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Evaluating three commonly used infiltration methods for

permeable surfaces in urban areas using the SWMM and

STORM

Frida E. Å. Parnas, Elhadi M. H. Abdalla and Tone M. Muthanna
ABSTRACT
Climate change and urbanization increase the pressure on combined sewer systems in urban areas

resulting in elevated combined sewer overflows, degraded water quality in receiving waters, and

changing stream flows. Permeable surfaces offer infiltration potential, which can contribute to

alleviate the runoff to combined sewer systems. The variation in urban soil characteristics and the

initial moisture conditions before a rainfall event are important factors affecting the infiltration

process and consequently runoff characteristics. In this study, the urban hydrological models SWMM

and STORM are used to evaluate the Green-Ampt, Horton, and Holtan infiltration methods for three

urban sandy soils. A sensitivity analysis was carried out on a set of key parameter values. In addition,

long-term simulations were conducted to evaluate the ability to account for initial soil moisture

content. The results showed that the Holtan method’s ability to account for both available storage

capacity and maximum infiltration rate, as well as evapotranspiration in the regeneration of

infiltration capacity, gave the best result with regard to runoff behaviour, especially for long-term

simulations. Furthermore, the results from the urban sandy soils with different infiltration rate at

saturation, together with a high sensitivity to the degree of sensitivity for maximum infiltration rate

under dry conditions and minimum infiltration rate under wet conditions, indicate that field

measurements of infiltration rate should be carried out at saturation for these soils.

Key words | hydrological modelling, initial soil moisture, permeable surfaces, STORM, SWMM, urban

soils
HIGHLIGHTS

• This research examines three commonly used infiltration models, Horton, Green-Ampt, and

Holtan, in two urban stormwater modelling systems, SWMM and STORM.

• This research contributed new information about the sensitivity of the infiltration models applied

to urban soils.

• The results provide enhanced understanding of the parameter sensitivity and selection for urban

pervious surfaces.
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INTRODUCTION

In urban areas, it is commonly known that impervious areas

contribute to increased runoff, among others (Bøyum et al.

; Redfern et al. ). In recent years, there is an

mailto:tone.muthanna@ntnu.no
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/nh.2021.048&domain=pdf&date_stamp=2021-01-04


161 F. E. Å. Parnas et al. | Evaluating infiltration methods for permeable surfaces in urban areas Hydrology Research | 52.1 | 2021

Downloaded from http
by guest
on 13 September 2022
increasing focus on preserving existing green areas and

implementing new green areas to alleviate the runoff gener-

ated from impervious areas (Law et al. ; Jiang et al.

). In design of urban green infrastructure, it has been

common practice to only count impervious surfaces as con-

tributing to runoff (Leandro et al. ). However, several

recent publications have focused on pervious surfaces con-

tribution to stormwater runoff (Becker ; Redfern et al.

; Davidsen et al. ). Becker () investigated the

runoff from urban pervious areas with the use of measured

soil data, where the results showed a significant amount of

runoff from some of the urban green surfaces. Davidsen

et al. () used 30 years of historical rainfall events to

investigate the runoff generation for compacted sandy and

clayey soils. Furthermore, they simulated runoff from those

pervious soils using a runoff model with the Horton

method and a modified Horton’s infiltration equation

(Horton ). Only runoff from overland flow was con-

sidered. The Horton method describes how infiltration

capacity declines as the precipitation event advances and

is based on generating runoff when rainfall intensity exceeds

the infiltration capacity. In addition, the modified Horton’s

equation describes the recovery of infiltration capacity

during dry periods. Both versions are only valid when pre-

cipitation intensity exceeds the infiltration capacity. They

found the following. (i) Surface runoff occurred for events

with less than 1-year return period for clayey soils, and

from 10-year return period for sandy soils. That is because

the relative infiltration capacity of clayey soil typically are

less than 50% at the onset of an event, as the drying
Figure 1 | (a) Schematic of the process of infiltration into the soil and the subsequent recove

infiltration.

://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
period is much slower. (ii) Variation of runoff values is

associated with variation of initial conditions (infiltration

capacity at the start of the vent), soil type and event return

period. (iii) Both soil types reduced the simulated runoff

peaks and volumes compared with impervious surfaces.

Nevertheless, the reduction is more significant in sandy

soils than clayey and is dependent on the rainfall return

period. They concluded that pervious areas would have a

significant contribution to runoff during precipitation

events of more than 5-year return period, basing the return

period on the 1-h maximum intensity, depending on both

initial infiltration capacity and the soil type.

In general terms, infiltration occurs when water enters the

soil from precipitation i and/or ponded water d (wet con-

ditions). In contrast, the recovery process occurs in dry

conditions (Figure 1(a)). Infiltration equations aim to deter-

mine actual infiltration f (Figure 1(b)) following different

approaches ranging from fully physically based, such as the

Richard equation, to empirical- and data-driven methods.

