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ABSTRACT

Uncontrolled overland flow drives flooding, erosion, and contaminant transport, with the severity of
these outcomes often amplified in urban areas. In pervious media such as urban soils, overland flow is
initiated via either infiltration-excess (where precipitation rate exceeds infiltration capacity) or
saturation-excess (when precipitation volume exceeds soil profile storage) mechanisms. These
processes call for different management strategies, making it important for municipalities to discern
between them. In this study, we derived a generalized one-dimensional model that distinguishes
between infiltration-excess overland flow (IEOF) and saturation-excess overland flow (SEOF) using
Green—Ampt infiltration concepts. Next, we applied this model to estimate overland flow generation
from pervious areas in 11 U.S. cities. We used rainfall forcing that represented low- and high-intensity
events and compared responses among measured urban versus predevelopment reference soil
hydraulic properties. The derivation showed that the propensity for IEOF versus SEOF is related to the
equivalence between two nondimensional ratios: (a) precipitation rate to depth-weighted hydraulic
conductivity and (b) depth of soil profile restrictive layer to soil capillary potential. Across all cities,
reference soil profiles were associated with greater IEOF for the high-intensity set of storms, and
urbanized soil profiles tended towards production of SEOF during the lower intensity set of storms.
Urban soils produced more cumulative overland flow as a fraction of cumulative precipitation than did
reference soils, particularly under conditions associated with SEOF. These results will assist cities in
identifying the type and extent of interventions needed to manage storm water produced from
pervious areas.

1 INTRODUCTION

Overland flow, in which water supplied by precipitation or irrigation ponds on the soil surface and then
runs off under the force of gravity, causes erosion, rapid contaminant transport, and flooding. The
negative consequences of excess overland flow can be particularly acute in urban areas, where
impervious cover minimizes infiltration (Baruch et al., 2018; Leopold, 1968). With increases in
urbanization, changes in frequency and intensity of precipitation patterns (Niyogi, Lei, Kishtawal,
Schmid, & Shepherd, 2017), and the need to design more socially and ecologically sustainable cities
(Tzoulas et al., 2007), many urban areas are adding green spaces and green infrastructure (Gill,
Handley, Ennos, & Pauleit, 2007; Schifman et al., 2017). These spaces are intended to reduce the
amount of storm water run-off entering already overwhelmed sewer systems, in part by relying on
soils to infiltrate some of the overland flow generated from impervious surfaces (Voter &

Loheide, 2018). However, pervious surfaces can also become sources of overland flow, indicating that



such areas represent an important component of overall urban hydrologic response. Understanding
the mechanisms and physical factors that determine overland flow generation from pervious surfaces
is therefore necessary for quantifying the hydrologic impacts of urbanization.

Surface ponding and overland flow generation occurs via two principal mechanisms: infiltration-excess
overland flow, hereafter IEOF, and saturation-excess overland flow, hereafter SEOF (Freeze, 1974;
Horton, 1933). IEOF is initiated when the rate of water inputs (e.g., direct precipitation, irrigation, or
overland flow routed to pervious areas as run-on) exceeds the infiltration rate of the soil. Under one-
dimensional vertical flow conditions, infiltration rates typically diminish through time as the hydraulic
gradient decreases towards unity, with the infiltration capacity of a soil asymptotically converging to
field-saturated soil hydraulic conductivity (Philip, 1969). The rate at which infiltration capacity
decreases is dynamic and interacts with soil capillarity (Stewart & Abou Najm, 2018) and wetting front
depth (Green & Ampt, 1911; Selker & Assouline, 2017). By contrast, SEOF is a bottom-up process in the
soil profile where moisture fills soil pores in an initially unsaturated volume above a hydraulically
restrictive soil layer, bedrock, or the water table (Dunne & Black, 1970; Loague, Heppner, Ebel, &
VanderKwaak, 2010). If water inputs are sufficient to fill this pore volume, the soil profile becomes
saturated and overland flow is initiated. The amount of available pore space is controlled by the initial
water content and the depth of the soil profile, and these factors together provide the baseline from
which saturated conditions develop.

Because of the different factors that drive IEOF and SEOF, most current analytical models do not
include both processes and therefore poorly constrain the conditions and processes that favour IEOF
versus SEOF in soil profiles. For example, urban run-off models such as the U.S. Environmental
Protection Agency's Storm Water Management Model (EPA-SWMM) emphasize IEOF, whereas
rainfall/run-off models developed for forested catchments emphasize SEOF via the variable source
area concept (Bartlett, Parolari, McDonnell, & Porporato, 2016; McDonnell, 2003). Recent discussions
have emphasized that further conceptual refinement is needed (McDonnell, 2013), particularly to
develop an analytical framework that represents SEOF and IEOF as linked processes. To date, however,
there has been little progress towards this goal.

The ability to integrate SEOF and IEOF processes together becomes particularly important in urban
settings, where heterogeneity in soil conditions and land cover increases the complexity of infiltration
and saturation processes (Lim, 2016; Miles & Band, 2015). Although infiltration rates of urban soils are
commonly analysed as point measurements (Schifman & Shuster, 2018; Schifman, Tryby, Berner, &
Shuster, 2018; Shuster, Dadio, Drohan, Losco, & Shaffer, 2014), a lack of understanding exists on which
processes drive urban soils to generate run-off. The current paradigm in modelling run-off generation
in urban catchments is that IEOF is the dominant overland flow generation process, because storm
response in urban streams has been found to be closely related to the connectedness of impervious
areas (Shuster, Bonta, Thurston, Warnemuende, & Smith, 2005). However, pervious areas also affect
urban stormflow response, as permeable soils can mitigate the effect of urbanization on peak
streamflow (Hopkins et al., 2015; Smith & Smith, 2015). Urban development can also modify the soil
profile via compaction (Batey, 2009; Shuster, Dadio, Burkman, Earl, & Hall, 2015), layering and changes
in texture from backfilling, and development of restrictive layers (Herrmann, Schifman, &

Shuster, 2018), all of which can promote shallow or perched water tables and may increase the



likelihood of SEOF. Such overland flow generation mechanisms have not been critically examined in
these settings, based either on the current profile characteristics or on shifts that may have occurred in
pervious urban areas compared with predevelopment reference profiles. With cities turning towards
increasing green or open spaces as part of their water management strategies, understanding
propensity of urban soil to produce overland flow can guide the type and extent of storm water run-off
management intervention needed.

