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ABSTRACT

The Stormwater Management Model (SWMM) is a widely used tool for assessing the hydrological performance of infiltration
swales. However, validating the accuracy of SWMM simulation against observed data has been challenging, primarily because
well-functioning infiltration swales rarely produce surface runoff, especially over short monitoring periods. This study addresses
this challenge by using measured subsurface water storage levels for calibration and validation. The study evaluated three
SWMM modules, namely, the snowpack, aquifer, and low-impact development (LID) modules, to simulate subsurface water
storage levels of an infiltration swale located in a cold climate region during snow and snow-free periods. Global sensitivity
analysis was used to identify influential parameters within these modules. The findings revealed that only a few parameters
significantly influenced model outputs. Moreover, the aquifer module outperformed the LID module in simulating subsurface
water storage due to limitations in setting the initial saturation of the LID module. Furthermore, simulation accuracy was
better during snow-free periods due to challenges in simulating snow dynamics during snow periods with the snowpack
module. The calibrated models offer valuable insights into the long-term hydrological performance of infiltration swales,
enabling practitioners to identify events that trigger flooding in these systems.
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HIGHLIGHTS

® Groundwater data were used to evaluate the long-term performances of infiltration swales.

® Sensitivity analysis identified key parameters in three selected modules in the Stormwater Management Model.
® Aquifer and snowpack modules effectively predicted swale hydrological performances.

® Groundwater monitoring reduces uncertainties in soil and snow processes in swales.

1. INTRODUCTION

Infiltration swales are sustainable stormwater infrastructures that convey and infiltrate surface runoff from adja-
cent roads and connected catchments (Davis ef al. 2012). They have attracted increasing attention in recent years
due to the increased amount of runoff in urban watersheds as a result of climate change and rapid urbanization
(Davis et al. 2012; Skougaard Kaspersen ef al. 2017; Safiudo-Fontaneda ef al. 2020; Bosco et al. 2022). Infiltration
swales provide other benefits for urban watersheds such as removing sediments and pollutants from surface
runoff (Monrabal-Martinez et al. 2018; Gavric et al. 2019), reducing the emission of greenhouse gases by captur-
ing carbon, groundwater recharge, and the reduction of soil erosion (Li ef al. 1998).

The Stormwater Management Model (SWMM) is one of the most commonly used tools for assessing the hydro-
logical performance of sustainable stormwater infrastructure such as infiltration swales, green roofs, and
bioretention cells (Rossman 2010). According to the Web of Science database, SWMM has been mentioned in
over 1,500 studies in general, and in nearly 500 publications dealing with sustainable stormwater infrastructures,
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as of September 2023. Moreover, SWMM has been applied in numerous studies for simulating the hydrological
performance of infiltration swales (Hwang & Weng 2015; Peng et al. 2020; Bond ef al. 2021).

For accurate and reliable results of the SWMM model, calibration is required (Alfredo ef al. 2010; Rosa ef al.
2015; Peng & Stovin 2017). Rosa et al. (2015) tested the performance of an uncalibrated SWMM model in simu-
lating runoff from a catchment with sustainable stormwater infrastructures. They found the model to yield
simulation results of catchment outflows with poor agreement with measured values. Hence, they advised to exer-
cise caution when interpreting the results of uncalibrated SWMM models. Typically, sustainable stormwater
infrastructures such as green roofs, bioretention cells, and permeable pavements are calibrated using observed
drainage outflows as variables for calibration. However, infiltration swales are rarely equipped with drainage
pipes, limiting the calibration variables to surface runoff.

Infiltration swales are typically designed with highly porous materials to enhance infiltration and reduce the
occurrence of surface runoff and overflooding. Therefore, the occurrence of surface runoff is infrequent in a
well-drained infiltration swale. For instance, Safiudo-Fontaneda et al. (2020) reported the hydrological perform-
ance of infiltration swales over 3.5 years. They found the swale to infiltrate most rainfall events, and only four
rainfall events caused surface runoff in swales. Likewise, Davis et al. (2012) reported the hydrological perform-
ance of four full-scale swales during 52 rainfall events that occurred over a period of 4.5 years. They found half of
the events to be infiltrated completely by swales, resulting in no surface runoff. In addition, they reported reduced
infiltration volumes for extreme rainfall events yielding surface runoff. It is important to emphasize that such
types of events (i.e., extreme events) rarely occur, particularly over short monitoring periods.