Two of the most commonly used methods include the

Green-Ampt method developed by Green and Ampt in 1911

and the Horton method (Horton ). The Green and Ampt

method is also a simplification of the Richards equation. The

main difference from the Horton method is that it simplifies

the physics from the Richards equation to derive an equation

with an exact analytical solution (Chow et al. ).

Soils in urban areas differ in characteristics. The most

common factors include: (i) degree of compaction during

construction; (ii) amount of organic matter; (iii) contami-

nation by construction debris (Pitt et al. , ; Morel
ry process. (b) Schematic of the infiltration function which aims to describe the actual
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et al. ; Gregory et al. ; Wang et al. ). These fac-

tors make it difficult to classify urban soils in the normal soil

taxonomy groups. Law et al. () highlight the fact that

hydrological models might underestimate surface runoff

from urban soils with the use of published soil characteriz-

ation data. A study by Gregory et al. () showed that

compaction of soils in urban areas could lead to 70–99%

reduction in infiltration rates. The initial moisture condition

in the soil has additional effects on the soil response to a

rainfall event (Pitt et al. ; Redfern et al. ; Davidsen

et al. ). Davidsen et al. () showed that the infiltration

capacity before an event can be significantly reduced,

depending on the initial conditions in the urban soil, result-

ing in more surface runoff.

In this study, the Stormwater Management Model

(SWMM) with the Horton and the Green-Ampt infiltration

methods options, maintained by the United States Environ-

mental Protection Agency (EPA); and the hydrological

rainfall-runoff model STORM (Sieker ) with the

Holtan infiltration method, are evaluated with the use of

urban soil measurements. This paper seeks to answer the

following research questions:

1. How does initial moisture affect the permeable surface

runoff contribution in SWMM and STORM using the

Horton, Holtan, and Green-Ampt infiltration methods?

2. What are the most important parameters of the methods?

How sensitive are the methods to changes in soil infiltra-

tion parameters?

3. To what extent are the methods able to account for

compaction changes in urban soils in the infiltration

process?
THEORETICAL BACKGROUND

Infiltration algorithms

The Horton approach introduced by the Horton method

() is divided into two parts. By the following equation,

it calculates the infiltration capacity into the soil for the pre-

cipitation events:

fp ¼ fmin þ ( fmax � fmin)e�kdt (1)
om http://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
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where t is the time since the beginning of the storm in

seconds, fp is the infiltration capacity into the soil in m/s,

fmin is the minimum infiltration rate in cm/s as t goes to

∞, fmax is the initial infiltration rate in cm/h, and kd is the

decay coefficient of the infiltration during precipitation in

one over seconds.

Secondly, the Horton equation calculates the recovery

during dry periods by the following equation:

fp ¼ fmax � ( fmax � fmin)e�kr (t�tw) (2)

where kr is the decay coefficient for recovery in seconds and

tw is the hypothetical projected time at which fp¼ fmax on

the recovery curve in seconds. This makes the recovery a

function of available moisture and time, without considering

the influence of evapotranspiration (ET).

The Green-Ampt infiltration method is based on a satu-

rated upper layer, called the wetted zone, where the water is

percolated to an un-wetted zone with an initial soil moisture

content, θi. This makes the model only valid for saturated

conditions. Darcy’s law gives the infiltration velocity, fp,

through the saturated wetted zone, as shown in the follow-

ing equations:

fp ¼ Ksat
ψs θd
F

þ 1
� �

(3)

F ¼ Ksat þ ψsθd ln 1þ F
ψs θd

� �
(4)

where Ksat is the saturated hydraulic conductivity and ψs is

the suction head, which is caused by the capillary attraction

in the soil voids. The suction head is larger for fine-grained

clayey soils than the coarser-grained sandy soils. The θd is

the moisture deficit, the difference in moisture content at

saturation and initial soil moisture, and F is the cumulative

infiltration. These equations are only valid for saturated con-

ditions. Before saturation, a common procedure is to assume

that the infiltration rate is equal to the rainfall intensity

(Rossman & Huber ).

The recovery in the Green-Ampt model is calculated

based on three recovery parameters: thickness of the

upper crust, Lw, the recovery constant, kr, and Tr, which is



Figure 2 | A general algorithm applied to solve infiltration equations, where ia is the

available water, and i is the precipitation.
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the time needed for a complete recovery.

Lw ¼ 4
ffiffiffiffiffiffi
Ks

p
(5)

θdu ← θdu � fΔt
Lw

(6)

θdu ← θdu þ krθdmaxΔt (7)

where Ks is saturated hydraulic conductivity (cm/h), θdu is

the moisture deficit in the upper soil crust, recall that θdu
is the difference between saturated moisture content, θs,

and the initial moisture, θI, kr is the recovery constant

(h�1), and f is the infiltration rate (cm/h).

