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Motivations
Wildﬁres frequently result in natural hazards such as ﬂash ﬂoods (Yates
et al., 2001) and debris ﬂows (Cannon et al., 2001a,b; Gabet and
Sternberg, 2008). One of the principal causes of the increased risk of
post-wildﬁre hydrologically driven hazards is reduced inﬁltration rates
(e.g. Scott and van Wyk, 1990; Cerdà, 1998; Robichaud, 2000; Martin
and Moody, 2001). Beyond the reduction in peak inﬁltration rate, there
is mounting evidence that the fundamental physics of inﬁltration in
wildﬁre-affected soils is different from unburned soils (e.g. Imeson et al.,
1992; Moody et al., 2009; Moody and Ebel, 2012).
Understanding post-wildﬁre hydrology is critical given the increasing
wildﬁre incidence in the western USA (Westerling et al., 2006) and elsewhere in
the world (Kasischke and Turetsky, 2006; Holz and Veblen, 2011; Pausas
and Fernández-Muñoz, 2012). Wildﬁre is a disturbance event with global
distribution (Bowman et al., 2009; Krawchuk et al., 2009; Pechony and
Shindell, 2010; Moritz et al., 2012), and with increasing populations moving
into ﬁre-prone areas, understanding post-wildﬁre inﬁltration is of increasing
importance for predicting post-wildﬁre consequences. Runoff is generally
controlled by the inﬁltration-excess mechanism in ﬁre-affected soils (e.g.
Mayor et al., 2007; Onda et al., 2008; Kinner and Moody, 2010). It is essential
that the ﬁre community have conceptual models, physical equations and tools
(i.e. numerical models) to predict inﬁltration and thus excess rainfall (after
Horton, 1933), which can provide estimates of peak discharge, start of runoff,
time to peak and total runoff for hydroclimatic scenarios after wildﬁres.
Reductions in saturated hydraulic conductivity Ksat [L T 1] are common for
ﬁre-affected soils, and the relatively low values observed explain the elevated
ﬂash ﬂood hazards (e.g. Ksat of 1–100 mm h 1, Robichaud, 2000; Yates et al.,
2000; Martin and Moody, 2001; Robichaud et al., 2007; Moody et al., 2009;
Neary, 2011; Nyman et al., 2011).

Traditional Inﬁltration Theory
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Traditional inﬁltration theory is based upon a hydraulic gradient with
gravitational and capillary components (Philip, 1957a). Early-time
inﬁltration is dominated by capillarity, and late-time inﬁltration is
largely dominated by gravity (Philip, 1957b). This leads to a
monotonically decreasing inﬁltration rate with time as inﬁltration
progresses. Models based on traditional theory (Green and Ampt,
1911; Philip, 1957c; Smith and Parlange, 1978) predict that the
maximum inﬁltration rate corresponds to the driest soil conditions
(Philip, 1957c). This results in ‘worst-case’ scenarios, in terms of ﬂash
ﬂood potential, for wet initial conditions of high soil–water contents,
θ [L3 l 3]. Traditional theory has been used to better understand the
effects of ash (Woods and Balfour, 2008) and for speciﬁc studies of postwildﬁre ﬂoods (Yates et al., 2000). For both cases, a limitation was not
knowing the appropriate hydraulic parameters (wetting front suction
and hydraulic conductivity, K [L T 1], respectively) for ﬁre-affected soils.
One approach (Robichaud, 2000) was to adapt an inﬁltration model
(Philip, 1969; Luce and Cundy, 1994) coupled to the kinematic-wave
equation to estimate soil parameters (time-to-start of runoff, sorptivity,
and hydraulic conductivity) by minimizing the ﬁt between simulated and
observed hydrographs under constant rainfall. Modiﬁed forms of some
1510
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traditional inﬁltration models have been incorporated
into basin-scaled runoff models as options (Feldman
and Goldman, 1984) to predict maximum runoff for
unburned basins, but these models have faced the
same problem of not knowing appropriate soilhydraulic parameters for ﬁre-affected soils. In
general, most post-wildﬁre predictions of peak
discharge have used regional regression models for
ﬁre-affected basins or the curve number method
(Foltz et al., 2009), but again have had difﬁculty
because needed parameter values for ﬁre-affected
areas are unknown. Although it is often assumed that
traditional inﬁltration theories apply in ﬁre-affected
soils, these theories and numerical models of inﬁltration that express them are seldom tested with ﬁeld
measurements during actual rainstorms.