The lack of calibration data for infiltration swales can be clearly seen in the literature. Numerous studies have
applied SWMM to simulate infiltration swales outflows without prior calibration (see, for instance, Hwang &
Weng 2015; Luan et al. 2017; Xie et al. 2017; Peng et al. 2020; Dutta et al. 2021, among many others). Only
one study was found by the authors to calibrate SWMM models of infiltration swales with measured data
(Bond et al. 2021), in which surface runoff was used as a variable for calibration. The lack of calibration data
for infiltration swales can be addressed in several ways. For instance, artificial rainfall events in situ (Hamouz
et al. 2020) or at the laboratory (Rujner et al. 2018) can be used to generate runoff under extreme conditions.
Another option is the use of subsurface water storage under the swale as a variable for model calibration. This
option can offer a valuable solution when calibrating hydrological models for swales that are monitored over
short periods of time, particularly with the lack of extreme rainfall events that can trigger surface runoff. The sub-
surface water levels can be simulated in SWMM by the aquifer module, which simulates the flow and dynamics of
shallow and deep groundwater (Rossman 2010).

The aquifer module of the SWMM model has been evaluated in a few studies at large catchment scales
(Wu et al. 2008; Pells & Pells 2016; Moore et al. 2017), but not in simulating the dynamics of subsurface
water levels of sustainable stormwater infrastructures such as infiltration swales. Therefore, there is a need for
extensive evaluation of the suitability of the module to simulate sustainable stormwater infrastructures such as
infiltration swales. In addition, the performance of the aquifer module needs to be tested in different climates
such as in cold climate regions with the presence of snow. Moreover, the results of the aquifer model need to
be compared with the results of the low-impact development (LID) module of SWMM, which is commonly
used to simulate sustainable stormwater infrastructures in literature. Therefore, the present study attempted to
achieve the following objectives:

(i) Evaluating the sensitivity of the parameters of the analysed SWMM modules (i.e., aquifer and LID modules) to
determine the most influential parameters affecting the performance in simulating subsurface dynamics.
(ii) Evaluating the accuracy of the analysed SWMM modules in simulating the dynamics of subsurface water
levels in snow and snow-free periods.
(iii) Investigating the long-term hydrological performance of infiltration swales using the results of simulation
from the calibrated SWMM modules.

The outcomes of the three mentioned objectives can provide support to practitioners when designing and main-
taining infiltration swales. In Norway, the stormwater management strategy involves a three-step approach that
aims to retain (e.g., infiltrate) small-size rainfall events locally, detain medium-size events, and secure a safe flood
path for extreme rainfall events (Lindholm et al. 2008). Similar strategies are also implemented in other countries,
such as Denmark’s three-point approach (Fratini ef al. 2012). To effectively implement these strategies, a clear
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understanding of the performance of stormwater infrastructures (such as LID) is required, especially under differ-
ent types of rainfall events.

2. MATERIALS AND METHODS
2.1. Case study description

A pilot project on stormwater management, in connection to parts of the road Rv3 in Norway, between
Ommangsvollen and Grundset, has been established by Klima 2050, a Norwegian Centre for Research-based
Innovation (www.klima2050.n0). An infiltration swale (about 700 m long) is installed along a part of the road
as a stormwater management solution (Figure Al in the Supplementary Material) that should infiltrate, treat,
detain, and convey stormwater from the road.

Groundwater level data loggers (branded HOBO, type MX2001) are located at different positions along the
swale and recorded with a time resolution of 10 min. The sensors are installed by the National Public Roads
Administration (NPRA) to provide data that can contribute to the evaluation of the swale’s performance. The
adopted water level sensors are installed in wells and drilled down to different soil layers. Specifically, PVC
pipes inside different wells are perforated at the layers of interest, so groundwater levels are monitored at different
depths (Figure A2 in Supplementary Material).