Unlike Green-Ampt, the Horton equation was originally

introduced as an empirical formula (Horton ) to esti-

mate infiltration. However, the Horton equation can be

derived from Richard equation by using a proper set of

assumptions (Chow et al. ). In this assumption, the

fmin parameter in the Horton equation can be assumed to

equal the saturated hydraulic conductivity ks in the Green-

Ampt infiltration model. Nevertheless, there is a little gui-

dance in estimating fmax and kd values for the Horton

equation, which might lead to miscalculation. Hsu et al.

() compared a numerical solution of Richards equation

with the Holton equation. They found fmin to be well

approximated from hydraulic conductivity, but the other

parameters (fmax, kd, kr) were very difficult to estimate

from physical properties.

The Holtan method (Holtan ) is based on the desire

to estimate infiltration based on the physical properties char-

acterizing soil water storage in the Horton equation (Holtan

& Lopez ). This resulted in a method that linked the

infiltration rate with the soil properties and fitted the

equation based on field measurements. By making this phys-

ical connection, the Holtan method further made the

recovery a function of the evapotranspiration (ET) coupled

with available water in the soil through introducing field

capacity, FP, when no more water can be stored in the soil

without runnoff occurring, and, WP, wilting point, which

is the point at which plants can no longer draw water out

from the soil. The infiltration rate, fp, after modifications
://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
by Holtan & Lopez () is given by the following equation:

fp ¼ GI a((θs � θi)d)
1:4 þ fc (8)

where GI is the growth index of the crop in percent of

maturity, a is an index of surface connected porosity,

which is a function of surface conditions and density of

plant roots measured in length/time·length1.4, fc is the mini-

mum infiltration rate, θs is the saturated water content of the

soil, θi is the simulated volumetric water content of the soil,

and d is the depth of the surface layer.
Computational schemes

The general algorithm applied by SWMM and STORM to

solve the three selected equations is presented in Figure 2.

Differences in estimating infiltration and recovery rates

between the three equations are discussed in the following

sections.

In the Horton equation, the potential infiltration fp
decreases as a function of time only regardless of rainfall

intensity, which might cause an underestimation of fp
values for light rainfall events. To overcome this issue,

SWMM updates the time on the Horton curve tp each time-

step based on the cumulative infiltration value F that is
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determined from actual infiltration values (at the beginning of

the event, tp ¼ 0). The integral form of the Horton equation is

applied to determine the cumulative infiltration as follows:

F(tp) ¼
ðtp
0
fpdt ¼ fmintp þ fmax � fmin

kd
(1� e�kdtp ) (9)

The computational scheme applied by SWMM for the

Horton method is shown in Figure 3.

For the Green-Ampt, SWMM applies an empirical

approach for the recovery calculation based on the moisture

deficit of the uppermost layer. Three recovery parameters

Lu, krc, and Tr represent the thickness of the uppermost

layer, the recovery constant, and the time needed for a full

recovery, respectively. They are all determined from the

saturated soil conductivity (see Rossman & Huber ()

for more details). The computational scheme applied by

SWMM for the Horton equation is shown in Figure 4. The

recovery calculation for the Green-Ampt and the Horton

in SWMM is not based on evapotranspiration. STORM, on
Figure 3 | The computational scheme applied by SWMM for the Horton method.

om http://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
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the other hand, applies a recovery module based on evapo-

transpiration values as shown in Figure 5.

In general, the Horton and the Green-Ampt methods

show good results in non-urban soils (Esteves et al. ;

Haghighi et al. ; Bauwe et al. ). However, previous

studies have shown poor results modelling urban soils (Pitt

et al. ; Wang et al. ). Wang et al. () highlight

that infiltration methods can have distinctive variation in

their performance with large uncertainties modelling urban

soils. This indicates that a better understanding of how the

transformations that occur in urban soils affect the input par-

ameters of the soils with respect to original classification.

Sensitivity analysis

Sensitivity analysis is used to achieve an awareness of the

models’ uncertainties, optimize their functions, and identify

the key parameters for which the model output is most sen-

sitive (Loosvelt et al. ; Song et al. ). Given the

wide range of input parameter values given in the literature



Figure 4 | The computational scheme applied by SWMM for the Green-Ampt method.
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(Pitt et al. ), it is important to know which parameters

are the most sensitive. For parameters where field measure-

ments are possible, the sensitivity was investigated by

choosing a value that differed from the true field value of

the parameter(s) and investigating if it resulted in a signifi-

cant change in output, thereby indicating that the

parameter would be beneficial to be measured in the field.

However, this is limited only to parameters where field

measurements are possible, which is not the case for all par-

ameters. Previous studies have shown that the Green-Ampt

infiltration method is sensitive to saturated hydraulic con-

ductivity (Bauwe et al. ) and the Horton infiltration

method is sensitive to minimum infiltration rate (Liong
://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
et al. ). Davidsen et al. () highlight the importance

of making appropriate assumptions for initial infiltration

conditions when modelling runoff from urban areas.

