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Abstract Soil water repellency can substantially alter hydrologic processes, particularly the ability

of soils to infiltrate water. Water repellency often changes through time, making it difficult to simulate
infiltration behaviors of water-repellent soils using standard models. Here, we propose a simple rate-based
correction term that starts with a value of zero at the beginning of the infiltration process (¢t = 0) and
asymptotically approaches 1 as time increases, thus simulating decreasing soil water repellency through
time. The correction term can be used with any infiltration model. For this study, we selected a simple
two-term infiltration equation and then, using two data sets of infiltration measurements conducted

in soils with varying water repellency, compared model error with versus without the added term. The
correction substantially reduced model error, particularly in more repellent soils. At the same time, the
rate constant parameter introduced in the new model may be useful to better understand dynamics of soil
water repellency and to provide more consistent interpretations of hydraulic properties in water-repellent
soils.

1. Introduction

Water repellency can form in soils under a wide spectrum of conditions, including deposition of resinous
materials and exudates from vegetation (Lichner et al., 2018), vaporization and condensation of organic
compounds during fires (DeBano et al., 1970), and presence of anthropogenic-derived chemicals such as
petroleum products (Adams et al., 2008; Badin et al., 2008; Hewelke et al., 2018; Roy & McGill, 2000),
wastewater (Arye et al., 2011) or other urban contaminants (Stavi & Rosenzweig, 2020). Soil water repel-
lency can range from mild to severe, with the latter often considered to represent hydrophobic conditions.
When present, soil water repellency affects many aspects of the hydrological cycle, including infiltration,
surface runoff, and evaporation (Bauters et al., 2000; Doerr et al., 2006; Ebel et al., 2012; Imeson et al., 1992;
Mansell, 1970; Rye & Smettem, 2017). These effects can extend to watershed-scale responses, such as in-
creased flooding and debris flows (Ebel et al., 2016; McGuire et al., 2018; Rengers et al., 2019).

Soil water repellency often diminishes or dissipates in the presence of liquid water (Dekker et al., 2001; Do-
err & Thomas, 2000), meaning that infiltration can reduce water repellency through time. This interaction
in turn often causes infiltration rates to gradually increase (J. Chen, Pangle, et al., 2020; Ebel et al., 2016;
Robichaud, 2000). This dynamic process results in atypical infiltration behaviors, for example, cumulative
infiltration forming upwardly convex curves with time (Concialdi et al., 2020; Di Prima et al., 2017; Li
et al., 2018). However, many studies continue to use standard equations, such as the two-term model first
developed by Philip (1957), to simulate infiltration in fire-affected and other water-repellent soils (Ebel &
Moody, 2020; McGuire et al., 2018; Moody et al., 2019). This approach can require extensive calibration (L.
Chen, Berlj, et al., 2013), which often results in nonphysical parameters, for example, negative or null values
for hydraulic conductivity (Di Prima et al., 2019).

Here, we propose a simple correction term (1 - e""WR') to modify models for infiltration rate. The correction

term starts with a value of zero at the beginning of the infiltration experiment (¢ = 0) and asymptotically ap-
proaches 1 as time increases, thus simulating decreasing soil water repellency through time. Furthermore,
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the correction only uses a single rate-constant parameter (ctwg), whose reciprocal reflects the time-scale of
water repellency, and thus may be useful to characterize the duration of water repellency.

1.1. Theory

Water repellency often delays the start of infiltration and attenuates infiltration rates, particularly at the
early times of rainfall or irrigation events. We model this response using an exponential scaling factor:

ive (1) = i(r) (1 - V%) )

where iwg(t) is the scaled infiltration rate [LT™'], i(f) is the unscaled infiltration rate (i.e., as modeled using
a wide range of conventional equations of infiltration models that do not account for water repellency)
[LT™], tis the time elapsed since the start of the infiltration event [T], and awg is a newly introduced empir-
ical soil parameter [T™'] that describes the rate of attenuation of infiltration rate. awg can be considered to
be a rate constant associated with change in water repellency through time. Here, we stress that Equation 1
is broadly defined and can be used with any infiltration model (short-term, steady state, one-dimensional,
two-dimensional, or three-dimensional). The correction factor can quantify the effect of water repellency
at the soil surface without impacting the physical models used, so that i(f) continues to be quantified using
common soil hydraulic properties (e.g., soil sorptivity and hydraulic conductivity). Such correction typically
applies to fire-induced water repellency or factors that affect the soil mainly at surface (vegetation inputs).

