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Abstract: Nature-based solutions and similar natural water retention measures to manage urban
runoff are often implemented by cities in order to reduce runoff peaks, catch pollutants, and improve
sustainability. However, the performance of these stormwater management solutions is relatively
rarely assessed in detail prior to their construction, or monitored and evaluated following imple-
mentation. The objective of this study was to investigate the field-scale performance of road runoff
filters with respect to the management of stormwater quantity and quality. This study synthesizes
data from two intensive measurement surveys after the construction of sand and biochar-amended
road runoff filters. The filters were able to strongly control the runoff volume and shape of the
hydrograph. The long-term retention was about half that of the water inflow, and a hydrographic
analysis showed the significant but strong event-size-dependent detention of runoff in both the sand
and the sand–biochar filters. The biochar amendment in the filter showed no clear hydrological
impact. The pollutant attenuation of the implemented road runoff filters was modest in comparison
with that observed under controlled conditions. The impact of the biochar layer on the effluent water
quality was observed as the levels of phosphorous, organic carbon, K, Ca and Mg in the sand–biochar
filter effluent increased in comparison with the sand filter.
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1. Introduction

Stormwater management is key to sustainable landscape design, and nature-based
solutions (NBSs) and other natural water retention measures (NWRMs) are being advocated
to treat stormwaters and mitigate the disturbance caused by construction to the local water
cycle [1]. NBSs and NWRMs can be implemented in either a distributed or centralized
configuration within a given catchment in order to increase the retention and detention
of urban runoff, but are typically viewed as “decentralized” water treatment solutions
that are complementary to existing urban water management infrastructure. Ecological
engineering-based stormwater management approaches are referred to as low-impact
development (LID), sustainable urban drainage (SUD), and water-sensitive urban design
(WSUD) in different contexts [1,2], but all of these terms encompass aim to restore the natu-
ral hydrological functions that are compromised in urbanized areas. The main disruption
to the natural hydrologic cycle in the built environment is caused by the construction of
impervious and nearly impervious surfaces, together with modern engineered surface and
subsurface stormwater drainage and conveyance systems [3]. In addition to changes to
the surface water runoff quantity and its temporal dynamics, urban construction leads to
substantial changes in the quality of runoff, resulting in surface runoff that is characterized
by its potential to pose an ecological risk to various degrees and to deteriorate the ecological
integrity of receiving habitats [4,5].
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The control of water quality has become a common motivation for the implementation
of NBSs and NWRMs. Multiple studies have demonstrated the impact of various NBSs,
NWRMs and other decentralized stormwater management approaches on improving the
quality of urban stormwater [6–8], including the removal of nutrients and metals [9,10]. In
addition to improved water quantity and quality management, NBS and NWRM actions
provide multiple benefits, such as improvements in the local amenity values, biodiversity,
and air quality [1,11] through the delivery of ecosystem services. Cities across the world
are actively implementing NBSs and NWRMs, both in newly developed and existing
built environments.

Systems such as NBSs and NWRMs that promote infiltration can be effective for peak
runoff and volume control, yet their retention capacity under cold climatic conditions is
not well understood. Kõiv-Vainik et al. [1] reviewed evidence regarding the hydrological
performance of NBSs and NWRMs when aiming to control stormwater runoff across
climatic zones. In their data [1], the missing information was clearest for the water retention
and pollutant removal efficiency of an NWRM solution. While the implementation of these
systems is expanding, their performance in actual field conditions is rarely investigated.
This is true in particular for the solution in which the inflow into and the outflow from these
systems are difficult to measure or sample. Shahzad et al. [12] studied the performance of
curbside infiltration systems when used as a distributed solution and measured the urban
catchment outflow in order to detect the hydrological impact of the system. They found a
relatively modest impact on the runoff due to the limited storage volume, relative to the
catchment scale; however, the study illustrated the potential for NBS and NWRM systems to
control runoff in a real-life setting. The spatial planning of NBSs and NWRMs in conjunction
with overall catchment management schemes is necessary in order to appropriately locate
and scale NBSs and NWRMs to optimize their performance when implemented in urban
environments [13].