A better understanding of the infiltration methods’ assump-

tions and their uncertainties modelling urban permeable

areas is needed (Law et al. ; Redfern et al. ).
STUDY AREA AND DATA

Three datasets with observed infiltration measurements,

from previous studies for urban sandy soils from three differ-

ent cities in Norway: Oslo, Trondheim, and Sandnes, were



Figure 5 | The computational scheme applied by STORM for the Holtan equation (based on authors interpretation from the software’s required inputs and results, but not clearly stated in

the software manual).

166 F. E. Å. Parnas et al. | Evaluating infiltration methods for permeable surfaces in urban areas Hydrology Research | 52.1 | 2021

Downloaded fr
by guest
on 13 Septemb
used to evaluate urban soils (Bandermann et al. ; Becker

). Table 1 shows data from the field measurements and

previous studies of these areas.
Table 1 | Parameter values for urban sandy soils obtained from measurements and studies

Parameters Unit

Saturated hydraulic conductivity Ksat cm/h

Porosity ϕ –

Soil moisture content θi –

Source Becker (, )

om http://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
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A design storm with 28.52 mm precipitation over a

120 min duration, which equals a 5-year return period at

Blindern in Oslo, constructed by the symmetric hyetograph
Oslo Trondheim Sandnes

10.464 3.19 1.41

0.34 0.34 –

0.26 0.30 –

Becker (, ) Bandermann et al. ()
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method (Bøyum et al. ) from an IDF-curve in the period

of 1968–2017 obtained by Norwegian Centre for Climate

Services (NCCS, ), was used for Oslo, Trondheim, and

Sandnes.
METHODS

The Green-Ampt and Horton infiltration equations were

evaluated in SWMM, and the Holtan infiltration method

was evaluated in STORM (Sieker ). The study was

divided into three parts: (i) evaluating the three selected

infiltration models for urban sandy soils; (ii) sensitivity

analysis of a selected set of model parameters; and (iii) eval-

uating the influence of different initial conditions. Part (i)

used all three locations and the synthetic storm event. Part

(ii) and (iii) used the Sandnes location with the synthetic

storm event.

In order to evaluate the different infiltration methods, a

simplified watershed with a 100% pervious area of 100 m2,

and a depression storage, ds, for grassed urban surfaces of

2.5 mm (Rossman & Huber ), was created in SWMM

and STORM. A width of 20 m, a slope, S, of 1%, and a Man-

ning’s roughness coefficient, n, of 0.075 (Rossman & Huber

) was used in SWMM, and a soil depth of 1 m was used

in STORM. The evaporation is set to 1 mm/day in both

models, based on the average evaporation rate in Norway,

excluding winter (Hanssen-Bauer et al. ). From a

model conceptual point of view, it is important to notice

that there is a difference in the model setup in terms of

how the models route the runoff in SWMM and STORM.

This makes direct comparisons not of runoff distribution,

not feasible for the two models.

For part (i), single-event simulations were conducted to

evaluate the infiltration methods’ response to different

urban sandy soils. First, the simulations were done with

initial soil moisture measured in field (wet conditions), fol-

lowed by an initial soil moisture content of 70% of field

capacity (dry conditions). A summary of the input values

is given in Table 2.

For part (ii), a sensitivity analysis for single-event simu-

lations was performed for both wet and dry conditions. An

approach where the initial parameter values were changed

within ±50%, while the other parameters were unchanged
://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
was used, as described in Rosa et al. (). The sensitivity

to changes in the peak runoff, total runoff volume, peak

delay, time to start of runoff, and runoff duration were calcu-

lated. The sensitivity of the change of parameters was

compared as follows:

Sensitivity ¼ @R
@P

� �
P
R

� �
(10)

where ∂R is the change in output from the initial state and

after changed parameter value, ∂P is the change in par-

ameter, R is the original model output, and P is the

original parameter value.

For part (iii), to compare the methods’ ability to account

for different initial conditions in the soil, long-term simu-

lations were performed with an initial rainfall, pre-rainfall,

and evaluated rainfall. The initial rainfall event, the evalu-

ated rainfall event, and the antecedent dry weather period

(ADWP) between initial rainfall event and pre-rainfall

event are constant. The return period and duration of the

pre-rainfall was changed, as well as the ADWP between

the pre-rainfall and evaluated rainfall (Figure 6).

