1-D value.
Individual ﬁeld measurements in the Harvard Fire ranged from
0.0006 to 0.0019 cm s1 and the three ﬁeld measurements in the
Overland Fire site yielded small negative values (0.00032,
0.0040, and 0.021 cm s1; see ‘‘Discussion” below). For the Harvard soil (Burned-lab), the mean of the 3-D measurements was
about six times greater (p = 0.0003) than the mean of the 1-D measurements, even though the water-repellency metrics were similar
(Table 2). Mean values of Kf for the Hi Meadow, Burned-lab and Unburned-lab soils were similar for 3-D and 1-D measurements ranging from 0.86  103 to 3.0  103 cm s1 (Table 2).
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Discussion
Assessment of methodology
The difference between the 3-D and 1-D inﬁltration equations is
the lateral capillary component of sorptivity. If Eq. (2) (I1D) is subtracted from Eq. (4) (I3D), then the plot of I3D–I1D versus time
2
should be linear and the slope equal to r ðhcShi Þ. From this slope
d f
the proportionality constant, c, which corrects for 3-D effects (Haverkamp et al., 1994), can be calculated. We used best-ﬁt equations
for 1-D and 3-D inﬁltration to estimate cumulative inﬁltration at
60-s intervals and then subtracted the 1-D from the 3-D estimates.
Based on three similar sets of 1-D and 3-D measurements (Fine,
heated reference soil for hi = 0.0024, 0.012, and 0.646 cm3 cm3)
the difference I3D–I1D gave estimates of c ranging from 0.7 to 1.1.
These values of c for the Fine, heated reference soil tend to be
greater than those (0.6–0.8) reported by Haverkamp et al. (1994)
and the essentially constant values (0.704–0.750) reported by
Smettem et al. (1995). These last values are for Redlands sandy
loam (Oxic Paleustalf), which would have some natural water
repellency. Our values of c are for heated reference soils with a
low value of the water-repellency metric (T1 = 1.1 s). The difference
suggests that c is greater for soils with low degree of water repellency, or in other words, c may be reduced by water-repellent compounds common in many soils.
Values of hydraulic conductivity and sorptivity should not depend on the measurement method. However, 3-D measurements
for the mean Kf ranged from 2.5 times (Fine ash) to 30 times
(Coarse, heated reference soil) greater than the 1-D measurements
(Table 2). Comparing Eqs. (7) and (8) indicates that the 3-D value
of Kf would be less if c were larger, which supports using the larger values of c estimated above. Sorptivities for the different types
of materials, calculated using the 3-D measurements, were similar
at low soil moisture content (compare values of a in Table 2), but
generally the decay constant b was smaller for the 3-D measurements than the 1-D measurements. This lower sorptivity for the
1-D measurements may reﬂect the restricted lateral ﬂow that
was intentionally designed to satisfy the assumptions of 1-D inﬁltration; however, this may limit the use of 1-D measurements for
sorptivity. The conundrum is that most models of inﬁltration use
the 1-D simpliﬁcation. However, we speculate at this point, based
on some ﬁeld and laboratory observations, that initial inﬁltration
from raindrops may be 3-D such that the drops spread laterally
and only after a period of time will the drops ‘‘connect” and form
a thin layer that could be modeled as 1-D inﬁltration. This conceptual model seems to be supported by our result for ash, where the
sorptivity appears to depend on particle size for hi < 0.20
cm3 cm3, but is essentially independent of particle size for
hi > 0.20 cm3 cm3 (Fig. 3) when connection of pore spaces between particles would be more common and form a thin, connected layer of water.
A few negative values of Kf were calculated, which are obviously
not physical. Most were associated with low initial soil moisture
content. Repeated wetting and drying of the soil samples in the
laboratory may have altered the water repellency causing some
of the observed variability in Kf at low soil moisture content. The
most likely explanations for the negative values are probably measurement error or the mathematical approximations used to derive
the inﬁltration equation. Although the inﬁltration volumes were
accurate to ±0.5 mL and the time resolution was 0.01 s, the accuracy of the time was dependent on a visual determination of the
inﬁltrated volume by reading the graduated scale on the Mini-disk
inﬁltrometer. Measurement error was largest when inﬁltration