We can also define a characteristic time for water repellency, twg [T], as:

twr = In(2) /7 ayg @)

Based on Equation 2, twg represents the time at which the infiltration rate of the water-repellent soil is half
that of the equivalent nonrepellent soil, that is, iwr(£)/i(f) = 0.5. In other words, twr identifies the time at

which the term (1 - e""WR') = 0.5. We will use this concept to test the hypothesis that infiltration rates are
affected for longer periods of time in soils with more severe water repellency.

To demonstrate the effectiveness of this method, we use a simple two-term infiltration model (Stewart &
Abou Najm, 2018a; Vandervaere et al., 2020a, 2020b):

I(t) =" + eyt (3)

where ¢; [LT™"?] and ¢, [L T™'] are constants specific to the soil type and initial and boundary conditions
(e.g., ponding depth, ring geometry, initial water content). For example, in the one-dimensional, Phil-
ip (1969) model for vertical infiltration, c; is sorptivity (S) [LT™"%] and c, is A [L T™'] (a term related to
hydraulic conductivity).

The infiltration rate, i [L T™*], for the two-term model of Equation 3 is

()= F+e @
0

Here we modify Equation 4 to account for water repellency, iwr(f) [L T, as:

e (1) = i(t)(l - e‘“WR') - (;—\'/_ + ch(l - e‘“WR’) (5)

t

Cumulative infiltration, Iwg [L], is then found by integrating Equation 5 with respect to time:

]wR( = Cl\/_ Cl\/_ ’f(m)-k—czt_w o

2o

Owr
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Equation 6 can be written as:

X —awR! 1 — e @WR!
) el - a2 ®

awr \/ oyt Awr

where g(t) is approximated as (Winitzki, 2003):

o(r) = m + (7 - 2)awgt

~ 8
1+\/meRt +(7r—2)aWRt ®)
Combining Equations 7 and 8:
_ c (1 - eiaWR’)
(1) = e+ eyt e | grawrt| 1 oyt = 2\Jaygt I 7 @ ©)
2 /awr 1+ \/ZZ(ZWRI‘ + (7r - Z)aWRt OwR

Figure 1 shows typical infiltration rates and cumulative infiltration curves of a silty clay loam soil (Di Prima,
Winiarski, et al., 2020) and how the shapes of the curves change with different aywr values. Clearly, the infil-
tration rates become attenuated as awg values decrease, reflecting increased effect of soil water repellency.
The model also shows an increase followed by decrease of infiltration rate for many awr values, which
reflects common observations of infiltration in water repellent soils (e.g., J. Chen, McGuire, et al., 2020;
Imeson et al., 1992).

2. Materials and Methods

We analyzed two data sets to test our model: one was collected following wildfires that occurred in the
south-central Appalachian Mountains, USA, and the other was collected in four locations in Spain and
France and assessed water repellency due to different inputs and in particular vegetation and fire effects.

2.1. Wildfire Study

Data from 150 repeated tension infiltrometer experiments were used to assess the ability of awg to model
the effect of hydrophobicity. The infiltration measurements were collected in burned versus unburned sites
in Mount Pleasant National Wildlife Refuge, Virginia, USA (37.73, —79.21), which experienced moderate to
severe wildfires in November 2016. Here, we will refer to the sites as Burned 1 (41 experiments), Burned 2
(41 experiments), Unburned 1 (35 experiments), and Unburned 2 (33 experiments). The sites (Site 1 and Site
2) were on west-facing back slopes and shoulders. Within each site, infiltration tests occurred with spacing
of 1-2 m between measurements. For each test, a mini-disk tension infiltrometer (Meter Group, Pullman,
Washington, USA) was used with tension set to —1 cm. This tension was selected to ensure water flow
occurred through all pores <0.3 cm in diameter (based on the Youngs-Laplace equation) while avoiding
potential measurement errors associated with water entry into larger dead-end pores. Water volumes were
recorded every 0.5 min, and continued for a minimum of 10 readings. Measurements were collected on the
following dates: November 28, 2016 (3 days after fire); February 6, 2017 (73 days after fire); March 24, 2017
(116 days after fire); May 18, 2017 (171 days after fire); June 27, 2017 (211 days after fire); August 22, 2017
(267 days after fire); October 3, 2017 (309 days after fire); and December 4, 2017 (371 days after fire).