The most central water level sensor along the swale with a depth equal to 2 m was considered for performance
assessment of the vegetated swale, given its good representation of the groundwater level for the whole sub-catch-
ment of the swale and since it recorded water levels values for the longest period, from July 2020 to November
2022 (Lillegraven 2021).

A climate station was also installed close to the most upstream section of the considered swale. Registered par-
ameters include precipitation and air temperature. These measurements are collected via NPRA’s database
whose available values from November 2020 to August 2022 are shown in Figure 1 together with the correspond-
ing groundwater levels recorded at the aforementioned central location.
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Figure 1 | Observed precipitation, temperatures, and groundwater level values at the weather station and the selected data
logger owned by NPRA.
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2.2. The Stormwater Management Model
2.2.1. SWMM snowpack module

The snowpack module is a crucial component of SWMM for cold climate regions, which enables the simulation
of snowpack processes in urban and rural areas. In the adopted model, the degree-day method was considered,
similar to the method presented in the study by Hamouz & Muthanna (2019). The relevant parameters for the
degree-day method which needed to be calibrated include the fraction-free water capacity Cpro, the site base
temperature for snow formation Tx, the melting coefficient Cx (Rossman 2010), and the antecedent temperature
index ATI (reflecting to what degree heat transfer within a snow pack during non-melt periods is affected by prior
air temperatures), which capture the relationship used in the degree-day method between the amount of snow
melting, and the difference between air temperature T and base temperature Ts.

In this study, human-made snow redistribution occurred in the sub-catchment part corresponding to the road,
where all the cumulated snow is considered to be moved onto the area of the adjacent vegetated swale, according
to the operations performed by the road manager.

2.2.2. SWMM aquifer module

The SWMM aquifer module allows for the simulation of groundwater processes considering the physical prop-
erties of the aquifer, including hydraulic conductivity, porosity, and seepage into the deeper soil layers.
Interactions with air and water above the level of the ground surface can be modelled through parameters
that describe evaporation and lateral surface water recharge, but in the adopted model, those processes were
excluded. From the surface, rainwater infiltrates into the upper unsaturated zone according to the Green-Ampt
infiltration model. Second, water percolates into the lower saturated zone according to Darcy’s equation,
given its specific hydraulic conductivity and variation towards the dynamic moisture content, i.e., the conduc-
tivity slope. Rainwater is then stored in the lower saturated zone while being depleted into deeper soil layers,
according to user-defined equations, depending on the seepage parameter. In the adopted model, the linear
default relationship in SWMM between the water table and deep flow depletion was considered (Rossman
2016) (in Figure A3 in Supplementary Material, the definitional sketch from the SWMM’s manual of the two-
zone groundwater model is depicted together with the representation of flow processes involved).

2.2.3. SWMM LID module

The LID module simulates the hydrological processes of various LID measures such as vegetative swales and
bioretention cells (Rossman 2010). The LID module conceptualizes the vegetative swale by one layer (surface
layer), which applies the Green-Ampt equation for infiltration and routes excess surface runoff using Manning’s
formula in a trapezoidal channel (Rossman 2010). However, the vegetative swale module does not offer the possi-
bility of modelling the dynamics of subsurface water levels. On the other hand, the bioretention cell is
conceptualized by four layers in the LID module (i.e., surface, soil, storage, and drain). The infiltration of
water in the surface layer to the soil layer can be determined by the Green-Ampt equation. At the storage
layer, water either percolates towards the native soil or is routed to the drainage pipe. The routing is determined
by an empirical power law equation, based on flow coefficient, exponent, and the offset of the drainage pipe from
the bottom of the storage layer. This study used the bioretention cell for simulating the dynamics of the subsurface
water level of the infiltration swale, neglecting contributions of lateral and horizontal flows.