Rainfall characteristics also affect the type of storm water run-off management intervention required
(Figure 1). At the two extreme ends of the intensity—duration spectrum (i.e., low-intensity, short-
duration events associated with the first flush of surface-located pollutants, and high-intensity, long-
duration events associated with flood risks), overland flow generation has little relevance for
management. Between these extremes, however, rainfall characteristics help determine whether a
system will tend towards IEOF or SEOF. High-intensity, short-duration storms are most likely to result in
run-off dominated by IEOF, as these events exceed the infiltration capacity of soils. In contrast, low-
intensity, long-duration events are not anticipated to overwhelm infiltration capacity but may saturate
the available soil storage and result in surface run-off dominated by SEOF. Managing overland flow
thus requires addressing multiple run-off pathways that are storm dependent and necessitates
understanding such interactions between storm events and soils.

FOCUS OF STORMWATER
RUNOFF MANAGEMENT

LONG
SEOF FLOOD
DURATION
FIRST
IEOF
SHORT FLUSH
LOW HIGH
INTENSITY

Figure 1 Storm water run-off management may have different emphasis based on the intensity versus duration
of precipitation events. Low-intensity, short-duration storms may cause first flush mobilization of deposited
pollutants, whereas high-intensity, long-duration storms may cause flood conditions that overwhelm the
potential capacity of urban soils to infiltrate and store water. For all other cases, storm water management will
depend on whether surface run-off is generated via infiltration-excess overland flow (IEOF) or saturation-excess
overland flow (SEOF)

In this study, we test how soil profile characteristics and rainfall forcing affect whether run-off is
generated by IEOF or SEOF, and then we assess the influence of urbanization on run-off generation
processes. To identify conditions under which IEOF or SEOF dominate run-off generation, the
objectives of this study were threefold. For our first objective, we sought to develop an analytic
framework that accounts for properties and processes that represent the propensity of a soil profile
towards IEOF versus SEOF, based on a one-dimensional vertical treatment that characterizes when and
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how these mechanisms activate. Here, we expected that low-permeability soils (i.e., those with low
values for saturated hydraulic conductivity) would be more prone to IEOF, whereas soils with shallow
restrictive layers would be more prone to SEOF. For our second objective, we aimed to quantify the
run-off ratio (overland flow as a fraction of precipitation) based on nondimensional expressions for
conditions under which IEOF and SEOF activate. For this objective, we expected that overland flow
initiation timing and amounts would vary between the IEOF and SEOF mechanisms. For our third
objective, we worked to parameterize the analytical solutions and compare overland flow generation
under relatively low- and high-intensity precipitation forcing using an urban and reference (preurban)
data set collected in 11 U.S. cities. Here, we anticipated that urban soil profiles would generate more
overland flow than would reference soil profiles under both types of precipitation forcing.

2 THEORY

2.1 Evaluating susceptibility to IEOF versus SEOF

To determine whether a soil profile will be more susceptible to IEOF or SEOF, we model a homogenous
soil profile with a constant initial water content (i [L3/L3]) throughout the profile. We assume that the
soil has an available soil pore volume, ne (L3/L3), where n. = ; — §;; that the saturated water

content Js (L3/L3) represents the maximum amount of wetting in the unsaturated zone; and that this
pore volume sits above an impermeable restrictive layer or water table located at a depth Z (L) from
the surface.

We estimate the time to IEOF, t, (T), using the Green—Ampt infiltration model. The Green—Ampt model
assumes that water infiltrates with a sharp wetting front along a hydraulic gradient characterized

as d¥/dz = (hs + 2)/z, where hs (L) is the wetting front potential, and z (L) is the depth of the wetting
front beneath the soil surface and increases downward. The wetting front depth z is related to the
cumulative infiltration, / (L), as z = I/ne. Substituting this representation of hydraulic gradient into

Darcy's law yields:
_x (dlll) _x (1 + hfne)
=8\ qz) =0 I ’

(1)
where g (L/T) is the infiltration rate and K (L/T) is the saturated hydraulic conductivity.

Selker and Assouline (2017) derived the following approximation to Equation 1, which implicitly
accounts for cumulative infiltration / when calculating g:

rlehf
A+ 2Kt
gq=K,| 1+ r > Ks,

Kst | [2Kt

(2)



where A is a constant (typically taken to equal 2/3). As ponding will occur when the infiltration (g) and
precipitation rates (r) are equal, the time to ponding (tp) is found implicitly using Equation 2 as

=1+ r > K
Kit,  |2Kit,
nehf T nehf

r
Ks
1+4

(3)

We take advantage of the following explicit, approximated expression for time to ponding (discussed

further in Appendix A):
hfne B
t,=|———||—]) r > K.
= (7)) > K

where B is a constant taken here to equal 5/8.

(4)

Next, the saturation-excess ponding condition will occur when the depth of infiltrated precipitation
equals the depth of available storage in the profile:

I =71ty = n.Z,
(5)
where t; (T) represents the time to SEOF. Rearranging Equation 5, we have
ts =N ZJr
(6)

SEOF will precede IEOF whenever ts < t,, so combining that inequality with Equations 4 and 6 gives

Z< B
h¢ r

Ks

r > K.

(7)

2.2 Simulating overland flow depths under IEOF versus SEOF

As a precursor to quantifying run-off ratio, we first develop expressions for depth of overland

flow OF (L) at time t (T) for both IEOF and SEOF scenarios. We start by assuming that OF is equal to the
precipitation depth minus the cumulative infiltration, that is, OF = rt - I.



