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ABSTRACT

To assess the reliability of green stormwater infrastructure (GSI), including grass swales, it is required to characterize the fre-
quency of system failures. This involves identifying the conditions when the system operates in failure mode, potentially
causing downstream flooding. The study utilized three 23-year meteorological time series from three Swedish locations, charac-
terized by frontal, convective, or orographic rainfall events. These time series served as inputs for the simulation of runoff flows
using the SWMM model, representing the physical characteristics of a grass swale (GS) located in Luled, Sweden. Results
showed a trend of reduced overflow occurrences and flood risks at higher ksat values of 25 and 31 mm/h. Exceedance
curves indicated that ksat values of 2 or 4 mm/h resulted in the swale operating in failure mode 100% of the time. A minimum
ksat of 31 mm/h was required to achieve acceptable operation for more than 50% of the time in Gothenburg and Lulea. Oster-
sund was the only location where the studied GS did not operate in failure mode under a high ksat of 31 mm/h. Local climate —
especially rainfall distribution and frequency - sets performance thresholds and underscores the need to integrate technical
performance with flood risk management in GSI design.

Key words: failure operation, grass swales, overflow events, risk-based swale design, saturated hydraulic conductivity,
stormwater management

HIGHLIGHTS

® Native soils with 2-4 mm/h ksat were found unsuitable for grass swales implementation.

® |nfiltration rates of 2-4 mm/h resulted in 100% failure mode operation across all sites.

® |n Ostersund, under a ksat of 31 mm/h was achieved 100% of acceptable operation.

® A |ocation with oceanic climates exhibited higher overflow risks.

® | ocal rainfall patterns drive performance thresholds, necessitating climate-specific swale design.
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GRAPHICAL ABSTRACT
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1. INTRODUCTION

Urban flood damages have risen in recent decades and are projected to further increase due to more frequent
heavy rainfalls caused by climate change in some world regions (UNEP 2023). The growing risk of pluvial flood-
ing highlights the need to enhance urban drainage resilience with drainage systems that can be adaptable to, and
recoverable under, uncertain future conditions (Weathers ef al. 2023). This is the result of predicted shifts in cli-
mate trends that create uncertainty in the capacity of urban drainage systems needed to maintain service levels
(Tirpak et al. 2021a). In response, cities are implementing green stormwater infrastructure (GSI) to mimic pre-
development hydrology by enhancing infiltration and evapotranspiration (ET) and thereby reducing runoff
flow volumes and flood risks (Ballard et al. 2015). As cities aim to implement more resilient stormwater manage-
ment infrastructure under changing climate conditions, a well-defined understanding of the acceptable risk
associated with GSI design - targeting smaller, more frequent events - is essential (Lewellyn & Wadzuk 2019).

GSI has proved to be effective for flood risk management by reducing runoff flows and volumes (Deletic &
Fletcher 2006; Fletcher et al. 2013). Among GSI facilities, grass swales are an effective option for managing
road runoff because their linear layout fits the landscape and provides the benefits of stormwater conveyance, con-
trol, and treatment used for attenuating highway runoff toxicity before reaching receiving waters (Leroy ef al. 2016).
Traditionally, the prevention of urban floods during infrequent rain events has been described as a peak-flow con-
trol approach (Ballard ef al. 2015). GSI design guidelines applied to a variety of geographic scales define
permissible flow rates justified by (1) downstream drainage network capacities to prevent urban floods and (2) pres-
ervation of pre-development flow rates to prevent stream channel erosion (Brown ef al. 2010). Indeed, stormwater
flow reduction targets are usually defined as a metric for evaluating the performance of GSI facilities (delays of 80—
90% of annual runoff volumes) and are usually associated with specific design storms (MDE 2009). However, there
is a lack of consistency in evaluating the performance of GSI facilities due to the spatial and temporal variability of
factors influencing their effectiveness, including local climatic conditions (Sage et al. 2015).

In Sweden, a survey of 26 biofilter cells revealed that at least 40% of the facilities lacked sufficient capacity to
retain daily rainfall events and/or the design rainfall, indicating that water retention objectives were not met
because of inadequate design or insufficient maintenance (Beryani et al. 2021). The evaluation of these facilities,
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based on design and maintenance indicators, identified issues such as concentrated flow paths, observed standing
water, soil crusting and compaction, and evidence of erosion and/or clogging in the soil media. Under a changing
climate, the capacity of existing GSI will likely be exceeded more frequently (Sohn et al. 2020). Adapting GSI to
climate change requires not only upgrading physical infrastructure but also diligent maintenance to reduce flood
risk during extreme events (Bahrami ef al. 2024). For instance, Weathers ef al. (2023) estimated a significant
increase in biofilter cell overflow in the southern United States, ranging from 67 to 71%, under the projected rain-
fall intensities. Hathaway et al. (2014) found that the depth of ponding on the bioretention surface in North
Carolina would need to be increased by 15.5-31 cm under the climate change scenario corresponding to the
Representative Concentration Pathway (RCP) 4.5 to limit overflow volumes. While retrofits of existing GSI
designs can reduce untreated surface overflows, attention must be directed to determining risk tolerance when
assessing options to ensure bioretention effectiveness in future climate conditions (Tirpak et al. 2021b).

Flood risk management has attracted attention during recent decades, facilitating the selection of optimal strat-
egies for risk reduction (Mens et al. 2011). Traditionally, flood risk assessments are based on the likelihood of
system failure and the potential damages associated with that failure (Vorogushyn ef al. 2018). These approaches
are well-established for larger flood management systems but are rarely used to evaluate the effectiveness of GSI
in reducing flood risk (Lewellyn & Wadzuk 2019). In earlier decades, engineers and planners defined acceptable
levels of risk by using design storms; however, awareness of the linkage between the design criteria and risk has
eroded over time (Hathaway ef al. 2024). Adopting strategies with adaptive capacity in GSI could potentially
reduce risk by decreasing the likelihood of system failure and the resulting damages (Lewellyn ef al. 2016).
For instance, the three-step approach (3SA) is a framework that helps reduce flood risk by integrating prevention,
mitigation, and response strategies (Lindholm et al. 2008). This selection is based on varying rainfall magnitudes
and event return periods, aiming to infiltrate smaller events, detain larger ones, and safely convey more severe
events (Paus 2018). However, designing GSI according to this philosophy requires robust quantification of
these solutions, which involves evaluating their performance under failure conditions (Pons et al. 2022a, b).
There is a need to anticipate malfunctions and enhance the performance of GSI in the long term by characteriz-
ing periods with operational failures (Bahrami ef al. 2024).

General design considerations for grass swales involve selecting physical attributes such as bottom width
(e.g., 0.5-2.0 m), longitudinal slope (0.5-6%), side slope (maximum 1:3), and maximum depth (400-600 mm)
(Ballard et al. 2015). Ekka et al. (2024) found that, to optimize swale function, designers should maximize
swale length to the greatest extent practicable — especially when swales receive inflow from end-of-pipe systems
draining roadway surfaces. While grassed swales are effective in reducing runoff volumes and improving water
quality, introducing concentrated infiltration adjacent to pavements can raise subsurface moisture in the subgrade
and fill, with three common failure modes: (1) pavement distress (cracking, rutting, potholing) from base-course
saturation, (2) washouts of fines from beneath the pavement, and (3) embankment or roadside slope instability
due to elevated pore pressures (MPCA 2005).