2.3. Sensitivity of SWMM model parameters

In this study, the Sobol method (Sobol 2001), a global sensitivity analysis technique, was employed to evaluate the
sensitivity of parameters in the adopted modules. The Sensobol package in R (Puy ef al. 2022) was used to com-
pute Sobol indices, which measure the impact of individual parameters and their interactions on the overall
model variance (Sobol 2001). Although analytical derivation of Sobol indices is possible, the complexity of
environmental models often necessitates Monte Carlo integration to approximate their values. To sample
model parameters, the Sobol sequence, a quasi-random sampling approach (Sobol 2001), was utilized. This
sampling approach generates N x (p + 2) parameter sets (Puy ef al. 2022), where p represents the number of
model parameters and N denotes the number of samples. In this work, N was set to 5,000, consistent with
prior studies (Nossent ef al. 2011; Brunetti ef al. 2016). The sensitivity of the model parameters was assessed
for the considered modules in snow and snow-free simulation periods. The details of the different parameters
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considered in the sensitivity and correlation analyses of the aquifer, LID control, and snowpack modules are
reported in Table 1.

2.4. Calibration and validation

The retrieved sensitive parameters of the considered modules were included for model calibration. Calibration
was performed using the differential evolution (DE) algorithm (Storn & Price 1997) for both snow and snow-
free periods. DE is a population-based algorithm that searches for optimal parameter sets within user-defined
ranges (upper and lower limits in Table 1). DE begins by selecting an initial population of parameter sets and
evaluating their goodness of fit using a defined objective function.

The algorithm then evolves each population to the next by improving or maintaining the objective function
value of each parameter set, until the maximum number of populations is reached (200 in this study). The optimal
parameter set in the final population is selected as the optimal one. In this study, the Nash-Sutcliffe efficiency
(NSE) was used as the objective function, and the size of the population was chosen as 10 times the number
of parameters. The calibration and validation were performed for two distinct simulation periods, respectively,
from 1 November 2020 to 1 May 2021 and from 1 November 2021 to 1 May 2022 for snow periods and from

Table 1 | Parameters of the SWMM modules

Fixed/
Lower Upper optimal
Module Layer Parameter Symbol Unit limit? limit® value®
Snowpack Melting factor Cx mm/°C 0 1 0.05
Base temperature for melting Tx °C -3 3 -1.67
Free liquid water in the cpro - 0 1 0.423
snowpack
Threshold temperature Ts °C -3 3 -1.07
between rainfall and
snowfall
Antecedent temperature ATI - 0 1 0.38
index weight
Negative melt ratio N.melt.ratio -4 0 1 0.074
Catchment + Surface Suction head sh mm 0 100 37
aquifer (catchment)  Saturated hydraulic Ksat_sw mm/hr 0.1 1,000 750
conductivity
Initial soil moisture deficit IMD - 0.09 1 0.52
Aquifer Porosity POR -4 0.1 0.9 0.89
Wilting point wp -4 0
Field capacity FC - 0.01
Saturated hydraulic Ksat_gw mm/hr 0.1 1,000 833.9
conductivity
Conductivity slope k_slope -d 0 100 8.47
Tension slope Tslope mm 0 100 23
GW percolation rate Seep mm/hr 0 1 0.331-
(seepage) 0.17¢
LID Surface Manning mann - 0.001 0.3 0.1
(bioretention Soil Thickness M 0.8
cell) Porosity Por - 0.1 0.6 0.29
Field capacity FC -d 0.01
Wilting point wpP - 0
Conductivity ksat mm/hr 0.1 1,000 983
Conductivity slope k_slope -d 0.1 100 4891
Suction head Sh mm 0 100 3.5
Storage Void fraction Void - 0.01 0.9 0.75
Thickness M 2.2
Drain Flow coefficient kcoeff - 0 1 0.011
Flow exponent expon - 0 3 0.33

aBased on the SWMM manual, and relevant studies in the literature.

PThe results of model calibration.

“Optimal values of seepage for the snow-free period (0.331) and the snow period (0.17).
dunitless (ratio).
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1 November 2020 to 1 May 2021 and from 1 November 2021 to 1 May 2022 for snow-free periods. The separation
of the two periods was based on the temperature values reported in Figure 1, with snow-free periods having
weekly temperatures steadily above 0 °C.