The storm events used as pre-rainfall were obtained by

the symmetric hyetograph method (Bøyum et al. )

from the IDF-curve of Blindern in Oslo in the period of

1968–2017 (NCCS ). The precipitation values under

1 mm over 5 min were changed to 1 mm, in order to

obtain continuous rainfall within the storm event. To

obtain higher intensities for shorter durations, the sym-

metric hyetographs were made with different time steps,

but the hyetographs with a smaller time step than 5 min

were adjusted to 5 min in STORM, which is the minimum

time step possible in the model. The simulations were con-

ducted with evaporation equal to 1 and 7 mm/day. The

drying time in the Horton was set to 4.20 days based on

the embedded formula used in the Green-Ampt, where the

drying time is based on the Ksat-value (Rossman & Huber

). The maximum infiltration rate was set to two times

the minimum infiltration rate. For the Holtan method, the

initial soil moisture was set to 70% of field capacity. For

the Green-Ampt, the initial deficit was set equal to the por-

osity, to make the method consider the whole spectre of

available storage for water.



Figure 6 | Schematic representation of the long-term simulations. *Return period, duration, and ADWP are changed one at a time to evaluate the effect on the evaluated rainfall event.

Highlighted values correspond to base values that are used when other rainfall characteristics are changed. **Constant.

Table 2 | Input values for the infiltration methods

Method Parameters Unit Oslo Trondheim Sandnes

Green-Ampt Saturated hydraulic conductivity Ksat mm/h 104.64* 31.88* 14.05*
Suction heada ψs mm/h 51.68 76.31 99.84
Initial deficit, wetb θ – 0.080 0.040 0.036
Initial deficit, dryb 0.260 0.258 0.220

Horton Minimum infiltration rate fmin mm/h 104.64* 31.88* 14.05*
Maximum infiltration rate, wetc fmax mm/h 130.99 35.90 15.82
Maximum infiltration rate, dryc 190.02 57.75 25.00
Decay coefficientd Kd h�1 4.0 4.0 4.0

Holtan Minimum infiltration rate fmin mm/h 104.64* 31.88* 14.05*
Maximum infiltration ratee fmax mm/h 209.28 63.76 28.10
Wilting pointf WP – 0.050 0.050 0.050
Field capacity FC – 0.115g 0.117g 0.117h

Porosity ϕ – 0.340* 0.340* 0.302i

Initial soil moisture, wet θi – 0.260* 0.300* 0.266j

Initial soil moisture, dry 0.081 0.082 0.082

*See Table 1.
aBased on the relationship between Ksat and ψs described in the SWMM technical manual (Rossman & Huber 2016).
bThe difference between porosity and initial soil moisture content.
cAdjusted values to account for initial soil water content. It is set to the infiltration rate, when the initial soil moisture percentage of porosity is taken away from the infiltrated water above

fmin within 2 h, based on Equation (1).
dFrom recommendation by SWMM technical manual (Rossman & Huber 2016).
eMaximum infiltration rate is assumed to be double the minimum infiltration rate, where the values are within the measured values for compacted sandy soils by Pitt et al. (1999).
fBased on values from Wang et al. (2017).
gCalculated based on measured values and method described by Becker (2016).
hAssumed the same as for Trondheim.
iKhan et al. (2012) showed that the porosity of sandy soils can be significantly reduced due to compaction. A 31% reduction to the recommended typical porosity for sandy sand from

Rossman & Huber (2016) was used.
jInitial soil moisture percentage of porosity is assumed the same as in Trondheim, due to the high amount of rainy days in both locations (NCCS 2018).
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RESULTS AND DISCUSSION

Urban soils analysis

For the single-event simulations, the event did not generate

surface runoff in Oslo as the rainfall intensity never reaches

the saturated infiltration rate. It generated more surface

runoff for Sandnes than for Trondheim, which was as

expected, due to the soil characteristics shown in Table 2.

There was a difference in peak runoff, runoff volume, and
om http://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf

er 2022
duration of runoff between the different urban sandy soils

(Table 3), which confirms the difficulty of classifying an

urban soil.

The three methods generate more similar results for

wet conditions, compared with the dry conditions. The

methods are more similar closer to saturation, which is

expected as the infiltration rate at saturation is the same

in all methods, corresponding to the location. The varying

results between the methods for dry conditions, indicate

that the methods behave differently in the process from a



Table 3 | Runoff characteristics for urban sandy soils in Sandnes and Trondheim

Sandnes Trondheim

Wet conditions Dry conditions Wet conditions Dry conditions

G-A Horton Holtan G-A Horton Holtan G-A Horton Holtan G-A Horton Holtan

Peak (l/s) 1.46 1.45 1.45 0.42 1.40 1.18 0.81 0.78 0.91 0.00 0.45 0.29

Volume (m3) 1.01 0.99 1.23 0.10 0.88 0.80 0.27 0.25 0.54 0.00 0.10 0.17

Peak delay (min) 65 65 60 65 65 65 65 65 65 – 65 65

Start time (min) 56 56 45 62 57 55 60 60 60 – 62 60

Duration (min) 30 30 40 11 29 20 13 13 10 0 9 10

Runoff (mm) 10.08 9.89 12.25 1.03 8.76 8.03 2.74 2.54 5.44 0.00 1.02 1.69

Note that the Holtan equation was simulated with 5 min time step and is not routed to an outlet as in the Green-Ampt (G-A) and Horton.
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dry to a saturated condition. This is an important finding

with respect to the choice of method. If saturated con-

ditions are assumed as a conservative measure, it is

less important which method is chosen for infiltration.