was the most rapid at low soil moisture content. The second explanation also relates to low soil moisture content. The gravity term in
Eq. (4), at early times, may be more signiﬁcant at low soil moisture
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content than the vertical or lateral capillary terms. Derivation of
inﬁltration Eq. (4) assumes that sorptivity dominates at early
times, and thus by including only sorptivity, the sorptivity term
would be over estimated and negative values of Kf would be required to balance the inﬁltration ﬂux (per comm. Markus Berli,
2008). This may indicate that the proportionality constant, c,
may differ from the accepted values as suggested above or that
the inﬁltration equation needs to be reformulated for application
to dry soils.
Sorptivity and hydraulic conductivity values for modeling
The magnitude of the sorptivity measured with the Mini-disk
inﬁltrometer yielded reasonable values compared to some published values. For example, the average sorptivity for dry sand with
uniform particle size (hi = 0.009 cm3 cm3; median diameter = 0.15 mm) was 0.212 cm s0.5 (Culligan et al., 2005), which is
in the range of values near zero for the Coarse, heated reference
soil (0.20 and 0.23 cm s0.5, a in Table 2). Other soils did not have
uniform particle size, but were similar in texture. Sorptivity was
0.12 cm s0.5 for loamy-sand and sandy-loam soils (Smith, 1999;
no values of soil moisture content were given), and it was 0.058–
0.105 cm s0.5 (hi = 0.02 cm3 cm3; Wang et al., 2006) for silty soils.
The form of the S–h was similar to existing exponential forms (Parlange, 1975; Kutílek and Valentová, 1986; Lockington, 1993; Wang
et al., 2006). Values of a (in Eq. (10), see Table 2) were similar to the
value of a = 0.245 cm s0.5 selected by Kutílek and Valentová
(1986). Thus, it appears that the Mini-disk inﬁltrometer can be
used to measure S and provide estimates of Kf,, which can be used
in physically-based, rainfall–inﬁltration–runoff models of ﬁre-affected soils.
Field and laboratory values of Kf for ﬁre-affected soils were within a relatively narrow range from 0.86  103 cm s1 to
7.7  103 cm s1. In contrast, values of Ksat published in the literature can range over 2–4 orders of magnitude for sand- and clay-size
material (Hillel, 1998). Values of Kf overlapped other steady inﬁltration rates (which should approach Ksat at longer times) measured on
ﬁre-affected soils (0.28  103–2.8  103 cm s1; Kinner and
Moody, 2008; Martin and Moody, 2001). Some of the higher values
of Kf in this study may be related to repacking the soil before each
measurement in the laboratory, which can never replicate in situ
soils. Soils from the burned areas were Coarser and more difﬁcult
to repack than the reference soils, which had a standard error in
the value of the bulk density of 2.5% for Fine, and 1.5% for Coarse,
heated reference soils (Table 1). Six in situ ﬁeld measurements in
the Harvard Fire site, ranged from 0.56  103 to 1.9  103 cm s1.
This range is similar to ranges based on rainfall simulations:
0.69  103–1.4  103 cm s1 for burned Mediterranean scrubland (Cerdà, 1998), 0.28  103–2.5  103 cm s1 after prescribed
ﬁre (Robichaud, 2000), and 1.3  103–2.0  103 cm s1 in burned
steep rangeland (Pierson et al., 2001). Thus, the Mini-disk also provides reliable, in situ, ﬁeld measurements of Kf for modeling
purposes.
Models of inﬁltration and runoff from burned watersheds need
to address the physics of a two-layer system consisting of ash on
top of mineral soil. Our results provide the ﬁrst measurements of
the S and Kf for ash. Mean Kf and S–h relation for ash were similar
to those for heated reference soil (Figs. 2 and 3; Table 2), but greater than those for the ﬁre-affected soil (Hi Meadow and Harvard
soils). Inﬁltration into ash appears to be controlled by sorptivity
(see ‘‘Discussion” below where sorptivity terms are 1–5 times
>hydraulic conductivity terms, Table 3). Ash has a relatively large
capacity to store water (0.90 g water per 1 g of ash or
0.61 cm3 cm3; standard error = ±2%), and thus, acts as a hydrophilic layer (Doerr et al., 2000). Water stored initially in the ash,
either runs off as saturated overland ﬂow or moves laterally down-
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Table 3
Ratio of sorptivity terms to hydraulic conductivity terms for selected soil samples.
Harvard soil, 3-D initial soil moisture
values (cm3 cm3)