2.5. Scenarios for long-term performances of the swale

The calibrated model was adopted to generate long-term time series (2010-2020) of surface runoff and subsurface
water levels, utilizing precipitation and temperature measurements of two Norwegian cities, namely, Hamar and
Bergen (in SM). Flow duration curves (FDCs) related to surface runoff were considered to analyse the long-term
hydrological performances of the considered infiltration swale. The derivation of FDC was carried out in a similar
way as in previous studies (Abdalla ef al. 2021; Abdalla et al. 2022b).

Precipitation and temperature data were collected, checked, and corrected by the Norwegian Meteorological
Institute (MET) (Lutz et al. 2020). The two cities have distinct climate conditions, with Bergen receiving a high
annual precipiation equal to about 3,110 mm and Hamar receiving approximately only 650 mm. In addition, the
two cities belong to different climatic classes based on the Koppen—-Geiger system, with Bergen classified as a
temperate oceanic climate (Cfb) and Hamar classified as a warm-summer humid continental climate (Dfb). It
is worth noting that the pilot swale examined in this study is located alongside a main road close to Hamar
city (as shown in Figure A4 in Supplementary Material).

3. RESULTS AND DISCUSSION
3.1. Sensitivity and correlations for the considered modules

Figure 2 presents the results of the Sobol sensitivity analysis which aims at evaluating the importance of each
parameter in the different adopted modules, with and without snowpack simulations. As shown in Figure 2,
the most sensitive parameters of the aquifer module are seepage (seep), porosity (por), and conductivity slope
(Kslope). However, hydraulic conductivity (Ksat_gw) was also included in the calibration process, especially
given its correlation with the conductivity slope (Kslope) (see Figure A4 in Supplementary Material for details).

In the adopted LID module, the most important parameters relate to the drainage layer characteristics, namely,
the offset above the bottom of the storage layer, and the parameters orifice coefficient (kcoeff) and orifice exponent
(expon), which describe together the orifice law of the mentioned storage, respectively, as coefficient and expo-
nent. The sensitivity of these two latter parameters was reported by many studies that evaluated different LID
modules of SWMM such as permeable pavement (Abdalla ef al. 2021) and bioretention cell (Hernes et al.
2020). Porosity, hydraulic conductivity, and conductivity slope were also included in the calibration process of
the adopted LID module to allow a comparison with the corresponding optimal values obtained for the aquifer
module. Concerning snowpack modelling, as shown in Figure 2, righthand subplots, the sensitive parameters are
Cx, Cpro, and Tx, as also found in other studies (Hamouz & Muthanna 2019); however, Ts, ATI, and Negative
Melt Ratio were also included in the calibration process.

The results revealed strong correlations among the most sensitive parameters of each module (Figure A5 in
Supplementary Material presents the correlations between different parameters within each module). For
example, in the aquifer module, a significant negative correlation was found between the seep parameter and
both Por and k_slope during both snow and snow-free periods. As a result of these high correlations, a large differ-
ence can be noted between the first-order and total Sobol indices (Figure 2), indicating that the sensitivity of some
parameters, such as Por, is primarily driven by their correlation with other model parameters. This results in equi-
finality, in which different values of model parameters lead to the same model outcome (Beven 1993). It can be
noted that some studies attempted to address the issue of equifinality by utilizing multi-objective optimization
methods (Fowler et al. 2016; Saavedra et al. 2022; Abdalla et al. 2023) and by utilizing multiple data (Seibert
2000; Parajka et al. 2009; Abdalla et al. 2022a) to reduce equifinality and enhance transferability of the hydrolo-
gical models.

The results of the sensitivity analysis showed that only a few parameters control the dynamics of the ground-
water levels for the SWMM modules and most of the parameters were found to be insensitive. This could
potentially reduce the time and computation costs needed to parameterize the considered SWMM modules
for future studies.
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Figure 2 | First-order (Si) and total sensitivity indexes (Ti) for the aquifer and LID modules with and without snowpack
modelling.

3.2. Calibration and validation of the considered modules

As described in the previous section, results from calibration and validation were evaluated separately for periods
with and without snowpack formation. The results of model calibration are presented in Table 1. The optimiz-
ation algorithm yielded similar results for most of the parameters between snow and snow-free periods.
However, the seepage parameter for the aquifer and the LID modules differed significantly between snow and
snow-free periods, as reported in Table 1. The optimal value for the seepage parameter was almost half during
snow periods compared to the optimal value obtained for snow-free periods.