However, if saturated conditions are not assumed, the

selection of method will have a large influence on the

results.

For the dry condition in Sandnes, the peak runoff and

runoff volume using the Green-Ampt were only 30 and

11%, respectively, of the peak runoff and runoff volume

using the Horton. The soil capacity in the Horton is filled

up during the first lower intensities, and the highest

observed infiltration rate reached during dry conditions

was 25 mm/h (the complete results from the Horton infiltra-

tion calculation is included in the Supplementary Material).

The Green-Ampt is based on the available pores for water

storage without any limitation for maximum infiltration

capacity ( fmax), resulting in the highest infiltration rate at

almost three times as high as in the Horton equation. The

method will not generate any surface runoff if there is

water storage available in the soil. This principal difference

in how the Green-Ampt and the Horton equations generate

surface runoff for a dry soil should be evaluated when choos-

ing infiltration method in SWMM. The choice of the

equation was shown to be important in order to obtain the

most realistic runoff behaviour for a specific soil. The

Horton equation generated similar results for dry and wet

conditions at Sandnes. The reason for this is that the maxi-

mum infiltration rate is the only parameter that

distinguishes wet and dry conditions. This is governed by
://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
the second part of Equation (3), where the difference in

maximum and minimum infiltration rate is the driver. For

Trondheim, there is a larger difference between these

values than for Sandnes, hence a larger difference in

runoff characteristics between wet and dry conditions can

be seen for Trondheim. It can be seen that, as the maximum

infiltration rate gets closer to the minimum infiltration rate,

the difference between the runoff characteristics between a

wet and dry condition will decrease for Horton.

The third method, the Holtan method used in STORM,

is based on continuously calculating the soil moisture con-

tent. For a soil moisture content between wilting point

(WP) and field capacity (FP), the infiltration decreases con-

tinuously from a maximum infiltration rate ( fmax). Reaching

soil porosity (ϕ), the infiltration rate is set to a minimum

( fmin). Exfiltration starts at a slow rate when the soil moist-

ure content is 70% of field capacity, before it reaches the

minimum infiltration rate when the soil moisture content

reaches the soil porosity. In addition to the maximum infil-

tration rate, the Holtan method also considers available

soil storage at a specific time and, and thereby allows for

more water to infiltrate compared with the Horton

method. The Holtan’s method’s ability to account for both

maximum infiltration rate, and available storage (FC-WP),

makes the method more realistic.

Sensitivity analysis

In the Green-Ampt, the governing parameters are saturated

hydraulic conductivity (Ksat), suction head (Ψ), and initial
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deficit (θ). For both wet and dry conditions, saturated

hydraulic conductivity is the most sensitive parameter. A

50% reduction of this parameter leads to a more than 50%

decrease in the runoff volume for wet conditions. The litera-

ture shows that an even bigger reduction than 50% can be

the case for compacted urban soils (Gregory et al. ).

Thus, it is important to have a high degree of confidence

in the chosen value for this parameter. All the parameters

in the Green-Ampt are sensitive for dry conditions. For

wet conditions (Figure 7), the most sensitive parameter

was found to be saturated hydraulic conductivity (Ksat), fol-

lowed by increasing initial deficit (θ), while there were no

changes in runoff characteristics when changing the suction

head (Ψ). Assuming a worst-case scenario for design pur-

poses, i.e. saturated condition, the above indicates that

saturated hydraulic conductivity is the essential parameter

to be considered. For dry conditions, on the other hand,

all parameters should be considered.

The minimum infiltration rate for wet conditions is the

most sensitive parameter in the Horton method. For dry

conditions, the method is also most sensitive to minimum

infiltration rate, followed by maximum infiltration rate and

the decay coefficient. For dry conditions, the sensitivity of

the maximum infiltration rate is observed to be slightly

higher than for wet conditions. This might be an explanation

for the relatively small difference between wet and dry con-

ditions in Sandnes using the Horton method, compared

with the other two methods. The Holtan method, on the

other hand, showed the highest degree of sensitivity for

maximum infiltration rate under dry conditions, while it is

most sensitive to minimum infiltration rate under wet con-

ditions. By increasing the maximum infiltration rate by

10% in the Horton method for dry conditions, the peak

runoff only decreased by 1.3%. The corresponding value

for the Holtan method was 5.1% change in peak runoff.

The Holtan method’s ability to continuously calculating

the soil moisture content in the soil leads to a higher sensi-

tivity in the parameters: maximum infiltration rate ( fmax),

initial soil moisture content (θ), and porosity (ϕ), especially

for dry soil conditions. Measurements of compacted sandy

soils showed that the maximum infiltration rate (Pitt et al.