Fine ash, 3-D initial soil moisture values
(cm3 cm3)

Elapsed time
(min)

Fine, natural reference soil, 1-D initial soil moisture
values (cm3 cm3)
0.02

0.10

0.20

0.02

0.10

0.02

0.10

1
10
20
30
60

24.8
7.8
5.5
4.5
3.2

12
3.8
2.7
2.2
1.5

4.8
1.5
1.1
0.88
0.62

4.9
2.9
2.6
2.5
2.3

1.00
0.44
0.37
0.34
0.29

4.8
2.8
2.5
2.4
2.2

3.1
1.7
1.5
1.4
1.3

slope as throughﬂow above the ﬁre-affected soil (Kinner and Moody, in review, J. Hydrology).

but because of a change in the chemical property of the molecules
of water-repellent compound (Doerr et al., 2000).
Extremely dry soil conditions

Linking water repellency to hydraulic properties
Sorptivity and hydraulic conductivity are inversely linked to the
degree of water repellency. Metrics used to indicate the degree of
water repellency (molarity of ethanol droplets, MED, Letey et al.,
1962, 2000; King, 1981; and critical surface tension, CST, Huffman
et al., 2001) can be related to S and Kf (Philip, 1954). However,
these water-repellency metrics cannot be used directly in predictive rainfall–inﬁltration–runoff models, whereas S–h relations
and Kf can. At low soil moisture content, water repellency limits
the wetting of some grains thereby reducing the capillary suction
or capillary potential in some pores. If the capillary potential decreases then S decreases, and if some pores are not active, then
water ﬂows through fewer pores, and Kf decreases. Sorptivity and
hydraulic conductivity for the natural reference soils were about
two and ﬁve times less than the values for heated reference soils
(Fig. 2, Table 2), indicating that the heating to 550 °C did remove
some, or all, of the water-repellent compounds, and thus, decreased the water repellency. This result agrees with other work
by Nakaya et al. (1977) who showed that heating soil to 250 °C increases the capillary suction (i.e. decreases the water repellency)
relative to soils heated to only 105 °C. Measurements of S and Kf
indicate that the natural reference soils were more water repellent
than the heated reference soils over a wide range of values of initial
soil moisture content, whereas the water-repellency metrics such
as, T1, WDPT, CST, and MED only provide estimates at a speciﬁc soil
moisture content and in the case of T1 only suggests a slight increase in water repellency (Table 2).
The dominance of sorptivity and hydraulic conductivity in controlling inﬁltration will change with time during a rainstorm and
these changes will depend on hi. To investigate this change with
time, the ratio of the sorptivity terms to hydraulic conductivity
terms in Eqs. (2) and (5) was computed using the hydraulic relations in Table 2 for 60 min, which is a typical duration for orographic convective storms (Hershﬁeld, 1961; Moody and Martin,
2001; Moody et al., 2007a). Eq. (2) has one sorptivity term (vertical
capillarity) and one hydraulic conductivity term, whereas Eq. (5)
has two sorptivity terms (vertical and lateral capillarity), but still
one hydraulic conductivity term. All the ratios decreased with
elapsed time indicating that sorptivity was most dominant for
early times and hydraulic conductivity became more dominant
as time elapsed (Table 3). The ratio also decreased with increase
in the initial soil moisture content. For the Fine, natural reference
soil and hi = 0.20 cm3 cm3, the ratio decreased below 1.0 at
26 min indicating the Kf-terms were greater than the S-terms. This
happened much sooner (1.1 min) for the Harvard soil with a drier
initial soil moisture content (0.10 cm3 cm3, Table 3). In all cases,
as hi approaches saturation, water repellency is probably no longer
affected by sorptivity and hydraulic conductivity because water
repellency essentially disappears, not because of physical process,