Soil water repellency was measured at the same times and general locations as the infiltration tests. Here,
water drop penetration time (WDPT) tests were conducted using an eye dropper. The soil or ash layer sur-
face was cleared of any loose debris, and 5-7 drops were placed on the surface (0 cm depth). The time for
the drops to infiltration was noted, with tests divided into two categories: WDPT <10 s versus WDPT >10 s
(J. Chen, McGuire, et al., 2020). The test was repeated at 10 discrete locations within each sampling area.
Water repellency was then quantified as the percentage of drops with WDPT > 10 s over the total number
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Figure 1. Ideal infiltration rate (upper panel) and cumulative infiltration (lower panel) curves (dark full line) of a silty
clay loam soil (S = 6 mm h™"2, 10% saturation, A = 0.75 mm h™") respectively modeled by Equations 5 and 6 using data
from Di Prima, et al. (2020) and synthetic variations of possible hydrophobic responses demonstrated by a range of awg
values from 0.01 to 100 h™.

of tests at a given sampling point. For more details, the reader is referred to J. Chen, McGuire, et al. (2020)
and J. Chen, Pangle, et al. (2020).

The three parameters (c;, ¢, and awg) were optimized for each infiltration test by minimizing the sum of
square of errors (SSE) between measured and modeled cumulative infiltration. Note that we choose to fit
cumulative infiltration (using Equation 9) rather than infiltration rate because the former was better con-
strained at early times (with I = 0 at t = 0) and the measured cumulative infiltration data had less noise than
the infiltration rate data.

All 150 experiments were optimized with 41 sets of initial parameter values for c;, ¢, and awg, using all per-
mutations of the following quantities: ¢; = 0.001, 0.01, 0.1, 1, and 10 cm min"l/z; ¢, =0.001, 0.01,0.1,1, and
10 cm min™, and awg = 0.001, 0.01, 0.1, 1, and 10 min~". The parameter set with the smallest SSE was cho-
sen as the global optimum solution. Cumulative histograms were developed for the optimized parameters
(c1, 5 and awr) under each of the four groups: Burned 1 (N = 41), Burned 2 (N = 41), Unburned 1 (N = 35),
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and Unburned 2 (N = 33). The awg values were also converted to twr using Equation 2, and the mean tyy for
each site and sampling date was compared to the corresponding water repellency.

For comparison, we also analyzed the data using the two-term infiltration solution (Equation 3), in this case
optimizing for only c; and c,. The same initial parameter values were used for c; and c,, and again the global
optimum set of values was identified for each test. The sum of square errors (SSE) from Equation 3 (SSE,;, )
was then compared with SSE from Equation 9 (SSE,).

We also evaluated if the parameter distributions varied between sites. Since all three parameters (cy, ¢,, and
awr) Were nonnormally distributed, even after log-transformation, we performed one-way Kruskal-Wallis
tests for each parameter using site as the main factor. For any parameter with significant differences be-
tween sites, we performed a posthoc Dunn test with the Benjamini-Hochberg method for p-value adjust-
ments. We used a significance level (alpha) of 0.05. Statistical analyses were conducted using R (version
4.0.3).