A range of natural and engineered materials are used in the NBSs and NWRMs utilized
for stormwater filtration, including organic and inorganic media, and mixtures thereof; this
is in order to provide a chemically reactive surface area and enable the effective mitigation
of both particulate and dissolved pollutants in filtered stormwater [14,15]. Sand and
gravel are commonly used to ensure a high infiltration capacity. To improve the treatment
performance, sand may be mixed with other materials, such as biochar products. The
performance and impacts of the NBSs and NWRMs, with respect to pollutant attenuation
at a local catchment scale, are often not well understood, and this dearth of knowledge
regarding their performance and impact is particularly notable at scales larger than the
local catchment and in the longer term.

Biochar is increasingly used as a substrate material in stormwater treatment due to
its affordability and the availability of feedstock [16,17]. A product of pyrolysis, biochar
has a unique carbon structure, large surface area, and greater pore volume than soils; thus,
it is widely used as a soil amendment as it promotes water retention and the availability
of micronutrients [1,18]. For stormwater treatment applications, this increased water
retention capacity and storage is expected to improve the detention of stormwater in the
system [19]. The most notable benefits of biochar are related to its more efficient treatment
of pollutants in stormwater particularly metals [16]. The physicochemical properties of
biochar, such as its cation exchange capacity and surface area, vary and depend on the
type and characteristics of the biomass feedstock and production process, including the
pyrolysis temperature and residence time [20]. Biochar-amended stormwater filters are
gaining popularity, yet there remains a need to gather additional evidence concerning their
performance under a range of field conditions in urban environments [17].

The treatment efficiency of NBSs and NWRMs for managing water quality has been
widely studied under both controlled laboratory-scale and field conditions. Laboratory
experiments have demonstrated the efficient functioning of materials for treating polluted
runoff with non-vegetated filters or biofilters [21]. The removal rates for metals exceed 90%
in controlled conditions; this removal typically occurs in the top layers of the filter [22–25].
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Filtration and biofiltration systems for stormwater treatment have been extensively studied
(e.g., [26–28]), including those using varying filter media [29–31] with and without veg-
etation [24,32]. With respect to biochar-amended filter media, there appears to be little
difference in the nutrient release from fresh or aged biochars, although the difference is sub-
stantial between various feedstocks (e.g., wood and grass), and high- and low-temperature
biochars [33]. Biochar has additionally been studied for other NBS/NWRM applications,
such as green roofs [34,35].

When using the reactive media, the removal is notably efficient for particulate-bound
metals through filtration or pre-sedimentation, whereas the removal of dissolved forms
is lesser and is governed to a large extent by sorption in the filter [36]. The removal
of nutrients varies and is typically most effective for sediment-bound fractions, such as
particulate-bound phosphorous and ammonium, which are retained through physical
entrapment. Dissolved fractions of nitrogen and phosphate in influent stormwater are
attenuated through a range of biogeochemical reactions and under some conditions, the
filter material may act as a source of dissolved nutrients, depending on the properties of the
media. Although the pH of influent stormwaters is relatively constant with time, varying
moisture conditions within the filter and variations in the oxidative reductive potential
are significant factors that control the filter behavior [21]. The leaching of nutrients from
stormwater filters may be relatively elevated after dry periods. Nitrogen retention may be
achieved by sustaining high levels of moisture for denitrification processes. The presence
of vegetation improves the hydraulic functioning of filters, whilst the performance of vege-
tated filters is relatively better in wet conditions compared with their performance during
dry cycles [21,24]. The presence of vegetation has additionally been attributed to enhanced
pollutant immobilization [37]. Field studies have highlighted the varying performance
of filters under the conditions of highly dynamic storm runoff generation and variable
pollutant concentrations. Laboratory studies often use a higher influent concentration
than that which occurs under field conditions, which may lead to discrepancies between
laboratory and field results, and an overestimation of the leaching of metals [36].