Extremely dry soil conditions, in this paper, are deﬁned as the
domain where hi < 0.02 cm3 cm3. Heat from wildﬁres probably
drives off more adsorbed water from the surface of soil particles
and soil aggregates than does the heat during drought conditions.
Re-adsorption during the ﬁrst rain after a wildﬁre is probably the
ﬁrst process in rewetting the soil. This process takes time during
which little water can inﬁltrate until the capillary pressure is reestablished, and consequently more of the rainfall must be transformed into increased runoff. Sometimes this rewetting process
has been referred to as ‘‘ﬁlm ﬂow” (McQueen and Miller, 1968; Hillel, 1998, Chapter 6; Bachmann and van der Ploeg, 2002; Tuller and
Or, 2002). This process contrasts with capillary and gravity processes operating in connected pores spaces between soil particles
and aggregates.
Extremely dry soil conditions during a drought can be maintained longer under a litter and duff layer in unburned area than
in a burned area without litter and duff. Measurements made during a drought in 2002 in the Hi Meadow Fire site (see asterisks in
Fig. 4B) showed that the water-repellency metric, T1 (41 s) in the
unburned area was greater than T1 (2.7 s) in the burned area (Table 2). Soil from the unburned area had more organic material than
soil from the burned area (Table 1), and this organic material probably was partially responsible for the increase in the degree of
water repellency (Doerr et al., 2000). Measurements showed that
S (essential constant 0.010–0.016 cm s0.5) for the Hi Meadow
(Unburned-lab) soil was less than S for Hi Meadow (Burned-lab)
soils (see curves in Fig. 4B). Values of Kf for the soils from the
two areas were essentially the same, within the measurement error. Therefore, it was the values of the sorptivity, in this situation,
that indicate the soil from the unburned area was more water
repellent than the soil from the burned area. Data collected during
a drought in 2002, veriﬁed increased runoff during dry soil conditions when hi ranged from 0.023 to 0.057 cm3 cm3 (Moody et al.,
2007b). Runoff during a rainstorm from the unburned area
(0.64 L m2 per mm of rain) was actually greater than the runoff
during the same storm from the adjacent burned area
(0.27 L m2 per mm of rain; unpublished data for 29 August
2002, J. Moody and D. Martin). During wetter conditions this was
not observed to be the case.
Sorptivity maximum
Examining more closely the S–h relation in the extremely dry
domain suggests a sorptivity maximum with sorptivity decreasing
as the soil moisture approaches saturation and as it approaches
zero. This maximum appears between 0.02 and 0.08 cm3 cm3
for the Fine, heated reference soil (Fig. 5). Perhaps, yet less deﬁned,
between hi = 0.02 and 0.04 cm3 cm3 for the Coarse, heated reference soil and even better deﬁned if a few points (enclosed in ellip-
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Coarse, heated reference soil: 3-D
Coarse, heated reference soil: 1-D
Fine, heated reference soil: combined 3-D and 1-D
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eq (12) Fine, heated reference soil: combined 3-D and 1-D

Sorptivity, cm s-0.5

eq (10) Fine, heated reference soil: combined 3-D and 1-D
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Initial Soil Moisture, cm3 cm-3
Fig. 5. Details of the sorptivity–soil moisture relation in the extremely dry domain where values of soil moisture content are typically <0.02 cm3 cm3. Points enclosed in
ellipses indicate possible outliers.

ses in Fig. 5) are considered as possible outliers. A higher degree of
water repellency (i.e. a lower sorptivity as soil moisture approaches zero) in Fine soils also was reported de Jonge et al.
(1999). This non-linear behavior (a maximum in sorptivity) in this
domain may reﬂect a transition between the capillary process and
adsorption processes. A similar non-linear behavior of water repellency has been observed by others in this domain (King, 1981; Nakaya et al., 1977; de Jonge et al., 1999; Blonquist et al., 2006;
Leelamanie and Karube, 2007; Regalado et al., 2008). However,
sorptivity in this domain must be considered as an ‘‘equivalent
sorptivity” resulting from extrapolating Eqs. (2) and (5), which describe capillary and gravity processes, into this transitional domain
that includes a combination of capillary, gravity, and adsorption
processes.
An empirical equation for sorptivity was developed that incorporated a possible maximum in sorptivity within the extremely
dry soil domain. Existing analytical formulations approximate the
sorptivity relation by

S2 ¼ 2ðhs  hi Þ

Z

hs

DðhÞdh;

ð11Þ

hi

where hs is the saturated soil moisture content [L3 L3], and D(h), is
the soil diffusivity, [LT2] (Parlange, 1975; Parlange et al., 1985;
Haverkamp et al., 1994). Parlange (1975) has suggested that D(h)
might have the form of D0eBh or D0hB, (D0 and B being constants),
which has been investigated by others (Kutílek and Valentová,
1986; Wang et al., 2006). All these forms produce a monotonically
decreasing, non-linear function for the S–h relation starting as some
constant at hi = 0 and approaching zero as hi ? hs, and therefore, will
not represent a possible sorptivity maximum. We therefore ﬁt a
modiﬁed form of Eq. (10) given by