This difference in the values of the seepage parameter can be attributed to the changing properties of the deeper
native soil with different temperature regimes. The relationship between temperature and infiltration rate has
been investigated in the literature. For example, Jaynes (1990) conducted a study on an agricultural field in
which the infiltration rate, water viscosity, and temperature were monitored for a period of 5 days. The author
reported that changes in water viscosity due to temperature had a significant impact on the infiltration rate. Simi-
larly, Braga et al. (2007) investigated the effect of temperature on infiltration rates in infiltration swales. Their
results showed a 56% increase in infiltration rates during the warm period compared to the cold period. Balstad
et al. (2018) applied the modified Phillip-Dunne Infiltrometer method to monitor the infiltration capacity of a
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rain garden in Norway. They found the saturated hydraulic conductivity to vary between 1 cm/hr during summer
periods to 0.05 cm/hr in winter, resulting in a 75% reduction in the infiltration volume in winter, compared to
summer periods.

The calibration yielded different values for the parameters with the same name between the aquifer and LID
modules such as ksat and k_slope. This is referred to by Beven (2010) as parameters’ commensurability in which
parameter values are not independent of the model structure used, resulting in different values for different model
structures. This can also be linked to the equifinality issue, as discussed earlier, resulting in an unrealistic com-
bination of parameter sets that are difficult to interpret and compare with other cases and model structures.
Groundwater levels below the surface of the considered vegetated swale for snow-free periods are shown in
Figure 3 for both the aquifer module and the adopted LID module.

Results obtained by adopting the aquifer module outperformed the results from the LID module. The initial
poor match between observed groundwater levels and corresponding levels calculated through the LID
module is mainly due to an issue linked with the settings of initial saturation which, in SWMM, must be equal
in the soil and the storage layers. This causes an immediate percolation in the model from the soil to the storage,
resulting in a calculated level with a significantly different value than the observed actual value. Iterations may be
performed to find a good initial match; however, associated improvements in the overall results for the whole
simulation were proven to be negligible. Given the better fit of the model implementing the bioretention cell
module after 2 weeks from the starting day of the simulation, future studies can attempt to adopt an initial
warm-up time-window to improve the results on the actual investigated period. In general, the performances
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Figure 3 | Comparison between observed and simulated groundwater levels from the calibrated models using either the
aquifer or the LID module during periods without snowpack formation.
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of the different models in terms of NSE decline from calibration to validation. This might be due to different
reasons, such as overfitting of the calibration data or stabilization of soil conditions of the swale. During the cali-
bration period, the variations of the groundwater level were significantly higher than what was observed during
the validation period, leading to lower NSE values in the latter case. Moreover, on the one hand, although sen-
sitivity analysis allowed us to single out the most important parameters for tuning the models, the selection might
have been insufficient, leading to an overfitting of the models on the calibration dataset which prevents the
models from generalizing on different datasets. On the other hand, it should be noted that the installation of
the considered swale was performed in 2020 when the adopted data started to be collected; therefore, it is
rather likely that transitory soil settings might occur towards a stable condition, at least for the first few years
of the infrastructure’s life.

The optimal porosity value adopted in the calibrated models corresponds to the upper limit of the explored
range of values. In fact, the filling process is highly affected by the presence of the wide road subbase course
made of high-porosity gravel-type soil, acting similarly as a storage tank, given its large volume compared with
the surface of the considered vegetated swale. However, simulation results were also obtained by constraining
the porosity value to 0.45, closer to the expected value for the type of soil below the surface of the considered
swale. As expected, the higher porosity value generated overall better results in terms of NSE, with the lower por-
osity value producing the effect of neglecting the dynamics of higher frequency (a comparison between the results
from the models adopting the two different porosity values is depicted in Figure A6 in Supplementary Material).

Groundwater levels below the surface of the considered vegetated swale for periods characterized by snowpack
formation and snow melting are depicted in Figure 4 for the aquifer module and the adopted LID control.