) and porosity (Khan et al. ) can be significantly

reduced due to compaction. Hence, field measurements

for these parameters are also important when conducting
om http://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
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single-event simulations on urban soils with the Holtan

method. Whereas for the Horton method, the minimum

infiltration rate is more important for both conditions,

while also including maximum infiltration rate for dry

conditions.

In general, the sensitivity analysis demonstrated the

importance of an accurate representation of the infiltration

rate. The infiltration rate is the controlling process in the

model by which runoff is generated. As the three datasets

from urban sandy soils in Norway used here show, the

runoff characteristics vary quite extensively. The use of stan-

dard values or values from compacted soils from another

field can lead to a wrong estimation due to the high sensi-

tivity of the parameter. This is in agreement with what Pitt

et al. () and Law et al. () reported. In addition,

compacted urban soils lead to a decrease in infiltration

rate (Gregory et al. ). Based on this, the methods can

underestimate surface runoff, leading to an under-design of

stormwater measures.

A full-scale infiltration and runoff study should be car-

ried out in order to compare observed and modelled data.

The comparisons between the three methods need to be

compared with observed data before a final conclusion on

suitability for different conditions can be assessed. It is not

a simple field setup as both runoff and infiltration need to

be fully monitored, and preferable on an urban pervious

area. The scale will also be important, as minimizing natural

conditions will be important.
Initial moisture content

Long-term simulations for the soil in Sandnes were con-

ducted to evaluate the three methods’ ability to account

for initial soil moisture content in the soil before a precipi-

tation event. An essential part of this is the way that the

methods are modelling the regeneration of soil moisture

from a saturated soil to a dry soil.

The runoff characteristics of the evaluated rainfall were

minimally affected by changes in the return period of the

pre-rainfall for any of the methods. Return periods between

2 and 100 years were used, where the peak rainfall intensity

was higher than the minimum infiltration rate for the soil in

Sandnes. This indicates that the soil reaches a saturated



Figure 7 | Sensitivity of parameters where the initial parameter values are changed from�50 to þ50% for wet conditions. Ksat, saturated hydraulic conductivity; ψs, suction head; θd, initial
deficit; fmin, minimum infiltration rate; fmax, maximum infiltration rate; kd, decay coefficient; ϕ, porosity; θi, initial soil moisture; WP, Wilting point; FC, field capacity. It is important

to note that some of the results of the sensitivity analysis is not physically possible. Initial soil moisture content cannot be higher than porosity. Minimum infiltration rate cannot

be higher than maximum infiltration rate.
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condition during pre-rainfall; hence, no difference in soil

conditions at the evaluated rainfall event was expected.

The Green-Ampt is highly affected by changes in ADWP

after pre-rainfall between 1 and 5 days. The Horton method

shows a smaller change in runoff characteristics by changing

ADWP between 1 and 3 days. This indicates that the Green-

Ampt method reaches a dry condition after 5 days, whereas

the Horton method reaches a dry condition after 3 days.

This can be an explanation for the differences in the

methods’ reaction to changes in the duration of pre-rainfall.

The Green-Ampt method is more affected by changes in the

pre-rainfall’s duration than the Horton method. The slope of

the graph at ADWP equal to 2 days in the Green-Ampt
://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
method (Figure 8, case 2.1B) is steeper than that for the

Horton method (Figure 8, case 2.2B). This, in turn, indicates

that a longer duration has a greater effect on the surface

runoff for the Green-Ampt method, due to that a longer dur-

ation of pre-rainfall leads to rainfall closer to the evaluated

rainfall.

SWMM calculates evapotranspiration (ET) only when

there is surface water available. This happens as a part of

the recovery of depression storage, and when water is avail-

able on the surface, but it is not part of the recovery of soil

moisture (Rossman & Huber ). This leads to approxi-

mately no difference when changing the ET-value for the

Green-Ampt method and the Horton method, as seen in



Figure 8 | Green-Ampt (1), Horton (2), and Holtan (3) infiltration method response to changes in return period of pre-rainfall (A), ADWP after pre-rainfall (B), and duration of pre-rainfall (C).
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Figure 8. A study by Seneviratne et al. () showed the

complexity of factors contributing to changes in soil moist-

ure content, where ET has a various effect on the soil

depending on the climate. Norway has a large temporal,

and geographical variation in climate (Hanssen-Bauer

et al. ). Ignoring ET in the soil moisture recovery calcu-

lation may lead to an overestimation of runoff during the

summer months and an underestimation of runoff during

the winter months. This indicates that long-term simulations

of catchments with significant permeable areas in SWMM

can be unsuitable where the ET-value is low, due to the

fast recovery time from saturated to dry condition.

The Holtan method shows a large difference when chan-

ging the ET-value (Figure 8, case 3.3A, 3.3B, 3.3C). The main

source of soil water loss in STORM is exfiltration and ET.