Moreover, saturated hydraulic conductivity (ksaf) is a critical parameter for the design and post-construction
performance of grass swales (Ebrahimian ef al. 2020). Ahmed ef al. (2015) conducted 722 infiltration measure-
ments in five grass swales and reported large variations in ksaf, with geometric means ranging from 7.5 to
390 mm/h - a relatively narrow span given the diversity of soil textures. Mantilla ef al. (2025) evaluated the tem-
poral and spatial variability of grass swale (GS) infiltration rates and found mean values ranging from 13 mm/h at
the swale bottom to 98 mm/h on the right slope, along with a 52% decrease in infiltration rates between 2022 and
2024. Kanso et al. (2018) determined that four to eight infiltration measurements — on grass swales 32-50 m in
length - are required to obtain a representative average ksat with an uncertainty of a factor of two or less. Fur-
thermore, there is a need to identify the optimum GSI design to reduce flood risk in downstream urban areas,
which involves a trade-off between surface storage and soil infiltration capacity (Winston ef al. 2016).

The objective of this study is to determine how the selected physical design parameters of native soils, in which
a GS is implemented, such as saturated hydraulic conductivity (ksat), contribute to reducing flood risk in urban
areas. The study provides an understanding of the duration during which a GS operates within an acceptable per-
formance threshold and quantifies the risk associated with failure mode operation. To achieve this, an evaluation
of the ksat required to mitigate flood risk in urban areas is presented by examining the relationship between the
overflow volume and various ksat values. Exceedance curves are presented to advance the understanding of the
periods when grass swales operate above an acceptable threshold, and how rainfall patterns influence the occur-
rence of overflow events.
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2. DATA COLLECTION AND METHODS

2.1. Data collection and study site descriptions

Climate data from January 1997 to December 2019 were retrieved from the national meteorological network oper-
ated by the Swedish Meteorological and Hydrological Institute (SMHI). Three urban locations across Sweden -
Gothenburg, Luled, and Ostersund - were selected for the analysis based on the mechanisms of local rainfall gen-
eration. Gothenburg, Luled, and Ostersund exhibit distinct precipitation patterns influenced by their geographical
locations and climatic conditions (Johansson & Chen 2003). Gothenburg, with a mean annual precipitation of
893 mm, experiences an oceanic climate (Cfb) (Koppen & Geiger 1936), in which rainfall is evenly distributed
throughout the year (refer to Table 1). The wettest months are October and November, with a mean monthly pre-
cipitation of 92 and 84 mm, respectively (refer to Supplementary Figure S1(a)). Lule4, located in northern Sweden,
has a subarctic climate (Dfc) (Koppen & Geiger 1936), and on average receives about 490 mm of precipitation
annually. Rainfall mainly occurs between May and September, with the wettest months being July and August,
with a mean precipitation of 70 and 67 mm, respectively. Ostersund, situated near the Scandinavian Mountain
range, experiences a subarctic climate (Dfc) with annual precipitation of around 539 mm. July and August are
the wettest months, receiving 87 and 74 mm of rainfall, respectively (refer to Supplementary Figure S1(a)).

The analysis considers only the months when all precipitation occurs in the form of rainfall, defined as the
periods with air temperatures >0 °C (Rossman & Huber 2016). Climate data consist of observed daily maximum
and minimum temperatures (°C), 15-min precipitation (mm), daily wind speed (km/h), and daily relative humidity
(%). These parameters were used to estimate ET for each urban area using the Penman-Monteith method. Analy-
sis of precipitation records comprised identification of rainy days, defined as the days with precipitation depths
greater than 1.0 mm, and of rain events defined as periods of rainfall separated by dry interevent times equal to or
larger than 6 h (Hernebring 2006).

In addition, the data collection included observed inflow and outflow rates for the model calibration. These
parameters were obtained by using a controlled irrigation system designed to simulate runoff flows from a road-
way adjacent to the grassed swale and upstream areas according to Mantilla ef al. (2024) (refer to Supplementary
Figure S2(a)). Outflow rates were measured using a 120° V-notch weir at the swale downstream end, with water
levels continuously recorded by a pressure transducer, and were derived from the Kindsvater-Carter formula
(refer to Equation (1)) (Kindsvater & Carter 1957).

Q= (¢4 -%tan (6/2) (2g)°° - H*%) « 1, 000 (1)

Table 1 | Main climatic characteristics of urban study areas for the period of 1997-2019

Urban areas

Parameter Gothenburg Lulea Ostersund
MAP* (mm) 893 490 539
ADP® (days) 122 89 98
MMP (mm) 74 41 45

Mean annual temperature (°C) 9.2 2.9 4.0
MPETY (mm/month) 41.0 47.1 47.3
AWD? (days) 30.3 78.7 70.6
Minimum winter temperature (°C) -10.8 —41 -34
ASD (days) 162.7 108 103.9
Climate classification® Cfb Dfc Dfc
Meteorological station” Gothenburg A Alvsbyn A Hunge A

AMAP is the mean annual precipitation.

PADP is the average number of annual days with precipitation >1 mm.

°MMP is the mean monthly precipitation.

9MPET is the mean daily evapotranspiration (mm/day).

CAWD is the annual number of winter days with air temperature T < 0 °C (days).
fASD is the annual number of days with T> 10 °C (days).

8Climatic classifications according to Koppen & Geiger (1936).

NStation from the national meteorological network operated by SMHI.
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where Q is the flow rate (L/s), C; is a non-dimensional discharge coefficient, 6 is the angle of the V-notch, g is the
gravitational acceleration, and H is the head over the weir. Discharge coefficients were adopted from Inter-
national Standard Organization (2017), with a value of 0.595 for the 120° (WO scenario). Ground level was
lowered downstream of the weir to maintain free flow conditions and prevent backwater effects. During irriga-
tion experiments, the swale was outfitted with five water content reflectometers installed every 5 m along the
swale bottom to monitor volumetric water content (VWC) and soil temperature (ST). Additionally, a 50-cm
soil-profile probe was used to measure VWC, ST, soil permittivity (P), and electrical conductivity (EC) at differ-
ent depths (10, 20, 30, 40, and 50 cm). Inflow rates were based on the design block rainfall approach (Svenskt
Vatten (SV) 2016), assuming constant rainfall intensity over 30 min for selected return periods, and a catchment
area of 550 m?. Design storms (1, 2, 5, 10, 20, and 50 years) were estimated using a national rainfall intensity
equation (Dahlstrom 2010) (refer to Equation (2)). Target inflow rates were then calculated using the rational
method.