Considering the results in Figure 4, results obtained through the aquifer module showed better performances in
capturing the dynamics of the observed groundwater levels also for colder periods, characterized by snowpack
formation and snow melting. In this case, the errors between calculated and observed groundwater levels in
the validation period are generally higher than the ones reported for snow-free periods, as measured also by
the NSE scores reported in Figures 3 and 4. In addition to the overfitting of the calibration dataset and the stabil-
ization of soil conditions, the uncertainty about the operations performed by the road manager to cope with snow
(such as the time of removal or the adopted frequency for adding salt on the road surface, which enhances snow
melting (Koefod et al. 2015)) or additional factors for snow redistribution (also dependent on wind or the vehi-
cular traffic) make it challenging to model snow melting processes, leading to larger errors of the validation
dataset during spring, as depicted in Figure 4. Moreover, native soil clogging phenomena have been modelled
through the seepage parameter either with a high or a low value because of the current modelling capabilities
of SWMM for snow-free and snow periods, respectively. However, a variable value between the adopted extremes
for seepage is likely to be closer to reality, especially during snow melting.

3.3. Hydrological performances based on long-term simulation

The long-term simulations were performed adopting the model with the combination of the snowpack module
and the aquifer module since the latter showed better results than the considered LID control. As mentioned
in Section 3.2, the only parameter which showed significantly different values among the snow and snow-free
periods was the seepage parameter, which resulted to be almost half during the snow period, compared to the
optimal value obtained for the snow-free period. Due to this parameter’s sensitivity, three values of the seepage
parameter were selected to run continuous simulations, namely, the optimal values obtained for snow-free
periods, snow periods, and their average.

The simulations considering about 10 years of data from the Hamar and Bergen weather stations, concerning
the daily precipitations and daily average temperatures, are shown in Figure 5.

The bandwidth depicted in Figure 5(a) concerning groundwater levels in Hamar expresses the level of uncer-
tainty associated with seepage, varying from lower levels for high seepage in warmer periods and higher levels for
low seepage in colder periods. Specifically, the band indicates the range of simulated groundwater levels obtained
by varying the value of seepage between its maximum and minimum, corresponding to the calibrated values
obtained, respectively, for snow-free and snow periods. The climate conditions in Hamar during the last
decade produced no surface runoff; therefore, entire rainwater would have been infiltrated into the ground, keep-
ing for most of the time a groundwater depth between 1 and 2 m below the surface of the infiltration swale.

The bandwidth depicted for Bergen in Figure 5(b) concerning groundwater levels shows a lower level of uncer-
tainty associated with the seepage values, in comparison with results shown in Figure 5(a) because, with Bergen
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Figure 4 | Comparison between observed and simulated groundwater levels from the calibrated models using either the
aquifer or the LID module during periods with snowpack formation.

climate conditions, the considered infiltration swale often reaches full saturation; therefore, the seepage values
directly affect surface runoff rather than impacting directly on the status of fully saturated soil.

The climate conditions in Bergen during the considered decade produced several events with surface runoff,
especially in colder periods. In fact, groundwater levels are generally lower during warmer periods because of
lower average precipitations and no contributions of snow melting, as well as a higher value of seepage.

The groundwater storage is affected by the total amount of infiltrated rainwater rather than maximum precipi-
tations which have similar values in Hamar and Bergen (Abdalla et al. 2022b). Moreover, the modelled
infiltration capacity was shown to not be a determining factor in triggering surface runoff since such a case
occurred only as a direct consequence of groundwater saturation (Figure A7 in Supplementary Material for
details on the FDC related to the surface runoff in Bergen climate conditions).