2.2. Vegetation-Induced Repellency Study

Fifteen infiltration experiments from three locations in Spain and France were also used to assess the ef-
fectiveness of Equation 9 compared to Equation 3. Those experiments were divided as follows: eight exper-
iments from La Hunde site in Spain (Di Prima et al., 2017); five experiments from two locations in Django
infiltration basin, France (Di Prima, Winiarski, et al., 2020 and unpublished data); and two experiments
from ENTPE garden, in France (Concialdi et al., 2020). The infiltration tests were conducted using single
ring infiltrometers with inner ring diameter of 15 cm. For each test, the rings were inserted into the soil at a
depth of ~1 cm. Slightly ponded conditions were maintained in the rings and the rate of water additions to
the rings were recorded to determine infiltration rates. Soil physical properties of those sites spanned a wide
spectrum of textural classes, as briefly described below.

The La Hunde site in Valencia, Spain (Di Prima et al., 2017) consisted of two contiguous plots, each of
1800 m?, located at the headwaters of Rambla Espadilla catchment within the public forest La Hunde
(39°4’50”N, 1°14°47”°W, elevation of 1,090 m a.s.l.), Valencia (NE Spain). Plots were located in a typical
Mediterranean oak forest approximately 60 years old, characterized by Quercus ilex sbsp. Ballota in asso-
ciation with other xerophytic species such as Pinus halepensis, Quercus faginea, Juniperus phoenicea, and
Juniperus oxycedrus. The climate was Mediterranean with a mean annual rainfall of 466 mm and a mean
annual temperature of 13.7°C (1960-2007). According to the USDA standards, the soil of the studied area
was classified as clay loam. The soil was approximately 30-50 cm deep in the lower part of the slope and
about 10 cm thick in higher elevations, with rock fragments constituting up to 50% of the soil volume (del
Campo et al., 2019).

The Django site occurred within a stormwater infiltration basin, named Django Reinhardt basin, located in
Chassieu in the eastern suburbs of Lyon, France (Di Prima, Winiarski, et al., 2020). A detailed description
of the experimental area can be found in Goutaland et al. (2008) and Winiarski et al. (2006). The infiltration
basin was constructed above a heterogeneous glaciofluvial deposit by mixing the top 50-80 cm of the soil.
The coarse glaciofluvial deposit was composed of four main lithofacies: (i) the upper sandy layer that was
a mixture of the soil matrix and gravel, (ii) a mixture of the soil matrix and gravel with a bimodal particle
size distribution that occupied most of the deposit below the top 50-80 cm layer, (iii) large lenses of sand,
and (iv) smaller lenses of matrix-free gravel (Ben Slimene et al., 2017; Goutaland et al., 2013). At surface, a
sedimentary layer was deposited with high contents of organic matter, impeding water infiltration at the ba-
sin scale (Lassabatere et al., 2010). The high organic contents resulted from both vegetation and pollutants
loads brought by the entering stormwater (Badin et al., 2008).

The ENTPE site in Lyon, France (Concialdi et al., 2020) contained a sandy loam soil located in the garden of
the Ecole Nationale des Travaux Publics de 'Etat (ENTPE) in the municipality of Vaulx-en-Velin (France).
The site was chosen to represent a typical rain garden developed to restore hydrological processes (i.e., water
infiltration capacity) in urban areas.
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Figure 2. Upper panel shows ratios of SSE values (SSE,, ,/SSE,) and lower panel shows differences (SSE,,,,—SSE,)
between Equation 3 (no awg) and Equation [9] (with awg) for the 150 infiltration experiments from two burned and
unburned areas. Note that the runs are organized in decreasing order in each panel.

3. Results and Discussion
3.1. Wildfire Induced Water Repellency

The proposed model (Equation 1, approximated for the two-parameter model by Equation 9) provided bet-
ter fits to measured data compared to the standard infiltration model (Equation 3) for most of the meas-
urements (Figure 2). Specifically, the ratio of SSE,,./SSE, was greater than 1 for 116 out of 150 infiltration
tests, and was less than 1 for only 2 out of 150 infiltration tests (Figure 2a). Equation 9 improved the model
fit more in burned compared to unburned soils, as difference in SSE between Equation 3 (SSE,, ) versus
Equation 9 (SSE,) was larger for the former (Figure 2b).