This exfiltration is set to start when soil moisture content

is equal to 70% of field capacity, and ET takes place as

long as the soil moisture content is more than the wilting

point. The difference between the output for the two ET

values when changing the return period and the duration

of pre-rainfall was approximately constant (Figure 8, case

3.3A and 3.3C) as it was the same number of ADWP

before the evaluated rainfall for both return periods. As

the number of ADWP after pre-rainfall increased, the differ-

ence between the output values when changing ET-value

increased (Figure 8, case 3.3B). This makes the Holtan

method suitable for long-term simulations for study sites

with changing climate during a year since the method

gives the option of annual changes in ET.

The largest difference is in response to changes in

ADWP after the pre-rainfall (Figure 8, case 3.1B, 3.2B,

3.3B). For the Green-Ampt method, SWMM uses a simpli-

fied method where the recovery time is a function of

saturated hydraulic conductivity, and by keeping track of

the initial deficit value. In this way, a typical clayey soil

with low saturated hydraulic conductivity has a longer

drying time than a sandy soil with high saturated hydraulic

conductivity (Rossman & Huber ).

The Horton method gives the option of a user-specified

value for the regeneration of infiltration capacity. The value

for this shown in Figure 8 is based on the embedded formula

in SWMM used for the Green-Ampt method. The Horton

method moved faster towards dry condition than the

Green-Ampt, due to the models’ procedure of calculating
://iwaponline.com/hr/article-pdf/52/1/160/847120/nh0520160.pdf
the recovery process as described in Rossman & Huber

(). The sensitivity of drying time-value was not included

in the conducted sensitivity analysis. In order to investigate

this, the sensitivity of changing this parameter ±50% from

the initial value, 4.20 days, with changing ADWP, and maxi-

mum infiltration rate ( fmax) were performed to evaluate the

effect on peak runoff. The results show that the drying time

was more sensitive if the maximum infiltration rate was

larger. With a maximum infiltration rate equal to two

times minimum infiltration rate, there is almost no change

when changing the drying time and ADWP. This indicates

that the drying time-parameter should be evaluated if there

is a larger difference between the minimum infiltration

rate and the maximum infiltration rate. However, the regen-

eration time to a dry state is relatively fast, which suggests

that the Horton is better suited for single-event simulation

or if it is known that the soil changes rapidly from saturated

to dry condition, as for example would be expected from

very sandy soil.
CONCLUSIONS

In this study, the Green-Ampt and the Horton methods in

the SWMM model and the Holtan infiltration method

in the STORM model have been used to evaluate as to

how the methods’ performance in modelling the infiltration

for urban permeable surfaces.

There are different parameters that account for the

initial soil moisture in different infiltration methods. The

Green-Ampt infiltration method takes the available storage

for water into account, while for the Horton method, a

user-specified maximum infiltration rate is needed. The

Holtan method accounts for both these parameters, giving

the method more confidence, but it also requires more

input data than the other two methods. If dry initial con-

ditions are assumed, the selection of a method should be

based on the available field data. However, if saturated con-

ditions are assumed as a conservative measure for design

practices, it is less important which method is chosen for

infiltration. The Green-Ampt method and the Horton

method lack the option to account for evapotranspiration

in the regeneration of soil moisture, which makes both

these methods less suitable for long-term simulations. For
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design purposes, the use of these methods will likely overes-

timate or underestimate the surface runoff depending on the

variation in climate. The Holtan infiltration method is more

suitable for long-term simulations, due to its ability to

account for evapotranspiration.

The methods are most sensitive to changes in infiltration

rate at saturation. The additional soil infiltration parameters

in the methods are more important for dry soil conditions.

The Green-Ampt method is most sensitive to saturated

hydraulic conductivity, followed by the initial deficit, and

suction head for dry condition. The Horton method is

most sensitive to minimum infiltration rate, followed by

maximum infiltration rate. The Holtan method is most sen-

sitive to maximum infiltration rate, followed by the porosity,

and the initial soil moisture content for dry condition. This is

also the most demanding model with respect to input

parameters.

To obtain accurate results for urban compacted sandy

soils with the simplified infiltration methods used in this

study, field measurement of infiltration rates are essential.

This study highlights two reasons for this. (i) There is a

large variance in the field measurements of the different

compacted urban sandy soils leading to different runoff

characteristics. (ii) The methods show a high sensitivity to

saturated infiltration rate, implying that a small change in

this parameter would lead to a large change in runoff

characteristics. Urban soils have additional parameters

that can affect the infiltration procedure, which these

methods are not accounting for. Hence, field measurements

are important. Preferably, a full-scale runoff and infiltration

study. Future studies should focus on a classification system

of urban soils, in order to incorporate the complexity of

urban soils’ characteristics into the infiltration model input

parameter sets.
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