Yang et al. (2015) differentiated between two types of surface runoff in green roofs: saturation-excess runoff
(i.e., due to the saturation of green roof layers) and infiltration-excess runoff which occurs when the precipitation
intensity exceeds the infiltration capacity of the surface soil. In this study, only the former runoff type was con-
sidered due to the high infiltration capacity of the surface layer as the clogging of the surface layer is negligible in
the first years of operation, compared to the involved inflow. However, clogging of the surface layer could reduce
the infiltration capacity leading to increasing occurrences of infiltration excess runoff in the future. To assess the
maximum level corresponding to the saturation excess runoff, HEC-RAS software (Brunner 1995) was used to
model hydraulic behaviour in the channel, consisting of the swale and the surrounding catchment, including
part of the road. The 10-year simulation showed that the maximum runoff was less than 70 L/s, a value
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Figure 5 | Long-term time series of Hamar (a) and Bergen (b) precipitation, surface runoff, and groundwater levels simulated
through the model with aquifer and snowpack modules considering three different values for seepage.

significantly lower than the hydraulic capacity of the considered swale channel. Details of the HEC-RAS model
are not presented in this work; but as a main finding related to this study, hydraulic sufficiency of the swale chan-
nel has been verified considering that input discharges the maximum surface runoff obtained, with the
aforementioned analysis, while assuming conditions of impermeable channel, given the status of groundwater sat-
uration for the infiltration swale.
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4. CONCLUSIONS

In this article, a novel approach was adopted to evaluate the hydrological performances of infiltration swales in
cold climates, taking advantage of the continuous measurements of the groundwater level observed in a pilot pro-
ject in Klima 2050, located along the Norwegian Rv3 road. Overall results of the study shed light on the need for
continuous monitoring of groundwater levels in infiltration swales to improve the hydrological modelling of such
infrastructures.

A sensitivity analysis was performed to select the most important parameters of three selected modules in
SWMM, namely, aquifer, bioretention cells, and snowpack modules. The calibrated model adopting the aquifer
module showed a better agreement with the observations than the model with bioretention cells, mostly because
of a limitation in SWMM related to the fact that the initial saturation of the bioretention cells’ soil and storage
layers cannot be differentiated. The calibrated parameters of the snowpack module showed to be effective in pro-
viding a good fit between the model and the observations, especially when coupled with the aquifer module
during periods when the temperature was significantly below 0 °C. Snow melting periods during spring were
well captured by the model concerning the calibration period, while the dynamics was poorly captured within
the validation period, because of several uncertainties, such as the road manager operations for snow manage-
ment or the actual value of the seepage used to model the flow to the deeper native soil. In fact, native soil
clogging during freezing months has been modelled by adopting a lower fixed seepage value for snow periods
compared to the fixed value adopted for snow-free periods. However, intermediate values between the two
extremes are likely to be closer to reality, especially during snow melting. Moreover, stable soil conditions
have not yet reached in the considered swale since its recent installation; therefore, this could have a large
impact on the results of the validation period, related to data recorded 1 year later than the data used for the cali-
bration period.

The combination of the aquifer and snowpack modules was used for 10-year simulations, considering the
extreme adopted seepage values and their average. The climate conditions of Hamar and Bergen were taken
into account to explore the long-term hydrological performances for the analysed structure of the infiltration
swale, resulting in events of surface runoff only in Bergen for its higher total precipitation, assuming similar
values of soil properties. Nevertheless, flooding conditions were proven to be always prevented in the analysis
because of the large hydraulic capacity of the swale channel compared to the calculated maximum surface
runoff. However, monitoring is ongoing, and additional data on the performance of swales will improve the
reliability of the model, given the recent construction of the considered infrastructure and its probable transition
to stable conditions over the next few years. In the future, additional measurements of groundwater levels and soil
properties (e.g., infiltration, percolation, seepage parameters) are planned and will represent desirable data to
improve the model performances and advance from the study presented here.

FDCs that are derived from long-term simulations can offer a robust approach for investigating the hydrological
performance of LID measures in different types of rainfall events. In addition, monitored groundwater levels pre-
sent an alternative dataset for evaluating the performance of infiltration swales for low- and medium-size rainfall
events. As shown in this study, monitored groundwater levels can be used for calibrating hydrological models of
infiltration swales to evaluate their long-term performance using FDCs, preferably accounting for climate change
scenarios. It is worth noting that runoff events might have large flooding consequences, especially if rainwater is
collected from a basin with a larger extension than the one considered in the present work, mostly consisting of
only the infiltration swale itself and the adjacent road.
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