In the IEOF case, we normalize Equation 4 as

A+%
=K. |1+ r>K.,
=% 1+ At +27 >

(8)

where tis a nondimensional form of time (Fok, 1975; Stewart, 2019):

Kt
i nehf’
(9a)
Tp = KStp.
nehf
(9b)

In normalized time, infiltration rate g, and the cumulative infiltration, /, are related:

I—J m—nwffd
= | qdt === | qdr.

(10)
The nondimensional time to ponding is found implicitly as

r A+ /1/27,

— =1+
K 1+ Aty + /27,

(11)

noting that Equation 4 can also be used as an explict estimation of time to ponding, with some minor
error.

Once the soil ponds, the depth of cumulative infiltration into the matrix will be found by

r

I = nehf (?) ’l'p +
S

rlehf
K

T
j q(t’)dt’ 1= Tp T > K,
T

(12)

where t'is a dummy variable of integration. Integrating Equation 12 using Equation 10 results in



14+ At + /27
1+ATp+ ZTp

T
I = n.hg l?—llrp+r+ln[ T21Th > K.
S

(13)

Using Equation 13, we can express OF as

14+ At + /27
1+ATp+ ZTp

T
OF = n.h¢ lF—ll[T—Tp]—ln[ T21Tp > K.
S

(14)
Equation 14 can also be expressed as a nondimensional quantity using

r 14 At ++/21
Fz(——l)(r—rp)—ln T 1y > K,

K 1+ Aty + /27,

(15)
where I = OF/nehs.
For SEOF, the nondimensional time to saturation (7s) is
Z [hy
T K

(16)

Overland flow (OF) can be calculated for SEOF as rt — n.Z or, in nondimensional time, as

r
OF =nhy— (1 —15) T = 714,
K
S

(17)

r
Fzz(r—rs) T > Ts.

(18)
2.3 Run-off ratio quantification
We next quantify run-off ratio (i.e., OF/R) for either run-off generation process, using the

nondimensional relationship r/Ks that was described in the previous derivation. For IEOF, starting with
Equation 14 and R = rt, the run-off ratio can be expressed as a function of r/K:



OF 1-T1, T 1+ At ++V271 ry-1
= 1—1|1+ In {—} T 2Ty,
R T T—Tp |14 Aty +./27,]] Ks

(19)

Similarly, using Equation 17 to derive the run-off ratio for SEOF, we have

(20)

Both relationships (19) and (20) have the following general form:
OF ry-!
R = all—>b (Z)

(21)

with the parameters a and b for IEOF and SEOF given in Table 1. When both a and b are unity, our
derivation indicates a steep rise in run-off ratio as the ratio r/Ks exceeds 1 (i.e., when the precipitation
rate starts to exceed the hydraulic conductivity of the near-surface soil).

Table 1. Assignment of values to variables a and b for infiltration-excess overland flow (IEOF) and
saturation-excess overland flow (SEOF) conditions, based on Equations 19-21

Variable | IEOF SEOF
a T2= Tp 1
b T ( 1+ At +V271 > ( Z )
1+ In —
T—Tp 1+ At, + /21, het
3 METHODS
3.1 Field data

Urban soil profiles were assessed in 11 cities across the United States: A = Atlanta, GA (number of soil
profiles n = 15); C = Camden, NJ (n = 28); D = Detroit, Ml (n = 57); | = Cincinnati, OH (n = 67); J = San
Juan, PR (n = 26); N = New Orleans, LA (n = 19); O = Omaha, NE (n = 36); P = Portland, ME (n =67); T =
Tacoma, WA (n = 17); V = Cleveland, OH (n = 127); X = Phoenix, AZ (n = 13). Infiltration rates were
measured at the surface using a tension infiltrometer (Mini-Disk Tension Infiltrometer; METER Group,
Pullman, USA) with source pressure head hs = -2 cm. Measured data were used as a proxy for
saturated hydraulic conductivity (Ks) following the method of Zhang (1997). Subsurface infiltration
rates were measured using a borehole permeameter, and the Glover solution (Zangar, 1953) was used
to infer Ks from those data. For each urban profile, a corresponding reference (i.e., predevelopment)
soil profile was developed as in Herrmann et al. (2018), which involved expert input from U.S.



Department of Agriculture Natural Resources Conservation Service soil scientists with knowledge
specific to each city.

3.2 Model parameterization

In the urban profiles, Z was constrained by the depth of the first soil layer that was field identified as
being hydraulically restrictive with the presence of fragipans (i.e., dense layers that restrict water
movement and root growth), the presence of redoximorphic features as an indication of seasonal
water table development, an abrupt shift to a finer-textured soil horizon, or Ks < 0.1 cm/hr (Thomas,
Conta, Severson, & Galbraith, 2016). If no restrictive layers were observed, Z was set as the bottom of
the lowest soil layer assessed. For the reference profiles, Z was also set at the top of any restrictive
layer (i.e., Ks < 0.1 cm/hr) or the bottom of lowest reported layer. To estimate other soil hydraulic
properties, we used the measured per cent sand, silt, and clay data, along with any reported data (e.g.,
bulk densities for both urban and reference profiles; and water retention data for reference profiles).
These data were input into random forest pedotransfer function (PTF) models that were trained to
provide values for the van Genuchten (1980) water retention parameters ¢, 0s, a, and m, along

with Ks for any soil layer in which that property had not been measured directly via field assessments.
More information on the PTF models is provided in Appendix B.

Individual-layer Ks values were compiled into a single representative Ks for each profile using the
technique described by Oosterbaan and Nijland (1994):

n
K, =2/ ) Di/K,
j=1

(22)
where D is the thickness of each layer i.

Likewise, individual-layer Js values were compiled into a single depth-weighted ¥ for each profile by
n
1
95 f— E . QS,I:DI:‘
-1

To simulate similar conditions across cities, the available pore space ne for the profile was assumed to
equal 0.759.. This value represented moderately dry initial conditions that still included some
antecedent moisture.

(23)

The wetting front potential hs was estimated using the following equation (Morel-Seytoux et al., 1996):

(1) 0.046m + 2.07m? + 19.5m3
1+4.7m + 16m?

f_

)

a

(24)



where a and m represent the van Genuchten water retention parameters. We used the surface
layer hs value to represent the entire profile.