In (t,)

i(T, t) = 190 VT 58

+2 @

where i denotes the rainfall intensity (L/(s ha)), T denotes the return period (months), and ¢, is the rainfall dur-
ation (30 min for the studied cases). Mean inflow values ranged from 2.5 to 8.7 L/s, which corresponds to 1- and
50-year return periods, respectively.

2.2. Hydrological model

The storm water management model (SWMM) is well known for its ability to provide dynamic rainfall-runoff
relationships for long-term simulations and to represent the main hydrological processes governing runoff gener-
ation (Rossman 2015). A SWMM model was set up to simulate runoff from a small catchment comprising a road
section with an adjacent swale of the following physical characteristics: a hypothetical 0.055-ha (550 m?) sub-
catchment, with 100% impervious cover, a gentle slope of 0.64%, a Manning roughness coefficient of 0.0013,
and a depression storage of 1.5 mm typical for paved areas on flat slopes (refer to Table 2) (UDFCD 2016).
These characteristics represent a road adjacent to the GS used as the study site (refer to Figure 1) (Mantilla
et al. 2024). The system was modeled as a series of rectangular subcatchments as suggested by Gironds et al.
(2009), where all runoff from the subcatchment was routed directly to the GS. Dynamic wave routing was
used to solve the one-dimensional Saint-Venant equations and incorporate the continuity and momentum
equations (Rossman 2015).

The GS was modeled as a separate subcatchment for better control of infiltration parameters based on the
Green-Ampt method, such as the suction head (¥), saturated hydraulic conductivity (ksaf), and the initial moist-
ure deficit (IMD) (Green & Ampt 1911). The use of this procedure was necessitated by the lack of a configured set
of swale infiltration parameters required for modeling the facility with the low impact development controls avail-
able in SWMM. The model represents each subcatchment as a non-linear reservoir and considers the main
hydrologic processes occurring in the system (surface runoff, infiltration, and ET).

It is important to emphasize that the surface runoff runs perpendicularly to the width of the subcatchment, and
the model only represents vertical infiltration along the swale bottom, neglecting the flow infiltrating on the side
slopes, which serves as a stormwater quantity control mechanism (Garcia-Serrana et al. 2017). The physical
characteristics of the GS correspond to a section of 30 m with an average width of 5.2 m and a slope of 0.7%,
which were earlier identified as the main physical parameters that govern surface runoff (Ekka et al. 2024)
(refer to Table 2). A depression storage of 7 mm and a Manning roughness coefficient, n = 0.2, were used as typi-
cal values representing a vegetated surface (refer to Table 2) (Yen 2002).

Grassed swale simulations were driven by 15-min resolution climate data (precipitation, air temperature, ET,
and wind speed) for each urban area (Luled, Gothenburg, and Ostersund). To assess the impact of different
ksat values on overflow generation, simulations with swale infiltration rates of 2, 4, 11, 25, and 31 mm/h were
carried out. The lowest rate (2 mm/h) was obtained from two iterations of a full-scale infiltration test conducted
at the study site during the summer of 2022 and 2024 (Mantilla et al. 2024). Furthermore, point measurements
using a Modified Philip—-Dunne (MPD) infiltrometer were done and revealed high spatial variability in ksat,, ran-
ging from 13 mm/h at the swale bottom to 98 mm/h on the side slope. Ahmed ef al. (2015) also reported large
variability in infiltration rates, with geometric mean ksat values ranging from 7.5 to 390 mm/h - higher than

Downloaded from http://iwaponline.com/bgs/article-pdf/7/2/468/1601176/bgs2025010.pdf
bv !l U EA TEKNISKA LINIVERSITET user



Blue-Green Systems Vol 7 No 2, 473

Table 2 | Summary of parameters of a hypothetical catchment used in SWMM

Parameter Description value Units

Subcatchment 1: Adjacent roadway®

Area Area of subcatchment 0.055 ha
Length Length of the roadway 50 m
Slope Average surface slope 0.64 %

% Imperviousness Percent of impervious area 100 %
N-Impervious area® Manning’s n of impervious areas 0.013 unitless
9% Zero-Imperviousness® Percentage of impervious area with no depression storage 100 %
Dstore-imperv® Depression storage in an impervious area 1.6 mm

% Routed Percent runoff routed between sub-areas 100 %

Subcatchment 2: Grass swale

Area® Surface area of GS 0.0156 ha
Width? Average width of GS 52 m

9% Slope® Average slope along the GS 0.7 %
N-pervious area® Manning’s 7 of pervious area 0.20 unitless
Dstore-perv® Depression storage in the pervious area 7 mm

Infiltration parameters: Green-Ampt method

Suction head? Soil capillary suction along the wetting front 80 mm
Conductivity® Soil saturated hydraulic conductivity 2,4,11, 25, and 31 mm/h
Initial deficit® Fraction of soil volume that is initially dry 0.1 fraction

Physical characteristics of the study site were taken from a topographical survey.

bPhysical characteristics of an impermeable surface according to UDFCD (2016).

Properties of a grass surface according to Yen (2002).

9s0il properties for a loamy sand soil texture according to Rawls et al. (1983).

CInfiltration rates and soil initial moisture content based on field experiments (Mantilla et al. 2024).

those applied in the present study. The results of point infiltration measurements at six GS subsections and three
locations (right slope, left slope, and swale bottom) are presented in Supplementary Table S2a.

2.3. GS model calibration

The calibration of the swale model in SWMM focused on infiltration parameters according to the Green-Ampt
method, including suction head (¥), ksat, and initial soil moisture deficit (refer to Table 3). An optimization
approach was used to evaluate the goodness-of-fit between the observed and simulated peak outflow by estimat-
ing the mean squared error (MSE). The range of rainfall intensities was used as model inputs, covering low to
high intensities represented by return periods between 1 and 50 years. These return periods correspond to irri-
gated inflows during field experiments (Mantilla ef al. 2024). For each iteration of the optimization, the
SWMM model input file was updated with the current parameter values (initial soil moisture deficit, ksat, and
suction head) until the MSE converged to a minimum specified tolerance. This process was conducted individu-
ally for each return period, resulting in a set of calibrated parameters for return periods equivalent to 1, 2, 5, 10,
20, and 50 years. This suggests that the model requires higher infiltration rates (ksaf) to manage severe rainfall
events, compensating for higher runoff flows to match the observed outflow. The calibrated parameters for the
suction head showed a narrow range of values, between 59 and 73 mm. The initial deficit remained constant
at 0 across all return periods, aligning with field experiments, in which high initial soil water contents were main-
tained at the onset of irrigation.

The initial soil moisture deficit (IMD) parameter in SWMM was specified as 0.1, representing near-saturated
antecedent soil conditions. This choice reflects the field irrigation experiments, in which the GS was deliberately
pre-wetted to high soil moisture levels at the onset of testing, and introduced a condition such as a ‘worst-case’
scenario to evaluate the retention capacity of a GS (Mantilla ef al. 2024). These conditions are consistent with
observations from operational swales in northern Sweden, where shallow groundwater maintains high antece-
dent water contents (Rujner et al. 2018). To assess model sensitivity, IMD values were varied within a
physically realistic range limited by soil porosity. For the loamy sand soil texture of the studied swale, porosity
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Figure 1 | Scheme of the modeled subcatchment in SWMM, with land-use categories of the catchment area.