The cumulative histograms of parameter values for the wildfire study (Figure 3) showed that both burned
areas (Burned 1 and Burned 2) had smaller median awg values than the unburned areas (Unburned 1 and
Unburned 2). The Kruskal-Wallis test indicated that awg distributions were significantly different between
sites (p = 0.0011), and the posthoc Dunn test revealed that the Burned 2 site had significantly smaller
awr values than the other three sites (0.003 < p < 0.028). That site experienced the greatest burn severity
(J. Chen, McGuire, et al., 2020) and in general had the strongest water repellency at the surface (J. Chen,
Pangle, et al., 2020). Since smaller values of o correspond to longer-lasting water repellency (as shown in
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Figure 4. Cumulative frequency distributions for characteristic water
repellency time, twg (min), for infiltration measurements collected when
the surface soils exhibited low (<50%) or high (>50%) water repellency,
as assessed using multiple water drop penetration time tests. Vegetation-
induced water repellency.

Furthermore, Figure 3 also shows that the ¢; and ¢, parameters did not
show substantial differences in their distributions between burned and un-
burned sites, Those results were further supported by the Kruskal-Wallis
tests, which determined that ¢; and c, did not significantly differ between
sites (p > 0.05). Taken together, these findings suggest the fires may not
have induced permanent changes in soil hydraulic properties (e.g., sorp-
tivity and hydraulic conductivity), and moreover that the proposed scaling
factor can account for transient changes to those properties due to soil
water repellency. Nonetheless, additional tests, such as laboratory char-
acterization, would be necessary to fully support or refute this hypothesis.

We also separated the infiltration measurements based on the relative
water repellency measured on each sampling date. Specifically, measure-
ments were grouped into those that occurred when 50% or more of the
WDPT tests were less than 10 s (i.e., water repellency <50%) and those
that occurred when the majority of WDPT tests exceeded 10 s (i.e., water
repellency >50%). The twr values were consistently higher for tests con-
ducted when the soil was more water-repellent (Figure 4). For example,
twr Was greater than 0.1 min for about 80% of tests conducted when wa-
ter repellency exceeded 50%, whereas only about 40% of tests under low
water repellency had tyy values greater than 0.1 min. These results imply
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Table 1
Results From 15 Infiltration Experiments Demonstrating the Effectiveness of Proposed Exponential Scaling Factor

(1 — e”®WR") by Comparing Equation 3 With Equation 9

Equation 3 Equation 9
SSE e/
Site Reference Run ¢ C SSE 00 c; C awr SSE, SSE,
La Hunde (Spain)  Di Prima et al. (2017) 5 0.00 0.19 836 5.79 0.10 0.006 170 4.89

14 0.00 0.14 640 545 0.07 0.004 192 3.33

2 0.00 0.24 721 7.17 0.13 0.006 41 17.76

16 0.00 0.26 459 0.00 0.30 0.027 61 7.44

13 0.00 0.09 780 4.86 0.05 0.002 123 6.32

18 1.19 0.33 45 1.19 0.33 >100 45 1.00

1 0.00 0.41 1,515 11.82 0.30 0.007 31 48.31

11 0.00 0.19 549 0.00 0.22 0.020 61 8.96

Django (France) Di Prima et al. (2020b) 34 0.00 0.24 13,404 10.08 0.14 0.003 1,036 130.09
10 0.00 0.14 53,264 9.45 0.17 0.001 681 78.16

40 0.00 0.21 56,274 743 0.35 0.001 159 353.23

75 0.00 0.13 1962 6.18 0.12 0.002 33 59.34

76 0.00 0.28 1,514 942 0.12 0.005 58 26.02

ENTPE-1 (France) Concialdi et al. (2020) 4 0.00 0.02 938 0.00 0.02 0.005 270 3.47
8 0.00 0.03 3,465 0.00 0.03 0.003 431 8.03

that the magnitude of twr may be related to soil water repellency, providing some support to our initial hy-
pothesis. However, future studies should explore this relationship more carefully, for example by measuring
water repellency in direct conjunction with infiltration (Tillman et al., 1989).