Values of Z/hs and r/Ks were then calculated for each soil profile, with Ks estimated by Equation 22.
Individual soil profiles were then aggregated to provide per-city means and errors for K, hs, Z,

and ne; Ks was calculated as a geometric mean with 95% confidence intervals, whereas hs, Z,

and ne were calculated as arithmetic means along with standard errors of the mean:s.

Next, simulations for each profile were forced with 2-year recurrence interval storms of 1- and 24-hr
durations, with storms calculated for each city (Bonnin et al., 2006; Miller, Frederick, & Tracey, 1973).
The precipitation durations (i.e., 1 and 24 hr) were normalized as t using Equation (9) along with
estimated Ks, hr, and ne values for each soil profile. The mean precipitation rates r (L/T) were calculated
as total precipitation R (L) divided by duration t (T). The times to ponding and saturation were also
calculated for each combination of soil profile and precipitation intensity using Equations 11 and 16.
Whenever T < T, < Ts, overland flow depths OF and I were calculated using Equations 14 and 15;
whenever T < s < Tp, overland flow depths were calculated using Equations 17 and 18. Run-off ratios
were calculated for each location and event as total overland flow OF over cumulative

precipitation R and according to Equations 19 and 20. The constants a and b were also calculated for
each profile that generated overland flow using Equation 21. To assess the potential influence of
urbanization on soil properties and overland flow depths, we compared per-city values of In

(Ks), hs, Z, ne, and OF (from the 1- and 24-hr storms) between urban and reference profiles using
paired t tests (a = 0.05).

4 RESULTS

4.1 Susceptibility to IEOF versus SEOF

Using our model framework, we found that IEOF and SEOF occurrence is differentiated by the
behaviour of two nondimensional variables: precipitation rate normalized to hydraulic

conductivity, r/Ks, and soil depth normalized to wetting front potential, Z/hs. Figure 2 shows the
theoretical propensity for IEOF compared with SEOF, as estimated by Equation 7. Conditions where the
precipitation rate r far exceeds Ks lead to greater IEOF propensity, whereas SEOF is the only possible
run-off generation mechanism if r is less than K. If the depth of the soil profile Zis much smaller than
wetting front potential hs, SEOF can occur even when r/Ks is greater than 1. A shallower soil profile
(smaller Z) takes less water to saturate completely, whereas a large wetting front potential drives a
greater initial infiltration rate, reducing the propensity for IEOF and increasing that for SEOF.
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Figure 2 Delineation of conditions that favour IEOF versus SEOF, as quantified by Equation 7 assuming B =
5/8. r/Ks represents the nondimensional ratio of precipitation rate to saturated hydraulic conductivity,
and Z/hs represents the nondimensional ratio of soil profile depth to wetting front potential

After overland flow is initiated by IEOF or SEOF, the model simulates the accumulation of
nondimensional overland flow (I; Equations 15 and 18) over time in a way that depends on both the
run-off generation mechanism and r/Ks. Our derivation relied on shifting to a nondimensional time
frame, which showed that the rate of overland flow increases through time for IEOF (Figure 3a) while
remaining linear for SEOF (Figure 3b). As values of r/Ks increase, overland flow depth accumulates
faster for both IEOF and SEOF, but overland flow depth accumulates in different ways for IEOF and
SEOF. For IEOF, when precipitation rate nominally exceeds hydraulic conductivity (r/Ks = 1.2), overland
flow accumulates more slowly, and to a smaller cumulative depth, than when r/K; is larger.

(a) 10

r=OF/nh;
E=Y

OF/nhy

r=

0 2 4 6 a8 10
T=T,

Figure 3 Nondimensional overland flow depth I versus nondimensional time, t, for (a) infiltration-excess
overland flow and (b) saturation-excess overland flow, shown here for r/K; values of 1.2, 1.8, and 3

4.2 Reference and urban soil profile properties

Next, we investigated the soil characteristics in reference and urban soil profiles. For most cities (i.e.,
Atlanta, Detroit, Cincinnati, Cleveland, Omaha, Portland, and Tacoma), the geometric mean of depth-
weighted K values was lower for urban than for reference profiles (Figure 4a), though the differences
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were not significant for Atlanta, Cincinnati, or Omaha (paired t test; p > .05). For other cities (i.e.,
Camden, San Juan, New Orleans, and Phoenix), the mean reference Ks was lower than the urban

mean K, although the difference was not significant for Camden (paired t test; p >.05). The wetting
front potential was generally higher in urban soil profiles compared with reference profiles (Figure 4b),
though San Juan, New Orleans, and Tacoma all had significantly smaller hs values in the urban profiles
(paired t tests; p < .05). Six of the cities (Atlanta, New Orleans, Omaha, Portland, Tacoma, and
Cleveland) had shallower depths to restrictive layers (Z) when urbanized (Figure 4c). In four of the cities
(Atlanta, Camden, Omaha, and Phoenix), Z was constrained for the reference profiles by the limit of
collected data and in reality may have extended even deeper than reported, as the urban profile
depths for Camden and Omaha both had depths of more than 250 cm. For most cities, the available
pore space was lower in urban soil profiles than in reference profiles, though differences were minor:
overall mean n. = 0.341 in the reference profiles and n. = 0.324 in the urban profiles (data not shown).