How Fire-Affected Soils are Different
Inﬁltration processes are not well understood in ﬁreaffected soils whose soil-hydraulic properties and soil–
water content have been altered by the heat from a
wildﬁre. Previous ﬁeld studies have documented that
soil surface sealing by ash (Onda et al., 2008; Larsen
et al., 2009) and ﬁne sediments (Neary et al., 1999;
Larsen et al., 2009), needle cast (Pannkuk and
Robichaud, 2003; Cerda and Doerr, 2008), and ash
cover (Woods and Balfour, 2010; Ebel et al., 2012) have
measurable effects on post-wildﬁre runoff. However,
the most frequently cited cause of reduced inﬁltration
rates, and thus increased runoff, in ﬁre-affected
areas is the increase in soil–water repellency (DeBano,
2000; Doerr et al., 2000; Letey, 2001) above the
existing level present in unburned soils (e.g. Doerr
et al., 1998; Doerr and Moody, 2004; Varela et al.,
2005; Stoof et al., 2011). Soils with coarser grain-size
distributions are more prone to developing soil–water
repellency (DeBano, 1981). Soil–water repellency also
depends on hydrologic states. Lower soil–water
repellency is found in wet soils compared with dry
soils, and a fairly well-established soil–water content
threshold exists above which repellency is minimal
(Dekker and Ritsema, 1994; Doerr and Thomas, 2000;
MacDonald and Huffman, 2004). Soil–water
repellency can, however, be re-established when wet
soil dries below the soil–water content threshold
(Shakesby et al., 1993).

The complexity of inﬁltration in ﬁre-affected soils
was shown by Imeson et al. (1992), who documented
four typical patterns (types) of time-variable inﬁltration
rates observed during rainfall simulation experiments
(Figure 1). Type 1 is the expected inﬁltration rate from
traditional theory, and type 2 is only slightly different,
with the most salient feature being the linear decline in
inﬁltration rate with time as the soil wets up and the
capillarity contribution to the hydraulic gradient
declines. Type 3 and type 4 in Figure 1 have initially
low inﬁltration rates that increase as the soil wets up
and then decline with increased wetting; these patterns
are not explained by traditional theory (type 1). Imeson
et al. (1992) attributed the type 3 and type 4 responses to
soil–water repellency, which causes low inﬁltration rates
at the low soil–water contents typical of early-time
inﬁltration. The ‘levelling off’ of inﬁltration rate with
time for type 4 in Figure 1 was attributed to macropore
ﬂow by Imeson et al. (1992), which is likely highly
spatially variable (Nyman et al., 2010).
Beyond the unexpected temporal characteristics of
inﬁltration in wildﬁre-affected soils, new evidence has
documented that the inﬁltration rate at very low soil–
water contents may approach zero (i.e. essentially
impermeable) rather than very large rates. Near-zero
inﬁltration rates into ﬁre-affected soils with θ < 0.02
cm3 cm 3 were documented immediately after a
wildﬁre and before substantial rain (Moody and Ebel,
2012). These conditions were termed ‘hyper-dry’ by
Moody and Ebel (2012) and are probably present after
many wildﬁres. A minimum in inﬁltration rate at hyperdry conditions, where traditional inﬁltration theory
predicts a maximum, points to the need for rethinking
inﬁltration processes in wildﬁre-affected soils. This is
important because this minimum may provide an
explanation why catastrophic ﬂoods after wildﬁre are
often associated with the ﬁrst substantial rain before
possible sealing effects. In particular, these observations
document a disconnection between the hydrologic
processes at the surface and the capillarity portion of
the gradient that should result from the strong spatial
contrasts in matric potential in the subsurface that
develop during inﬁltration. This decoupling depends, in
part, on wildﬁre-enhanced soil–water repellency. If this
decoupling exists and removes the contribution of
capillarity from inﬁltration, then initial inﬁltration

Figure 1. Four types of inﬁltration rate as a function of time during the simulated rainfall experiments of Imeson et al. (1992). Type 1 is the
‘standard type’ with exponentially decreasing inﬁltration rate with time. Type 2 is a linear decrease in inﬁltration rate with time. Type 3 has
initially high soil–water repellency that initially results in a low inﬁltration rate, but as the soil wets, inﬁltration rate increases to a maximum and
then declines exponentially with time. Type 4 is like type 3 except that the inﬁltration rate eventually levels off to a constant value because of
macropore ﬂow (after Imeson et al., 1992)
Copyright © 2013 John Wiley & Sons, Ltd.