Table 3 | Range of parameters used for calibrating the GS model in SWMM for different return periods

Parameter Lower bound upper bound
ksat (mm/h)* 1 20

Initial deficit (%)® 0.0 0.45
Suction head (¥) (mm)°© 50 150

Anitial deficit bands were chosen based on soil moisture content values (irrigation experiments).
PRange of ksat values measured with a Modified Philip-Dune infiltrometer.
Suction bands represent values for loamy sand and sandy loam soil textures (Rawls et al. 1982).

values are typically between 0.35 and 0.45 (Rawls ef al. 1982), and therefore, the tested IMD values did not
exceed this upper bound (refer to Table 3). Values beyond soil porosity were excluded, as these would be phys-
ically unrealistic and would not represent plausible storage conditions in the soil profile.

After calibration for each return period, the mean value of each calibrated parameter was estimated across all
scenarios (refer to Table 4). This provides a single parameter set that balances performance across different con-
ditions. In terms of the calibration performance, NSE values were slightly negative for the smallest return periods
(-0.15 for 2 years) but became positive for the periods of 5 years and larger, with the highest value of 0.42 for the
50-year event. KGE ranges from 0.27 (2 year) up to 0.67 (50 year), with a mean of 0.44 - considered a ‘satisfactory’
fit of the observed outflow rates. The calibrated parameters showed higher ksat values for greater return periods
(refer to Table 5).
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Table 4 | Calibrated parameters of the GS model in SWMM for different return periods

Return periods

Parameter 1 2 5 10 20 50 Mean
Inflow rate (L/s)? 2.5 3.1 4.2 52 6.4 8.7

ksat (mm/h)b 8.7 17.7 37.6 66.5 100.8 132.5 61
Initial deficit (%)° 0.1 0.1
Suction head (¥) (mm)? 59.8 58.9 59.1 64.8 62.0 72.5 2.44
NSE*® -0.03 —0.15 0.09 0.17 0.08 0.42 0.10
KGE® 0.36 0.27 0.43 0.46 0.42 0.67 0.44

2Inflow rates (L/s) represent different return periods, from 1 to 50 years.

PInitial deficit bands were chosen based on soil moisture content values (irrigation experiments).
°Range of ksat values measured with a Modified Philip-Dune infiltrometer.

dsuction bands represent values for loamy sand and sandy loam soil textures (Rawls et al. 1982).
®NSE and KGE values represent Nash-Sutcliffe efficiency and Kling-Gupta efficiency values.

Table 5 | Mean characteristics of GS overflow risk under different ksat values

Urban area ksat Mean annual overflow events?® Mean annual overflow volume (m®)® Mean annual risk (m?®/year)°
Goteborg 2 60 185.0 236.2
4 43 115.6 107.0
11 17 36.1 13.7
25 6 10.6 1.6
31 4 7.7 0.8
Lulea 2 26 82.9 64.3
4 17 52.6 27.4
11 7 18.4 4.1
25 3 6.1 0.7
31 2 4.5 0.4
Ostersund 2 26 81.7 10.4
4 17 52.1 4.5
11 7 184 0.7
25 3 6.1 0.1
31 2 4.5 0.0

aMean annual overflow events were estimated during the entire period of simulation (1997-2019), aggregated on an annual basis.
PMean annual overflow volume is estimated as the sum of volume aggregated on an annual basis.
CAnnual overflow risk was estimated as the product of the annual probability of overflow (from 0 to 1) and the annual overflow volume (m?3).

2.4. Risk determination and acceptable operation

This assessment focuses on the contribution of the physical design parameters of a GS (ksat) to reducing flood
risk, following an approach adopted by Lewellyn & Wadzuk (2019). The risk assessment employed referred to
the combination of the probability, or frequency of a defined hazard, and the magnitude of its consequences
(Skivington 1997). In the present study, the first component of the assessment represents the probability
(Pover) of occurrence of an overflow event. The second component is referred to as the consequence, correspond-
ing to the overflow volume or untreated volume (Coverp) (refer to Equation (1)). Therefore, in the present study,
GS overflow risk is defined as the expected annual volume of unmanaged runoff from the swale, computed as the
product of the probability of an overflow event and its overflow volume.

Risk (m®/year) = Poyery * Cover. (3)

The analysis was conducted on an annual basis for months with precipitation in the form of rainfall (excluding
snowfall), using historical time series spanning the simulation period from 1997 to 2019. The probability of over-
flow was estimated by identifying the number of overflows per year and dividing it by the number of annual days.
This term represents a probability ranging from 0 to 1. The consequence corresponds to the volume of overflow
expressed in m* (Viy1,,), which occurs when the storage capacity (surface and soil storage) is exceeded, resulting
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in unmanaged (uncontrolled) runoff from the drainage area. The estimation of total risk of overflow is expressed
as m>/year, which results from the product of the annual probability of overflow and the cumulative annual
volume of overflow. Similarly, this study defines acceptable operation as the system’s ability to meet a stormwater
control target, ensuring no overflow that would create adverse downstream impacts. The threshold is set at 10 cm
water depth (below the 12 cm grass height), corresponding to an overflow volume of 15.6 m® based on a 156 m?
surface area. Exceedance curves for different ksat values in Gothenburg, Luled, and Ostersund illustrate the per-
centage of the wet period when the facility operates below this threshold. This analysis helps determine the
minimum ksat needed to reduce overflows and minimize failure mode operation.

The threshold for acceptable GS operation was defined as a maximum ponding depth of 10 cm, which is below
the 12 cm grass height and prevents persistent standing water. To translate this depth into a volumetric threshold,
the swale surface area (156 m?; length 30 m x mean width 5.2 m) was multiplied by the ponding depth (refer to
Equation (4)).

V=Axh=156m* x 0.10m = 15.6m’ 4)

This threshold volume was then used as a benchmark against SWMM output parameters. Specifically, the
surface runoff outflow (m>) from the swale subcatchment was extracted, and cumulative exceedance was com-
pared against the 15.6 m> threshold to determine when the system entered failure mode.

A series of exceedance curves is presented for each urban area and infiltration rate. Annual runoff depths are
converted to swale overflow volumes (m®) and plotted against the percentage of time the swale infiltration
capacity is exceeded. A horizontal line at 15.6 m® marks the design threshold, with green shading below (accep-
table) and red above (overflow) (see Figure 2). The objective is to show, for each ksat, how higher infiltration rates
reduce both overflow volumes and the frequency of threshold-exceeding events, thereby identifying the minimum
ksat required for resilient swale design. In addition, an event-based analysis was conducted, showing individual
rain events that exceeded the swale infiltration capacity, focusing on those overflow volumes that surpassed the
100 mm equivalent threshold. Histograms of event overflow volumes (m?) illustrate how rainfall characteristics
(intensity and total volume) in each urban area drive overflow occurrence (see Figure 2).