@

(b) 50

Ml\

O I JNOPT

g &8 2 @
by — b4
o e (9]

®Urban DReference

Figure 4 Per-city mean values of (a) K, (b) hf, and (c) Z for reference and urban profiles. K; values are presented
as geometric means £95% confidence intervals; hs and Z values are presented as arithmetic means + standard
errors of the means. A = Atlanta, GA; C = Camden, NJ; D = Detroit, MI; | = Cincinnati, OH; J = San Juan, PR; N =
New Orleans, LA; O = Omaha, NE; P = Portland, ME; T = Tacoma, WA; V = Cleveland, OH; X = Phoenix, AZ.
Asterisks (*) indicate significant differences between urban and reference values (paired t test; p < .05)

4.3 Urbanization effects on susceptibility to IEOF versus SEOF

The nondimensional hydraulic characteristics Z/hs (depth-normalized wetting front potential)

and r/Ks (relative precipitation rate) were compiled for the 11 cities. Here, city-specific precipitation
rates were quantified for 1- and 24-hr durations based on a 2-year return period (Figure 5). For all soils
and both precipitation durations, the propensity towards IEOF or SEOF (as modelled by Equation 7)
was more strongly controlled by the relative precipitation rate (r/Ks) than the depth-normalized
wetting front potential (Z/hf). With the 1-hr duration, nearly all reference and urban soils were
estimated to experience IEOF before SEOF (Figure 5a). The exceptions were Tacoma, which even under
the higher 1-hr precipitation intensity exhibited a tendency towards SEOF in both urban and reference
conditions, and the reference profiles in Portland. For the 24-hr duration, SEOF was estimated to be
the most likely run-off generation mechanism (Figure 5b). Here, the two exceptions were the reference
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profiles from San Juan and New Orleans, which, due to relatively low K values (Figure 4a), were still
more likely to produce surface run-off via IEOF.

(a) 100

1-hour storm
£ 10 s
SEOF @
0.1 100 1000
(b) 100
{Eﬂ o 24-hour storm
e
"S-
. . o
& 10 v N
N L g L i
L gl ¥ -0
—Eq. (7)
B Urban ®

@ Reference SEOF IEOF

0.01 041 10 100

MK,
Figure 5 Nondimensional hydraulic characteristics (Z/hs versus r/Ks) of 11 U.S. cities for (a) 1- and (b) 24-hr
storms with 2-year recurrence intervals. Note shift in x-axis scaling. Points indicate geometric mean values; error
bars indicate 95% confidence intervals. Equation 7 was applied assuming B = 5/8. A = Atlanta, GA; C = Camden,
NJ; D = Detroit, Ml; | = Cincinnati, OH; J = San Juan, PR; N = New Orleans, LA; O = Omaha, NE; P = Portland, ME; T
=Tacoma, WA; V = Cleveland, OH; X = Phoenix, AZ. IEOF, infiltration-excess overland flow; SEOF, saturation-
excess overland flow

At the level of individual soil profiles, changes imposed by urbanization also altered both the type and
magnitude of run-off generation for different storm intensities and durations (Figure 6). For the 1-hr, 2-
year set of storms, urbanization caused a mixed response in terms of the total proportion of profiles
that produced overland flow via combined IEOF and SEOF. In Atlanta, Camden, Tacoma, and Cleveland,
more profiles produced overland flow after urbanization compared with the reference profiles,
whereas Cincinnati, New Orleans, Omaha, Portland, and Phoenix had the opposite response

(Figure 6a,b). Detroit and San Juan had no change for this particular set of storm events. Most profiles,
whether urban or reference, produced surface run-off via IEOF, with only a small number of urban
profiles in Atlanta and New Orleans producing SEOF. For the lower intensity 24-hr, 2-year set of storms,
urbanization not only increased the number of profiles that generated overland flow but also increased
the proportion of profiles that generated run-off by the SEOF mechanism (Figure 6c,d). Atlanta,
Camden, San Juan, New Orleans, and Cleveland all had the majority of overland flow produced via
SEOF during this set of lower intensity storms, due to shallow soil profiles (represented by small values
of Z) found in those cities.
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Figure 6 Proportion of profiles in each city that produce overland flow, and whether that generation was
through infiltration-excess overland flow (IEOF) or saturation-excess overland flow (SEOF). Profiles that did not
produce overland flow are labelled “No OF.” (a, b) One-hour, 2-year storms; (c, d) 24-hour, 2-year storms. (3, c)
Postdevelopment profiles (“Urban”); (b, d) predevelopment reference profiles (“Ref”). A = Atlanta, GA; C =
Camden, NJ; D = Detroit, MI; | = Cincinnati, OH; J = San Juan, PR; N = New Orleans, LA; O = Omaha, NE; P =
Portland, ME; T = Tacoma, WA; V = Cleveland, OH; X = Phoenix, AZ

4.4 Urbanization effects on cumulative overland flow

The effects of urbanization on cumulative overland flow depended on precipitation intensity.
Cumulative overland flow for the 1-hr, 2-year storms was either similar or higher in the reference soil
profiles as compared with the urban soil profiles (Figure 7a). Specifically, Phoenix, Cincinnati, Camden,
Omaha, San Juan, and New Orleans all had higher estimated overland flow amounts in the
predevelopment reference state. Although this finding can be explained by the higher K; values
estimated for the urban soils in Phoenix, Camden, San Juan, and New Orleans (Figure 4a), the
differences for Cincinnati and Omaha corresponded to larger hs values in urban compared with
reference profiles (Figure 4b).
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Figure 7 Estimations of cumulative overland flow, OF (cm), based on cumulative precipitation, R (cm), for (a) 1-
and (b) 24-hr storms with 2-year recurrence intervals. Urban represents measured values after urbanization;
reference indicates predevelopment characteristics. Points indicate mean values; error bars indicate standard
errors of the mean. A = Atlanta, GA; C = Camden, NJ; D = Detroit, Ml; | = Cincinnati, OH; J = San Juan, PR; N =
New Orleans, LA; O = Omaha, NE; P = Portland, ME; T = Tacoma, WA; V = Cleveland, OH; X = Phoenix, AZ.
Asterisks (*) indicate significant differences between urban and reference values (paired t test; p < .05)

By contrast, the reference soil profiles had equal or lower amounts of overland flow for the 24-hr, 2-
year storms, with the exceptions of San Juan and New Orleans, where the reference profiles still had
greater overland flow depths compared with the urban ones (Figure 7b). Those two cities (San Juan
and New Orleans) both had relatively high 24-hr, 2-year precipitation amounts and relatively low
reference K values (Figure 4a). For the remaining profiles, urbanization was associated with smaller
depth-normalized wetting front potential (i.e., smaller Z/hs values; Figure 5) and therefore less time to
saturation (Equation 16).