In the study of vegetation-induced repellency, Equation 9 gave better fits to observations (i.e., SSE,;, 4/
SSE, > 1) for 14 out of 15 infiltration experiments (Table 1 and Figure 5). The remaining site showed no
change (i.e., SSE,, «/SSE, = 1), possibly due to limited effect of water repellency in those instances. Using
Equation 9 also resulted in the c; parameter being >0 for all but four infiltration experiments. In contrast,
¢; = 0 was obtained for 14 out of 15 infiltration tests when the uncorrected Equation 3 was used. Since c;
is often considered to represent soil sorptivity (Stewart & Abou Najm, 2018a, 2018b), values of 0 are only
physically plausible in saturated conditions. Future studies should consider whether the use of Equation 9
can be used to accurately constrain hydraulic parameters such as sorptivity and hydraulic conductivity from
infiltration tests conducted in water-repellent soils.

The need for new approaches to deal with infiltration into water-repellent soils has been discussed in previ-
ous studies. For instance, the BEST methods that were used for the characterization of soil water retention
and hydraulic conductivity functions currently only apply to concave curves (Angulo-Jaramillo et al., 2019),
and not the convex curves typical of water-repellent soils. With our model, and its time-dependent water
repellency term (1 — ¢ “WR! ) we can now deduce unscaled cumulative infiltration (i.e., infiltration driven

by capillarity and gravity without water repellency) from Equation 1:

i(r) =(iW¢ (10)

1- eiaWR')

The integration of the corrected infiltration rate i(¢) will provide the corresponding corrected cumulative
infiltration rate. Using this approach may make it possible to use BEST or other algorithms and derive soil
hydraulic parameters from convex cumulative infiltration curves. At the same time, the relative consistency
of hydraulic parameters c¢; and c, identified in the wildfire study (Figure 3) suggests that this approach may
assist in a complete characterization of hydrophobic soils. We note, however, that additional measurements
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Figure 5. Examples from each of the three locations comparing experimental results from infiltration experiments (circles) to results from Equation 3 (blue)

and Equation 9 (red).
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(e.g., WDPTSs) may still be required, particularly since models modified with the correction term may suffer
from equifinality or related sources of uncertainty when fit solely to infiltration data (Beven, 2006). This
topic should be the subject of further research.

4. Conclusion

An exponential scaling factor (1 — ¢ YWR! ) was proposed to model the effect of water repellency and hydro-

phobicity in infiltration models. The model contains one additional parameter (awr), which can be considered
to reflect the rate at which water repellency diminishes during infiltration. Though empirical in nature, owg
can be used to derive a characteristic time, twg, at which infiltration rates recover to some percentage (e.g.,
50%) of infiltration under nonrepellent conditions. The time twg may be considered as a characteristic time
for water repellency, and therefore may be comparable with other types of characteristics times such as water
drop penetration test (WDPT) times.

Results for 165 infiltration experiments—representing different ecosystems with a variety of sources and
levels of soils water repellency—were used to demonstrate the effectiveness of this simple method to char-
acterize water repellency in infiltration models. For example, the analysis showed that awg has smaller val-
ues in soils that were burned during a wildfire compared to unburned controls. The magnitude of tyy also
had some correlation with the amount of water repellency measured at the time of infiltration, suggesting
that it may be useful as a way to characterize the degree and persistence of soil water repellency.

Even though we focused our comparisons on variations of a widely used two-term infiltration equation,
the scaling factor can be applied to any infiltration model. In addition, the proposed approach could be
combined with other approaches to offer the complete determination of soil hydraulic properties, including
hydrophobicity. Future work may therefore consider questions such as whether the o parameter can be
predicted based on other indicators (e.g., WDPT times) and if it can provide a consistent measure for both
the degree and duration of water repellency.

Data Availability Statement

Dr. Jingjing Chen led the field measurements for the wildfire study. Data are available through J. Chen,
McGuire, et al. (2020), J. Chen, Pangle, et al. (2020), Di Prima et al., (2017), Di Prima, Stewart, et al. (2020),
and Concialdi et al., (2020) and are summarized in a zip file containing all.csv and. r files used in the
Supplement Files (WRR_Infiltration_correction_Data.zip). Data are also available and will be permanently
archived at https://data.lib.vt.edu/files/3197xm23r.
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