3. RESULTS
3.1. Annual number of overflows and their volume

The number of overflows varied among the years for each urban area, and corresponded to changes in local cli-
matic conditions, including the total annual precipitation. As expected, the number of annual swale overflows
declined with increasing ksat values. For Gothenburg, the highest number of overflow events, N =85, was
observed for an assumed ksat of 2 mm/h (note that the literature recommends the minimum or applicable
swale hydraulic conductivity of 12 mm/h; US EPA 2021). A reduction of 93% in swale overflows was achieved
at a ksat of 31 mm/h, resulting in a mean of four overflow events per year (refer to Figure 3). Greater annual varia-
bility in swale overflows was observed at lower ksat values (2 and 4 mm/h), with standard deviations (SD) of 15
and 11 annual events, respectively (refer to whiskers in Figure 3(a)). Swale overflows led to mean annual volumes
ranging between 185 and 8 m> (for a ksat of 2 and 31 mm/h, respectively) (refer to Figure 3(d)). The maximum
overflow volume occurred in a year with a total rainfall of 722 mm, which did not represent the year with the
highest number of overflow events. This finding indicates that the number of overflow events is influenced not
only by the total annual rainfall volume but also by the intensity of rainfall events, specifically the frequency
of events with an intensity that exceeds the capacity of the swale to retain runoff.

In contrast, Luleé exhibited the lowest number of GS overflows among the three urban areas, with a mean over-
flow of 26 events for a ksat value of 2 mm/h and 2 events for a ksat value of 31 mm/h. The largest number of
overflows occurred in the year with a total annual rainfall of 536 mm (refer to Supplementary Table S2b),
which represents the second-highest annual rainfall during the analysis period. This annual rainfall resulted in
an overflow volume of 120 m®. Conversely, no overflow events were observed for ksat values of 25 and
31 mm/h, in the year with an annual rainfall of 202 mm. Overall, the mean annual overflow volume ranged
between 83 and 5 m® for ksat values of 2 and 31 mm/h, respectively. It is important to note that Lulea experi-
ences snowfall for approximately 5 months of the year, with higher rainfall typically occurring in July and
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Figure 2 | Schematic of the swale risk-based methodology.

August. This narrow precipitation window resulted in lower variability in overflow occurrences (refer to Figure 3),
with SDs of seven and five events for ksat values of 2 and 4 mm/h, respectively.

Results in Ostersund were consistent with those from other areas, showing a declining trend in overflow occur-
rences with increasing ksat values. The annual number of overflows ranged from a mean of 30 occurrences at a
ksat of 2 mm/h to 2 occurrences at a ksat of 31 mm/h, and resulted in mean annual volumes ranging between 82
and 5 m>, respectively. No overflows were observed at the highest ksat values of 25 and 31 mm/h in 2002, the
year with a total annual rainfall of 302 mm (below the mean annual rainfall for the period of analysis). Similar
overflow occurrences were observed at higher ksat values (25 and 31 mm/h), with mean occurrences of 3 and
2, respectively (refer to Supplementary Table S2c).

Swale overflow analysis using the recommended ksat of 11 mm/h showed overflow reductions of 71% in
Gothenburg, 10% in Luled, and 8% in Ostersund, compared with 2 mm/h. However, ksat >12 mm/h was insuf-
ficient to fully capture rainfall events at any location. A minimum ksat of 25 mm/h limited overflows to <6 events
per year, with a mean maximum annual overflow volume of 10.6 m> in Gothenburg — below the acceptable
threshold of 15.6 m® (equivalent to 10 cm water depth). Further analysis is needed to ensure that downstream
systems can handle this volume without adverse impacts, including the gradual release of flow at a rate of
<2 L/s ha, as recommended by Ballard et al. (2015).
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Figure 3 | Number of days with overflow occurrences and overflow volume per year, for different ksat values. (a and d) Refer to
Gothenburg, (b and e) to Luled, and (c and f) to Ostersund.

A Tukey HSD test was conducted to assess overflow risk differences across ksat values. In Gothenburg, increas-
ing ksat from 2 to 11 mm/h significantly reduced overflow volumes (A =42.5 m>, p < 0.001), but further increases
beyond 25 mm/h had negligible effects (A = —2.2 m>, p = 0.926) (Supplementary Table S3a). In Lulea, the largest
overflow reduction occurred between 2 and 25 mm/h (A=482m> p<0.001), with a further increase to
31 mm/h resulting in a significant overflow decrease (A= —48.3 m>, p < 0.001) (Supplementary Table S3b). Simi-
larly, in Ostersund, the greatest reduction was observed between 2 and 25 mm/h (A = 60.4 m>, p < 0.001), with
additional decreases beyond 25 mm/h (Supplementary Table S3c). These results suggest that 25 mm/h is a critical
threshold, beyond which overflow reductions vary by location.

An analysis of the correlation between the annual risk of overflow (m®/year) and mean annual rainfall (mm)
showed a strong positive trend for Gothenburg and Lulea for ksat values of 2 and 4 mm/h (+* > 0.7) (refer to
Figure 4(a) and 4(b)). In contrast, the annual risk of overflow in Ostersund showed lower correlation coefficients
for all ksat values, with the highest correlation (r? > 0.5) for a ksat of 2 mm/h (refer to Figure 5(c)). While over-
flow risks were found to strongly correlate with total annual rainfall for Gothenburg and Luled, in Ostersund,
additional factors drive the occurrence of overflows for low ksat values. These factors include the presence of
higher ET rates that help restore soil retention capacities during dry periods, thereby reducing soil moisture con-
tents at the onset of rainfall events. Rujner et al. (2018) found that higher initial soil moisture contents led to a
reduction of the available pore space in the soil media, which limited the retention capacity of a GS.

Regardless of the magnitude of ksat, it was observed that overflow risk was below 11 and 15 m® for annual rain-
fall <400 mm in both Lule& and Ostersund, respectively (refer to Figure 4(b) and 4(c)). In the case of Gothenburg,
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Figure 4 | Annual overflow risk (m3/year) with respect to annual rainfall (mm) for different ksat values. Dots represent annual
values across the simulation period. The shaded band represents 95% confidence intervals.

the higher annual risk was observed for an annual rainfall of 895 mm, leading to the highest annual risk of 63 m*
(refer to Figure 4(a), under a ksat of 2 mm/h). For low infiltration capacities, the hydrological response is domi-
nated by surface runoff rather than infiltration, evaporation, or initial abstraction, making the flood risk a direct
function of total precipitation (Lhamidi et al. 2024). Lewellyn & Wadzuk (2019) found that regardless of the ksat
of biofilter cells, there is a very low risk of overflow for rainfall events less than approximately 5 mm in depth.
However, it is important to highlight that the design structure of biofilter cells allows such facilities to store
water on their surface, which could provide an additional storage volume before the overflow occurs. Conversely,
the same authors found that for moderate infiltration rates of 12.7 mm/h, there were no overflow occurrences for
rainfall events with depths less than 15 mm.