4.5 Urbanization effects on run-off ratio

The run-off ratio response (i.e., cumulative overland flow as a fraction of cumulative

precipitation, OF/R) was modeled for both sets of precipitation events using Equation 21 and mean
values for a and b. These curves showed a threshold near r/Ks = 1, beyond which run-off ratio rapidly
increased as the relative rainfall rate increased (Figure 8). The use of actual field data for different soils
detailed variability in how run-off ratio responds, especially with regard to the spread of data across
the range of r/Ks. Under the set of 1-hr storms, most of the overland flow was attributed to infiltration
excess, and the urban and reference profiles had similar responses (Figure 8a). Under the lower
intensity 24-hr storms, however, the run-off ratio varied substantially between reference and urban
soil profiles (Figure 8b). Many urban soils produced more cumulative overland flow as a fraction of
cumulative precipitation than did reference soils. The differences were most pronounced for r/Ks< 1,
which represents conditions associated with SEOF. For both sets of storms, certain soil profiles
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generated lower OF/R than estimated by Equation 21, primarily under IEOF conditions (i.e., r/Ks > 1).
These soil profiles were characterized by high hs values, which meant that they could infiltrate more
water before ponding.
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Figure 8 Run-off ratio (OF/R) as a function of r/K;, with r estimated using (a) a 1-hr, 2-year storm and (b) a 24-hr,
2-year storm. Urban represents measured values after urbanization; reference indicates predevelopment
characteristics. Equation 21 was plotted using mean values for a and b based on all samples (a = 0.864 and b =
1.54for the 1-hr storm; a = 0.905 and b = 1.20 for the 24-hr storm)

5 DISCUSSION

An analytical model was developed to evaluate the propensity of soil profiles to produce surface run-
off via IEOF versus SEOF. Three factors were important to this analysis: depth-averaged saturated
hydraulic conductivity, Ks; wetting front potential, hs; and depth to restrictive layer, Z. Small values of
the first two parameters favoured run-off generation via IEOF, whereas small values for Z favoured
SEOF (Figure 2).

The model was used to analyse how run-off initiation timing and amounts vary between overland flow
processes. The results showed that, for a given precipitation rate, SEOF will accumulate overland flow
more rapidly than for any IEOF scenario, because during IEOF some water will continue to infiltrate,
whereas all precipitation become overland flow during SEOF (Figure 3). Still, even though SEOF
produces more overland flow than does IEOF after ponding or saturation occurs, the time to these
conditions are not equivalent. For r/Ks > 1, unless Z is quite small or ht is quite large, IEOF will begin
earlier than SEOF (Figure 2). Thus, infiltration excess can produce more overland flow than can surface
excess, depending on specific storm and soil characteristics.

Next, the model was used to interpret how changes in soil profiles and hydraulic properties imposed by
urbanization impact run-off generation mechanisms and overland flow depths (Figure 4). In the data
set described here, urbanization increased the propensity of SEOF during long-duration, low-intensity
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storms. However, in some cases, urbanization ameliorated IEOF that can occur during high-intensity
storm events. By casting the critical model parameters (Ks, hs, and Z) and precipitation rate (r) into two
nondimensional numbers, r/Ks and Z/hs, our analysis was able to place soil profiles for 11 cities as being
initially susceptible to either SEOF or IEOF under two different storm intensities (Figures 5 and 6). The
model was then used to estimate overland flow as cumulative amounts (Figure 7) and as proportion of
precipitation (Figure 8).

The results revealed a nuanced picture of the hydrologic changes that urbanization can induce. For
instance, four of the cities were estimated to have increased Ks values in urban versus reference
profiles, reflecting better ability to absorb precipitation. Likewise, seven of the cities had

higher hf values in the urban profiles, again indicating better infiltration capacity. However, the urban
profiles had smaller Z values, signifying less storage in the profile before saturation. As a result of these
shifts between urban and reference profile properties, many of the cities had less estimated overland
flow during high-intensity events (represented by 1-hr, 2-year storms) under urban compared with
reference conditions. Under low-intensity events, however, urban profiles tended to generate more
overland flow than did reference ones, due to saturation effects. As a result, urbanization appears to
increase the range of conditions under which many soils will produce overland flow, even if the total
accumulated depths may be reduced in certain locations (e.g., in New Orleans, LA, and San Juan, PR,
which had relatively high urban Ks values; Figure 4) and under certain conditions (e.g., high-intensity
rains in Cincinnati, OH).

Our analysis focused only on identifying the initial overland flow generation mechanism that is likely to
act on a soil profile. As a consequence, we assumed that a soil profile will respond to precipitation
forcing by either SEOF or IEOF, but not both. Previous work has suggested that certain soils may
experience both run-off generation mechanisms over the course of changing precipitation (Yang, Li,
Sun, & Ni, 2015). Our model could therefore underestimate run-off generation in soils that were
characterized as having IEOF run-off generation (i.e., 7p < Ts) if those soils were to saturate during the
course of an event. Because the urban soils analysed here were more likely to have small Z/hs values, it
is possible that overland flow was underestimated in some profiles, particularly for the 24-hr, 2-year
events.

Here, we note that our analysis obscured the role of available pore space, ne, in overland flow
processes. For one, in our analysis, we assumed that the nondimensional quantity developed to
delineate IEOF and SEOF (i.e., Equation 7) is independent of available pore space ne. Although this
result is valid for a uniform vertical distribution of available pore space (e.g., the uniformly distribution
of ne = 0.759; we assumed), it will not hold true whenever available pore space varies with depth. As
soil profiles often have increasing water content with depth, the solution posed here trades some
realism in exchange for simplicity required from an analytical model. Our assumption of ne =

0.759s meant that the soils were treated as being fairly dry at the beginning of the event. This
assumption likely minimized the potential effect of that term in actual overland flow generation, as
both SEOF and IEOF will occur more rapidly in initially wet soils. We also assumed that the initial
wetting front potential hs can be treated as a constant with minimal effect on results, although in
reality hs will decrease as the initial water content increases (see Stewart, Rupp, Najm, & Selker, 2013,
or Stewart & Abou Najm, 2018, for more discussion of this point). Even so, under our assumption of



75% available pore space volume (8 > ~0.75;), the wetting front potential can be approximated as a
constant nearly equal to the maximum value found in completely dry soil.