S¼

0
hci a0 eb hi

ð12Þ

such that S approaches zero as hi ? 0, and also, as hi ? hs allowing
for a maximum value of sorptivity.
We combined the 3-D and 1-D measurements for the Fine,
heated reference soil to provide sufﬁcient data to statistically resolve this equation for sorptivity in the extremely dry domain.
The goodness-of-ﬁt metric, R2, for this modiﬁed form (Eq. (12) with

c = 0.169, a0 = 0.385, and b0 = 5.0) was 0.52, and has a sorptivity
maximum of 0.18–0.20 cm s0.5 between 0.03 and 0.08 cm3 cm3
(Fig. 5). For Fine ash, with fewer data, the sorptivity maximum
was less well deﬁned between 0.03 and 0.04 cm3 cm3 using the
modiﬁed sorptivity equation (R2 = 0.50). Fire-affected soils did
not have sufﬁcient measurements for hi < 0.01 cm3 cm3 to resolve
the possible sorptivity maximum. This modiﬁed form of the S–h
relation for the Fine, heated reference soil represents S as well as
the exponential form for the combined 1-D and 3-D data (Eq.
(10): a = 0.165, b = 2.4; R2 = 0.53). These results suggest a possible
non-linear behavior characterized by a sorptivity maximum. The
sorptivity maximum indicates that there would be a corresponding
critical soil moisture content such that the sorptivity decreases
above and below this value. Sorptivity below this critical value
probably should be referred to as ‘‘equivalent sorptivity” because
this is a transitional domain, which includes a combination of capillary, gravity, and adsorption processes.
Many investigators have measured such a critical soil-moisture
threshold below which moderate to extreme water repellency is
measured. For example, measurements made by Dekker et al.
(2001) near the surface of dunes sands indicate a threshold at
0.18 cm3 cm3, which decreases to 0.05 and 0.02 cm3 cm3 at
depths of 0.14 and 0.19 m, and MacDonald and Huffman (2004)
estimated the threshold to be 0.10 and 0.26 cm3 cm3 for soils
in unburned and burned areas. Values of soil moisture content
greater than those for the Fine, heated reference soil may reﬂect
the water repellency of natural soils. This critical soil-moisture
threshold may correspond to the values of the soil moisture content at the sorptivity maximum predicted by Eq. (12).

Summary and conclusions
This research was motivated by the possibility that wildﬁres
can produce extremely dry conditions in the upper layer of the soil,
and thus, change the soil physics controlling runoff in burned
watersheds. We used a portable inﬁltrometer to measure the
near-saturated hydraulic conductivity, Kf, and the sorptivity–soil
moisture relation, S(hi, hf), over a range of values of the initial soil
moisture content that include the extremely dry domain
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(hi < 0.02 cm3 cm3) to near saturation. Cumulative inﬁltration was
measured in the ﬁeld and in the laboratory for reference soils, ash,
soil unaffected by ﬁre, and ﬁre-affected soils under 3-D conditions
and conditions approximating 1-D inﬁltration. The value of the
parameter c, used to correct for 1-D approximation, was found to
be greater (0.7–1.1) than the published values (0.7–0.8) suggesting
that c may depend on the degree of water repellency.
We found that Kf was inversely related to the degree of water
repellency. The range of Kf was largest (3.8  103–
130  103 cm s1) for the heated reference soils with a low
water-repellency metric (0.4 s < T1 < 2.4 s), lower for the ﬁre-affected soils (1.1  103–7.7  103 cm s1; 5.6 s < T1 < 72 s), and
surprisingly lowest for soil from an unburned area (0.86  103–
3.0  103cm s1; 16 s < T1 < 41 s). Ash also had relatively large
values of Kf, ranging from 4.5  103–53  103 cm s1 with relatively low values of the water-repellency metric (0.6 s < T1 < 3.6 s).
Similarly, S was inversely related to the degree of water repellency. For the Fine, heated reference soil and for Fine ash, we identiﬁed a sorptivity maximum of 0.18–0.20 cm s0.5 in the extremely
dry domain (0.03 < hi < 0.08 cm3 cm3). This non-linear dependence on hi may explain the observed non-linear behavior of water
repellency and the critical soil-moisture threshold associated with
water repellent soils. Above this critical soil moisture content corresponding to the sorptivity maximum, sorptivity decreases but
hydraulic conductivity is essentially constant such that the water
repellency will depend on the relative importance of sorptivity
and hydraulic conductivity in each speciﬁc soil. Below this critical
soil-moisture threshold is a transitional domain that includes a
combination of capillary, gravity, and adsorption processes. Here
the ‘‘equivalent sorptivity” decreases reﬂecting the corresponding
observed increase in water repellency.
These empirical S–h relations are valuable because they contain
the essential soil moisture dependence of sorptivity and consequently water repellency. Water-repellency metrics such as T1,
WDPT, CST, and MED do not have the necessary soil moisturedependent information. Our results also provide the ﬁrst measurements of Kf and S for ash, which must be included in a two-layer
model. These relations, especially for the extremely dry domain,
are compatible with, and therefore, can be used in physically-base
models to predict runoff for the initial conditions after a wildﬁre.
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