3.2. overflow exceedance on an event basis

An event-based analysis was conducted to estimate how many individual events exceed an overflow threshold of
15.6 m® for each urban area under different ksat values. The number of overflow events was driven by the local
climatic conditions and the swale infiltration capacity. Across all six plots (see Figure 5), the event-volume distri-
butions are strongly right-skewed, with most overflow events producing small volumes (often under 2 m?), and a
long tail of progressively larger overflows. The majority of events fall into the smallest bin, indicating that most of
the events barely exceed the swale’s capacity. Under low infiltration (ksat =2 mm/h, left column in Figure 5),
Gothenburg shows the highest number of exceedances, while Ostersund exhibits the lowest (14 events). Under
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Figure 5 | Overflow event-volume histograms (primary y-axis) and density curves (secondary y-axis) for Géteborg, Luled, and
Ostersund at ksat =2 mm/h (left) and 31 mm/h (right). The red dashed line shows the 100 mm depth threshold (15.6 m3).

high infiltration (ksat =31 mm/h, right column), overflow volumes drop markedly, with only two events in
Gothenburg and no overflows in Lule4 or Ostersund (refer to Figure 5).

Across all three sites, increasing the infiltration parameter (ksaf) reduces both the total number of runoff events
and the frequency of overflows (those exceeding 100 mm depth, or 15.6 m®), with different reductions depending
on the type of climate. In Gothenburg, raising ksat from 2 to 31 mm/h decreases overflow occurrences by 95%,
while the mean overflow volume of the remaining exceedance events holds steady at about 23-26 m. In Lule&, no
threshold exceedances occur once ksat reaches 25 mm/h, meaning that high infiltration completely prevents
swale overflow in a cooler, less-intense climate. These conditions indicate that when exceedances occur at
lower ksat, their mean volumes (~18-22m’) are smaller than in Gothenburg, reflecting fewer large
rain events. Ostersund exhibits a similar pattern to Luled but with even fewer exceedances: at ksat =2 and
4 mm/h, there are 20 overflow events (and a mean overflow volume around 20), but none once ksat >11 mm/h.
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To evaluate the effect of IMD on the overflow occurrence, Figure 6 shows that as the swale initial soil deficit
increases from 0.1 to 0.8 (i.e., from nearly saturated toward dry conditions), the total number of runoff events
decreases - from 120 to 63 — demonstrating that drier antecedent conditions absorb more small-to-medium rain-
fall events without producing any runoff. Meanwhile, the mean volume of those few storms that still generate
overflow declines (from about 22.1 m® at low deficit to 21.0 m at high deficit). Rujner et al. (2018) found similar
results in a 30-m swale section, showing that under low soil moisture content, the facility reduced runoff by up to
829%, whereas high moisture content yielded runoff reductions as low as 15%.

3.3. Acceptable GS operation

Exceedance curves are presented to evaluate the percentage of time the GS operates in failure conditions under
different ksat values. In general, the slope of the exceedance curve becomes steeper with increasing ksat values
(for all three urban areas), indicating an increase in the proportion of time the system operates within the accep-
table range. Findings showed annual variability in overflow occurrences under the same ksat, thereby leading to
differences in acceptable operation across the simulation period. Results show that having a ksat of only 2 and
4 mm/h will lead to facilities operating in a failure mode 100% of the time (refer to Figure 7 for the three
locations).

For Gothenburg, at low ksat values (2 and 4 mm/h), the overflow volumes are significantly higher, exceeding
250 and 160 m?, respectively. These results indicate that 100% of the wet period experiences overflow volumes
above an acceptable threshold of 15.3 m®. A minimum ksat of 25 mm/h is necessary to achieve acceptable oper-
ation for more than 50% of the time, which is not sufficient to completely avoid overflow events. Furthermore,
with a ksat of 31 mm/h, the overflow volumes are further reduced, with mean annual overflow volumes of
7.7 m>, leading to acceptable performance for around 70% of the time.

A similar trend was observed in Luled, with the GS operating in failure mode (above the acceptable threshold)
100% of the time under ksat values of 2 and 4 mm/h (refer to Figure 7(d)). A reduction in the mean overflow
volume from 175 to 40 m> was achieved when increasing the ksat to 11 mm/h, compared with the minimum infil-
tration rate of 2 mm/h (refer to Figure 7(b) and 7(e)). While a significant reduction in maximum overflow volume
was achieved with the highest ksat of 31 mm/h, leading to volumes below 18 m>, the swale still operates in failure
mode for approximately 20% of the time. Overall, compared with Gothenburg, lower ksat values are required to
achieve a greater proportion of time with acceptable operation. These findings are attributed mainly to lower
annual rainfall volumes in Luled, with a shorter rainfall period (between June and October).

Results in Ostersund showed longer periods of acceptable operation with ksat values of 11, 25, and 31 mm/h,
when compared with Gothenburg and Lulea. A reduction in annual overflow volume below 10 m> was observed
under a ksat of 31 mm/h, leading to acceptable operation 100% of the time. These results indicate that Ostersund
was the only urban area without operating in failure mode under the highest ksat value. The exceedance curves
suggest that precipitation patterns in Ostersund are more favorable for GS implementation for runoff control
compared with Gothenburg and Luled. This is due to moderate annual precipitation evenly distributed
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Figure 6 | Overflow count (primary axis) and mean overflow volume (secondary axis) vs. initial soil deficit for ksat = 31 mm/h.
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throughout the year, with the absence of high-intensity rainfall events, characteristic of both maritime and ocea-
nic climates (Koppen & Geiger 1936). Results also showed that with a ksat of 31 mm/h, there is potential for
greater retention volumes, suggesting that a larger contributing catchment area could be connected to the swale.

4. DISCUSSION
4.1. Implications of a risk-based assessment for swale design

The adoption of a risk-based design approach has been widely considered in fields such as flood management of
river deltas (De Bruijn et al. 2014), sewer rehabilitation (Korving et al. 2009), catastrophe management (Park
et al. 2013), or assessment of environmental contamination (e.g., organic micropollutants) in freshwaters from
biofilter cell discharges (Beryani ef al. 2023). However, this approach is not traditionally implemented in
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evaluating the design of GSI for reducing flood risk (Lewellyn & Wadzuk 2019). The methodology adopted in the
present study shows how the overflow risk in grass swales is influenced by three main factors: (1) local climate
conditions (including annual rainfall and interevent conditions), (2) soil permeability (e.g., saturated hydraulic
conductivity and erodibility), and (3) swale design parameters (e.g., cross-section dimensions, longitudinal
slope, and channel roughness).