We chose to use depth-averaged Ks values in our analysis (Equation 22) to better integrate changes
throughout the soil profile that occurred during urbanization. This approach is valid for one-
dimensional flow under conditions where the hydraulic gradient through each layer can adjust to
maintain steady-state (and typically saturated) flow through different soil layers (Bos, 1994). If the
surface/near-surface layer is the most hydraulically restrictive, however, this assumption may not be
valid, as excess water can be removed via overland flow before the gradient adjusts. This discrepancy
could result in underestimates for overland flow in cases where the lowest Ks values occur at or near
the surface. In the data set tested here, 99 out of 472 urban profiles and 83 out of 472 reference
profiles had surface Ks values that were less than half as large as the profile-weighted Ks values.
However, only four of the urban profiles (and no reference profiles) had surface Ks values more than
one order of magnitude smaller than the profile average. The uncertainty associated with this
assumption should thus be small in this case, though additional scrutiny may be required in other
applications.

The model also considered soils as simplified one-dimensional profiles, thus ignoring factors such as
surface topography and landscape connectivity. In urban systems, run-on from impervious surfaces can
contribute additional water to pervious surfaces. This additional flow may result in quicker saturation,
which may impact the processes and timing at which point overland flow starts in comparison with
reference landscapes (Voter & Loheide, 2018). Surface topography also can play an important role in
run-off generation, both by altering the amount of infiltration that occurs in sloping versus flat surfaces
(Chen & Young, 2006) and by increasing wetness in low-lying and convergent portions of the landscape
(Zimmer & McGlynn, 2018). Still, the parameters identified here as being most important to run-off
generation likely act as primary controls on overland flow in more complex settings.

Despite the aforementioned assumptions and simplifications, the model confers the ability to
characterize most likely run-off generation mechanisms and captures differential responses induced by
precipitation intensity versus duration (Dunkerley, 2016; Dunkerley, 2018; Masselink et al., 2016). The
model was developed using an original and comprehensive data set collected in 11 cities across the
U.S. The cities studied here varied widely in climate type (Kottek, Grieser, Beck, Rudolf, & Rubel, 2006),
and the soil profiles included all 12 textures recognized by the U.S. Department of Agriculture National
Resources Conservation Service (Soil Survey Staff, 2014) and possessed a range of soil properties

(e.g., Z, hs, and K;). These results are therefore likely to be representative of conditions found in many
other urban areas around the world. At the same time, the model framework developed here should
be applicable to any agency or municipality charged with urban water management.

In terms of specific intervention strategies, cities with urban soil profiles prone to IEOF could be best
suited for interventions that increase infiltration capacity, thus maximizing the precipitation rate at
which overland flow is initiated. Some strategies to augment infiltration rates include using refined
demolition practices (U.S. Environmental Protection Agency, 2013) or subsoiling (Schwartz &

Smith, 2016), maintaining vegetation over the long term to protect the soil surface and preserve
organic matter content, and increasing surface roughness, so as to concomitantly promote infiltration
and mitigate against overland flow formation. For SEOF, targeted management strategies could be to



reduce the additional water inputs that could lead to saturation (impervious surfaces draining to
pervious surfaces or urban landscape irrigation) while increasing available pore space in the soil profile
or breaking up subsurface restrictive layers.

Our findings show that, for long-duration storms, SEOF is more common in urban soils than in their
predevelopment reference counterparts, emphasizing the need to increase soil capacity for storing
storm water. At the same time, SEOF may be even more prevalent in urban soils than estimated here
due to additional water that becomes delivered from adjacent impervious areas during storm events.
Future climate projections also indicate a shift in precipitation regimes to less frequent storm events
but greater precipitation loads per event. If this shift results in a greater occurrence of low-intensity,
long-duration storms, a focus on SEOF management will become increasingly appropriate for urban
areas.

6 SUMMARY AND CONCLUSIONS

In this study, we used Green—Ampt infiltration concepts in a nondimensional framework to identify
propensity towards IEOF versus SEOF. Overland flow generation type varied as a function of rainfall
rate over depth-weighted hydraulic conductivity (r/Ks) versus depth of the soil profile restrictive layer
to soil capillary potential (Z/hs). Field measurements collected in 11 U.S. cities showed that, compared
with the predevelopment reference condition, urbanization often increased Ks and hs, leading many of
the cities to produce less surface run-off via IEOF. However, urbanization also led to shallower
restrictive layer depths (Z), meaning that many cities may be more prone to SEOF during low-intensity,
long-duration storms.

The model output presented here highlights run-off generation processes from direct catch inputs of
precipitation. We developed and applied this model to urban areas, due to our ability to compare and
contrast soil profiles and the open questions regarding the effects of urbanization on precipitation
partitioning in pervious areas. Still, these concepts can apply to other systems in which overland flow is
generated by both IEOF and SEOF. Some examples could be other nonforested landscapes where IEOF
is important, such as those with little vegetative cover (e.g., burned watersheds, fallow agricultural
areas, and arid watersheds). Even though the approach does make a number of simplifications, such as
assuming uniform and homogenous one-dimensional vertical profiles, it still allows assessment of the
relative likelihood of two important run-off generation processes based on a few parameters that can
be easily measured in the field.