1511

Hydrol. Process. 27, 1510–1514 (2013)

B. A. EBEL AND J. A. MOODY

rates would be controlled by gravity, which results in
minimal ﬂow because of the very low hydraulic
conductivities at such low soil–water contents.
Adsorption of water vapour is too slow to impact
inﬁltration processes at the 20- to 60-min timescale of
typical convective storms (Moody and Ebel, 2012). No
physical process is substantial enough to move water at
short timescales of seconds to tens of minutes in hyperdry soils, which enhances soil–water repellency, directly
contradicting traditional inﬁltration models.
One major problem with characterizing inﬁltration in
wildﬁre-affected soils is that certain measurement
techniques appear to bias results. For example, Ebel
et al. (2012) found that ponded head (several cm)
measurements of inﬁltration using single ring
inﬁltrometers (Nimmo et al., 2009) overwhelmed soil–
water repellency and gave inﬁltration rate estimates that
were similar to unburned soils. Similar biases from
ponded head measurements were found by Cerdà (1996)
and Nyman et al. (2010). In contrast, inﬁltration estimates
using a tension inﬁltrometer (Decagon Devices Mini Disk)
at an applied pressure head of 1 cm showed that ﬁreaffected soils were essentially impermeable (Ebel et al.,
2012) at the timescale of typical convective storms (i.e. 20–
60 min). Tension inﬁltrometers can be challenging to use
in wildﬁre-affected soils, which are often coarse textured,
because it is difﬁcult to have a reliable interface between
the inﬁltrometer and the soil surface. Making inﬁltration
measurements in a ﬁre-affected environment where ﬂux
is near zero is an extremely difﬁcult task as negligible
errors for large inﬁltration rates become large errors for
near-zero ﬂuxes.

Ways Forward
Field evidence is suggesting that the hyper-dry domain,
where θ < 0.02 cm3 cm 3, is important for understanding post-wildﬁre inﬁltration–runoff response.
Traditional inﬁltration theories have not focused on
this domain and cannot provide accurate quantitative
predictions for soils affected by wildﬁre in this hyperdry domain. This problem likely extends to other
unburned soils with substantial soil–water repellency,
an issue that is increasingly observed (Dekker et al.,
2005), especially under drought conditions (Goebel
et al., 2011). Modiﬁcation of existing traditional
inﬁltration models needs to incorporate the effects of
soil–water repellency. Speciﬁcally, future research
needs to determine how soil–water repellency affects
the relations between θ and the matric potential c [L],
that is, soil–water retention curves (e.g. Goebel et al.,
2004; Regalado and Ritter, 2005; de Jonge et al., 2007),
and the relation between K and θ, that is, the hydraulic
conductivity function. Recent work has generated
models for soil–water repellency characteristic curves
(i.e. water repellency metrics vs θ and vs c) for
unburned soils (Bachmann et al., 2007; Karunarathna
et al., 2010a, b). Once the effects of soil–water repellency
are established for these two soil–water repellency
characteristic curves, they can be used in unsaturated
Copyright © 2013 John Wiley & Sons, Ltd.

zone simulation (Deurer and Bachmann, 2007) and
potentially accurately estimate inﬁltration (near zero)
for hyper-dry conditions. However, these two soil–
water repellency characteristic curves need to be
combined into a family of soil–water retention curves
(c vs θ) for each value of soil–water repellency.
Additionally, it is not yet clear if the typical (Mualem,
1976) relations (K vs θ) accurately represent the
hydraulic conductivity function for unsaturated
water-repellent soils. Only a few ﬁeld measurements
attempting to estimate a hydraulic conductivity
function in wildﬁre-affected soils have been made
(Robichaud, 2000) using the method described by Luce
and Cundy (1994). Laboratory experiments are needed
that measure hydraulic conductivity as a function of
soil–water content for wildﬁre-affected soils to address
this concern.
Another approach, based on the observation that
post-wildﬁre runoff and erosion respond to shortduration, high-intensity rain, suggests that sorptivity
[L T1/2] should be important at these time scales
(Smith, 2002). Simpler inﬁltration models (e.g. Philip,
1957b) could utilize sorptivity measurements of the
type presented by Moody et al. (2009), who showed that
sorptivity was non-monotonic, decreasing to smaller
values at hyper-dry (θ < 0.02) and very wet conditions
( θ > 0.2 cm3 cm 3), and increasing to a maximum
value near θ of 0.05 to 0.1 cm3 cm 3. Alternatively, this
disequilibrium between the surface and subsurface, in
terms of the decoupling of the capillarity portion of the
hydraulic gradient, could be simulated in fully coupled
surface water/groundwater models that use ﬁrst-order
exchange coefﬁcients by using a large coupling length
scale, as suggested by Ebel et al. (2009). There is
deﬁnitely a need for more ﬁeld measurements and
controlled laboratory measurements to resolve the
effects of wildﬁre on the soil-hydraulic functions,
which will provide the basis for modifying traditional
inﬁltration theory to meet the needs of predicting postwildﬁre ﬂoods and debris ﬂows.
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