Overall, the results presented as exceedance curves provide an indication of the different rainfall patterns at the
three locations and the necessary design characteristics to achieve acceptable performance. For instance,
Gothenburg experiences frequent rainfall throughout the year, without marked dry periods, and higher rainfall
intensities, characteristic of an oceanic climate (Koppen & Geiger 1936), leading to a higher likelihood of over-
flow occurrences. Results presented suggest that at locations with rainfall patterns similar to Gothenburg, where
native soils (e.g., predominant with silt loam or clay) do not achieve the minimum recommended infiltration rate
of 12 mm/h (US EPA 2021), additional design considerations should be taken into account. These include a
greater cross-sectional area to maximize the conveyance capacity, such as increasing the swale width (Ekka
et al. 2024), or inserting an underdrain below the swale bottom. When space is limited, Winston et al. (2017)
suggested using a longer section of a triangular channel with side slopes 6:1 (H:V). Ahmed ef al. (2015) found
that avoiding compaction in the main channel during the construction phase of grass swales is crucial to maintain
soil permeability. Furthermore, an additional surface storage capacity could be achieved by introducing outflow
controls, providing extra retention volume in existing facilities (Mantilla et al. 2024).

Rodriguez ef al. (2021) used a similar approach to evaluate the resilience of three types of GSI - a biofilter cell,
a section of permeable pavement, and a green roof - by analyzing system failure using stress-strain curves. Simi-
larly, Rodriguez et al. (2023) used a global resilience analysis to evaluate the capacity of GSI to reduce combined
sewer overflows by characterizing rainfall patterns (such as the magnitude and frequency of heavy rainfall
events). This approach allowed the identification of conditions under which GSI fails to maintain an acceptable
level of service — evidenced by severe sewer surcharging, flooding, and combined overflows that harm water qual-
ity and summer recreation. Similarly, Winston ef al. (2016) used exceedance curves to evaluate whether three
biofilter cells with low hydraulic conductivity could eliminate outflows from small events, showing that the mini-
mum rainfall depths required to produce outflows were 5.5, 7.4, and 13.8 mm for the three biofilters studied. The
same study found that increasing ponding depths by up to 51% (corresponding to an additional 5-17 cm) was
necessary to reduce the occurrence of overflows under such rainfall depths (<13.8 mm). In terms of reducing
flood damages by adopting GSI, Staccione ef al. (2024) found that increasing GSI implementation by 25%
(in terms of area required) in the City of Milan, Italy, could potentially halve the pluvial flood damages and
reduce the population exposed to flood conditions by 40%.

While the present study evaluates the overflow risk based on historical rainfall, changes in rainfall conditions
given by a non-stationary climate require adjustments to meet the future desired levels of service (Hathaway et al.
2024). Hathaway ef al. (2014) determined that storage depths would need to be increased by 9-31 cm (while
maintaining other design parameters constant) to restrict annual overflow from bioretention cells under future
climate conditions in North Carolina, USA. Lewellyn & Wadzuk (2019) evaluated the overflow risk of a biofilter
cell under different climate change scenarios, resulting in risk increments above the acceptable level for designs
with a ksat of 25.4 mm/h and a ponding depth of 76 mm. The same study found that it would be necessary to
work with soil media with a ksat of at least 51 mm/h to achieve a risk below the acceptable level. However,
such infiltration rates (51 mm/h) can be found only in engineered soil media (in the case of biofilter cells), but
are rarely found or sustained in native soils of grass swales (Mantilla ef al. 2025). Hamouz et al. (2020) found
that adding an expanded-clay layer beneath green-roof substrates improved detention during extreme precipi-
tation due to climate change. Similarly, Pons et al. (2022a, b) forecasted green-roof performance at six sites
(four in Norway, two in France), finding reduced detention in most Norwegian cities — especially Bergen -
due to increased rainfall, and slight improvements in Marseille where event frequency decreased.

Despite the widespread use of GSI for reducing the adverse effects of urbanization and climate change, GSI
performance can deteriorate over its lifecycle, leading to operational failures (Bahrami et al. 2024). To anticipate
malfunctions and enhance the long-term performance of such facilities, the identification of conditions that lead
to failure mode operations needs to be documented (Langeveld ef al. 2022). This information can be used to
recognize component vulnerabilities, required design modifications, and predictive strategies to maintain service
levels (Cherqui et al. 2019). For instance, limited research has been conducted on the decline of performance of
GSI over time, particularly with respect to accurately predicting changes in soil hydraulic properties, which
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directly affect stormwater retention capacities (Gonzalez-Merchana ef al. 2012). Ensuring long-term performance
in agreement with the initial GSI design, suitable monitoring and evaluation of soil properties changes in time, at
different temporal scales, need to be undertaken (Le Coustumer et al. 2009). To account for seasonal variabilities,
Paus et al. (2016) found that bioretention media with a sufficiently high ksat value (i.e., >10 cm/h) should be
selected when designing such facilities for optimal hydrologic performance in cold climate regions.

It should be acknowledged that the 15.6 m> threshold, derived from a uniform 10 cm ponding depth across the
swale footprint, represents an instantaneous exceedance criterion. However, this simplification does not capture
all possible rainfall dynamics. For instance, a long-duration, low-intensity storm could generate cumulative over-
flow volumes greater than 15.6 m®> without ever producing a 10 cm ponding depth at a single point in time.
Similarly, numerous small rainfall events, each generating minor runoff volumes below the threshold, could
cumulatively surpass the 15.6 m® annual total. These scenarios highlight that the threshold volume should be
interpreted as a design benchmark for individual event exceedances rather than an absolute predictor of cumu-
lative risk. To account for such conditions, our analysis combined threshold-based exceedance curves with
annual risk estimates, which together capture both instantaneous depth exceedances and the cumulative contri-
butions of frequent smaller events. This dual perspective provides a more robust assessment of swale performance
under diverse rainfall regimes. Future work should further refine this approach by explicitly distinguishing
between instantaneous ponding depth exceedances and cumulative annual overflow volumes, potentially through
the use of coupled 1D-2D hydrodynamic models.

A key contribution of this study lies in the application of a risk-based framework, which extends beyond con-
ventional event-based exceedance analyses. While event-based metrics provide information on the frequency and
magnitude of individual overflow events, they do not capture how these events translate into long-term oper-
ational risk. The yearly risk-based approach integrates both the probability of occurrence and the cumulative
consequences (overflow volumes), thereby offering a measure of expected annual risk that is more directly
aligned with decision-making in design and management contexts. This provides two added benefits: (1) it
allows for comparisons across sites and design scenarios on a common annualized scale and (2) it supports
the integration of hydrological performance with broader flood risk management objectives, where risk is com-
monly defined as the product of likelihood and consequence. The findings presented here confirm earlier
applications of risk-based methods in stormwater and sewer system design (e.g., Korving et al. 2009; Lewellyn
& Wadzuk 2019), while demonstrating their utility in the specific context of GS performance. By linking excee-
dance analyses with a formal risk framework, our study translates hydrologic model outputs into a format that is
directly usable for defining acceptable service levels and prioritizing adaptation strategies.