This work could be complemented by field monitoring of conditions that lead to overland flow from
urban pervious areas and the correspondence of these field conditions to important parameters in the
analytical model developed. A greater understanding of the conditions under which pervious urban
areas can infiltrate water and the limiting factors to infiltration (whether this is soil depth or saturated
hydraulic conductivity) could help inform urban water managers. An example application could be
mapping areas such as lawns that can infiltrate additional water from disconnected downspouts versus
those that may generate overland flow and contribute to flooding during storm events. Finally, the
results presented here highlight that urbanization can induce distinct hydrological responses across
cities, thus emphasizing the importance of having straightforward analytical tools, such as the one
presented here, when designing interventions.
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LIST OF VARIABLES

i initial water content (L3/L3)

s saturated water content (L3/L3)

J: residual water content (L3/L3)

a van Genuchten (1980) water retention model parameter (L)
m van Genuchten (1980) water retention model parameter (-)
ne available soil pore volume (L3/L3)

Z depth to impermeable soil layer or water table (L)

d¥/dz hydraulic gradient (L/L)

hs wetting front potential (L)

z depth of wetting front beneath soil surface (L)

I cumulative infiltration (L)

q infiltration rate (L/T)

Ks saturated hydraulic conductivity (L/T)

r precipitation rate (L/T)

R cumulative precipitation (L)

t time since beginning of precipitation event (T)

tp, time to ponding due to infiltration excess (T)

ts time to ponding due to saturation excess (T)

t nondimensional time, t = Kst/nehs (-)

OF cumulative overland flow (L)

I nondimensional overland flow, [ = OF/nehs (-)

A constant in infiltration model, assumed to equal 2/3

B constant in infiltration model, assumed to equal 5/8

a parameter for run-off ratio (OF/R) model (-)

b parameter for run-off ratio (OF/R) model (-)

n number of soil profiles



Di thickness of soil layer i (L)
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APPENDIX A: ALTERNATIVE APPROXIMATION FOR TIME TO PONDING
The Green—Ampt model states that

_K(d‘P)_K<I+hfne)
=% \az) = s I ’

where g (L/T) is the infiltration rate, Ks (L/T) is the saturated hydraulic conductivity, d¥/dz is the
hydraulic gradient (L/L), hs (L) is the wetting front potential, n. is the available pore space, and / is the
cumulative infiltration (L).

(A1)

Ponding will occur when the infiltration rate matches the precipitation rate, r (L/T); therefore,
substituting g = r into Equation Al and rearranging gives

hfne
Ip = T‘/I(S——l r> KS,

(A2)

where I, (L) is the depth of infiltration at the time of ponding. Because t, = I,/r, Equation A2 can be
solved as

1 K,
v = (=) 5) >

(A3)

where tp = Kstp/nehs.

In the Selker and Assouline (2017) approximation, the normalized time to ponding (tp) is found
implicitly by
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r
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(A4)

The time to ponding tp values given by Equation A3 versus A4 are not equivalent; however, by
modifying Equation A3 with a parameter B, we can obtain a “universal” approximation for time to
ponding with the Green—Ampt family of models:

= (5 =7)(B5) >«
'~ r/K, — 1 r) P70

(A5)

When B = 1, Equation A5 becomes equal to Equation A3, whereas when B = 5/8, the time to

ponding 1, values estimated by Equations A4 and A5 become nearly identical (Figure Al). Therefore,
we can use Equation A5 with B = 5/8 to obtain a close explicit approximation for time of ponding when
working with the Selker and Assouline (2017) expression.
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Figure Al Estimated normalized time to ponding as a function of relative precipitation rate for three models.
Equation A4 was plotted with A = 2/3, and Equation A5 was plotted with B=5/8

APPENDIX B: DEVELOPMENT OF PEDOTRANSFER FUNCTIONS

We estimated missing values for Ks and the van Genuchten (1980) water retention parameters &, U, a,
and m by developing PTFs using random forest modelling. The Ks model was trained using 711
observations collected in 12 cities (i.e., the 11 cities included in this study plus nine urban profiles
assessed in Majuro, Republic of the Marshall Islands). Of those 711 observations, 228 were from the
reference profiles (each representing a unique record), using the Ks values reported in the National
Cooperative Soil Survey database. The other 543 Ks values were measured in the urban profiles using
either surface-placed tension infiltrometers or subsurface borehole tests. The model inputs were
categorical soil texture or per cent sand, silt, and clay, the latter selected when available (Figure B1). In
total, the PTF models were used to estimate K for 1,790 urban soil layers and 21 reference soil layers
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that did not have measured values, whereas measured K values for retained for 2,690 records (1,876
reference and 814 urban soil layers).
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Figure B1 K; predicted using the random forest pedotransfer function developed in this study versus
measured K values. Input data for the pedotransfer function model are per cent sand, silt, and clay; the blue
line indicates linear regression results

To estimate water retention parameters, data were compiled from 1,871 samples in the National
Cooperative Soil Survey (2019) database. The first step required estimating van Genuchten (1980)
model parameters (I, 05, a, and m) for each sample based on measured water contents at 0, -60,
-100, -330, and - 15,000 cm. The optimal water retention parameters for each sample were fit using a
Markov chain Monte Carlo approach. We then used random forest modelling to analyse the
relationship between water retention parameters, soil textural components (i.e., per cent sand, silt,
and clay), categorical soil texture, bulk density, and soil water contents at -330 and - 15,000 cm. Due
to input data disparities, we ultimately developed four different random forest models for each van
Genuchten parameter, each using one of the following sets of inputs: (a) categorical soil texture; (b)
per cent sand, silt, and clay (Figure B2); (c) per cent sand, silt, and clay and bulk density; and (d) per
cent sand, silt, and clay, bulk density, and water contents at -330 and - 15,000 cm. The reference
profiles had 127 layers analysed using the first PTF model (soil texture) and 1,773 layers that were
analysed using the fourth PTF model (per cent sand, silt, and clay, bulk density, and water contents at
-330 and - 15,000 cm). The urban profiles had 1,830 records that were analysed using the first PTF
model, 701 record analysed using the second PTF (per cent sand, silt, and clay), and 70 records
analysed using the third PTF (per cent sand, silt, and clay plus bulk density).
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Figure B2 Predicted parameters using a random forest model for the van Genuchten (1980) water retention
parameters—(a) a, (b) m, (c) &, and (d) Os—versus parameter values that were constrained from measured data
using a Markov chain Monte Carlo (MCMC) approach. Input data for the pedotransfer function (PTF) model are
per cent sand, silt, and clay; the blue lines indicate linear regression results
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