4.2. Limitations of the study

It is important to emphasize that the overflow results are governed by the physical characteristics of the GS being
studied, such as the cross-sectional area and swale length. Due to limitations of the model used (a lumped, one-
dimensional model) to represent important features of the GS - such as infiltration on the side slopes and vari-
ations in soil hydraulic conductivities, which have been found to influence the swale retention capacity (Mantilla
et al. 2024) - the findings reported here might underestimate the swale capacity to retain runoff volumes. For
instance, Apel et al. (2009) assessed the model complexity needed for flood risk assessments in a municipality
in southeastern Germany and found that coupling 1D/2D hydraulic modeling with a multifactor flood-loss
model best balanced data requirements, simulation effort, and result accuracy. The results presented do not
aim to estimate the consequences of overflows in downstream urban areas (which would require a two-dimen-
sional model), but rather to provide an overview of the influences of rainfall patterns, soil permeability, and
physical swale properties on the acceptable performance of grass swales for stormwater retention. The estimated
overflow risk is the result of the combination of the likelihood of overflow occurrence and the associated volume,
but it does not indicate the acceptable level of risk, which would require balancing tolerable conditions for sta-
keholders with economic, social, environmental, and technical factors (Mens et al. 2011).

In addition, the GS was modeled as a separate subcatchment using the Green-Ampt infiltration method. This
approach presents a limitation, given that the model does not dynamically restore soil moisture by actual evapo-
transpiration (PET) between rainfall events but instead uses a user-specified ‘initial deficit’ and assumes a
constant recovery rate driven solely by the ksat (Rossman 2016). In practice, this means that antecedent moisture
conditions in the swale media remain fixed or recover at a rate following each rainfall event, regardless of air
temperature, solar radiation, or wind speed. As a result, simulations may overestimate infiltration (and thus
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underestimate overflow) when true soil moisture recovery is slower than ksat would imply - such as during cool,
low-PET periods - or conversely underestimate infiltration after dry spells when actual PET would have further
depleted soil moisture.

The values used for the model calibration (parameter bounds) were consistent with field evidence and soils lit-
erature (Table 3), yet the overall statistical performance remained modest across return periods (Table 4). NSE
values were near zero or slightly negative for the smallest events (e.g., —0.15 for the 2 years) and improved
with increasing inflow magnitude, reaching 0.42 for the 50-year event; KGE followed a similar pattern
(0.27 — 0.67), with an overall mean of 0.44, which can be considered a satisfactory fit. This scale dependence
likely reflects (1) a lower signal-to-noise ratio at small flows (measurement uncertainty and minor timing mis-
matches can penalize NSE/KGE disproportionately), (2) stronger control of antecedent moisture and lateral/
frontal inflow partitioning during low-intensity tests, and (3) structural simplifications from representing the
swale as a single subcatchment (which limits the description of heterogeneity and preferential flow). Event-
wise calibration yielded higher ksat for larger return periods, while suction head clustered around ~60-
70 mm, and the initial deficit remained low (~0.1), suggesting intensity-dependent compensation: as events inten-
sify, the model increases effective conductivity to reproduce quicker throughflow and larger outflows. The
resulting mean parameter set (e.g., ksat ~ 61 mm/h) balances performance across scenarios but should be inter-
preted as an effective representation rather than a unique physical truth. Improving fit at low flows will likely
require (1) better process representation (lateral inflow routing and along-slope variability), (2) tighter constraints
on antecedent moisture states, and (3) higher-resolution observations to reduce timing and volume errors.

A limitation of this study arises from the calibration procedure, which relied on synthetic irrigation events
under uniformly wet initial conditions (IMD = 0%). While this approach ensured controlled boundary conditions
and reproducibility of observed outflows, it may not fully capture the variability in antecedent soil moisture that
occurs under natural rainfall-drying cycles. In practice, grass swales undergo dynamic wetting and drying influ-
enced by ET, shallow groundwater, and seasonal factors, which the calibration experiments did not explicitly
reproduce. To mitigate this limitation, sensitivity analyses were conducted for a range of IMD values constrained
by soil porosity, which confirmed the strong influence of antecedent moisture on overflow generation. These find-
ings highlight the importance of interpreting the long-term simulations as indicative of relative trends, rather than
absolute predictions, and suggest that future work should explicitly couple soil water balance models (including
ET-driven recovery) with SWMM infiltration routines to better represent variable antecedent conditions.

5. CONCLUSIONS

A risk-based approach to estimating the risk of annual overflows from a GS was presented, and identified the
influences of local climate, soil permeability, and physical characteristics of a specific GS on overflow occur-
rence. Three locations with different mechanisms of rainfall generation, frontal precipitation (in Gothenburg),
convective rainfall (in Luled), and convective and orographic precipitation (in Ostersund), were included in
the analysis. Results showed interannual variability in overflow risk, driven mainly by changes in total annual
precipitation. Exceedance curves confirm that applying grass swales in regions with rainfall regimes similar to
those analyzed in this article and low soil hydraulic conductivities (below the recommended value of
12 mm/h) will lead to facilities operating in failure mode during the entire period of analysis, unless mitigation
measures are adopted. These findings confirm that locations with native soils of such low hydraulic conductivities
are unsuitable for GS applications. While the results obtained suggest a minimum ksat of 31 mm/h to increase the
time that the GS operates with an acceptable performance (50% in Gothenburg and 70% in Luled), such infiltra-
tion rates are rarely found in native soils where grass swales are implemented. Additional design considerations
should be explored to achieve acceptable operation, including building swales with greater cross-sectional areas,
replacing native soils with engineered soils with higher hydraulic conductivities, or the addition of an underdrain
in less permeable soils. Such design changes would require undertaking a benefit-cost analysis of the modified
swale to ascertain its economic efficiency.

The results showed that, under the same soil conductivity and physical design characteristics, local climate -
particularly total annual rainfall and ET - determines the occurrence of overflows. This effect was observed in
Ostersund modeled data, which is characterized by moderate annual rainfall (567 mm) and low-intensity
events, making it the only location among those studied to operate with 100% acceptable performance for a
ksat value of 31 mm/h. Exceedance curves indicate that acceptable performance is governed by local climate
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conditions and the presence of highly permeable soils. A characterization of climatic indicators, such as the
occurrence of rainfall depths exceeding swale infiltration rates, should be incorporated into the estimation
of swale retention capacities and the selection of GS physical properties, including cross-sectional area
(e.g., width, length, and shape). Findings showed that climatic conditions less favorable for acceptable operation
correspond to locations with an oceanic climate, characterized by frequent and consistent precipitation, well-dis-
tributed rainfall throughout the year (without marked dry or wet seasons).

The findings highlight the importance of identifying conditions that lead to a failed operation, and how such
information could be incorporated into design modifications and verification of initial design parameters.
Such findings are exacerbated in cold climate locations, where seasonal changes in soil hydraulic properties
lead to a reduced hydrological performance during the winter period. Results from the present study suggest
that when evaluating the acceptable operation of GSI, the focus should not be solely on the technical perform-
ance, but also on aligning the facility with broader management objectives, understanding risk tolerance, and
considering the unique characteristics of the local site. Future work could apply climate projections to test
whether current ksat thresholds remain effective under intensified rainfall. Coupling the 1D swale model with
2D inundation tools can link overflow volumes to flood extents and impacts, while multi-objective optimization
and life-cycle cost-risk analysis can inform swale design, underdrain placement, and retrofit strategies for
balanced performance and resilience.
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