In the long term, the accumulation of contaminants in stormwater treatment filters
is noted, yet the capacity is typically high for the retention of metals. Rommel et al. [36]
studied the fate of heavy metals retained in sediments, the filter cake trapped by the
treatment process, and the filter media itself in a road runoff treatment system 2.75 years
after its construction. They noted a higher accumulation of metals in the sediment and the
filter cake than in the filter media. Similarly, Jones and Davis [38] observed the accumulation
of lead, copper, and zinc in a bioretention cell filter media over a 4-year period. Al-
Ameri et al. [25] studied the metal concentration in tens of biofilters and observed no
significant increases in the filter media metal concentrations, other than elevated levels in
the surface layer, after 7–8 years of operation. Al-Ameri et al. [25] noted that the density
of urban land use and the presence of industrial areas within the local catchment are key
factors in controlling the influent water quality and thus affect the long-term capacity of
the filters.

The large number of existing solutions that have been constructed but not monitored
present a largely unexploited source of information about NBS and NWRM performance
and impact. Assmuth et al. [39] addressed the benefits of NWRM designs that aim to
facilitate the monitoring of the solution’s performance through repeated field surveys.
There is a need for data at broader spatial and temporal scales regarding the performance
of NBSs and NWRMs under field conditions in order to improve their designs, address
maintenance needs, and identify changes in the performance of the systems over time.

The motivation of this study was to provide evidence on the hydrological and water
quality management performance of typical nature-based stormwater filters, and highlight
some pitfalls in the practical implementation of NBSs and NWRMs. Our objective was
to gather and compile repeated survey data at the field sites and to assess the filter per-
formance in terms of controlling the storm runoff quantity and attenuation of pollutants
in road runoff. The NWRM systems examined included a sand filter and a sand–biochar
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filter that were designed by an environmental engineering consultancy and implemented
by the city of Vantaa in Finland. Both filters were constructed so as to support repeated
monitoring and to obtain field data about their performance with respect to water quantity
and quality management and its changes over time. The comparison between the two filters
aimed to evaluate the role of the biochar mixture with regard to stormwater treatment
from hydrological and water quality perspectives. The water quality parameters examined
included sediments, nutrients, and metals. The performance of the NBS and NWRM-type
filters was examined in the light of existing knowledge regarding typical stormwater filter
behavior as reported in controlled experiments.

2. Materials and Methods
2.1. Site Description and Data

The present study builds upon the two measurement surveys of 2017 and 2019 at
road runoff filter sites along the Tikkurilantie road in the city of Vantaa, Southern Finland
(60.314◦ N, 24.884◦ E, Figure 1a). The climate in the study region is characterized by distinct
seasons with warm summers and cold, wet winters. The annual mean air temperature
and precipitation in the years of 2017 and 2019 were 6.1 and 6.9 ◦C, and 806 and 810 mm,
respectively. Two filters were constructed between a vehicle road and a light traffic road.
The annual average daily traffic load at the site was 7610 vehicles, with approximately 16%
of this comprising heavy weight traffic [40]. The local speed limit was 60 km/h. One of
the filters was constructed with sand and the other with sand including a layer of mixed,
powdered birch biochar (Figure 2). The bottom and the sides of the filters were lined with
a bentonite mat to isolate them from the surrounding soils. The filters were constructed
in January 2017. Each filter had a size of 3.4 × 10 m2 × depth of 1.4 m, and the filters
each served a catchment area of approximately 100 m2 (Figure 1b). The filters were a part
of the sequence of road runoff filters along the Tikkurilantie road. The runoff from the
paved road sections by the sides of the filters flowed onto the filters as overland flow. The
bentonite mat was installed as close to the edge of the road asphalt cover as possible in
order to catch runoff in the filters. The biochar material in one filter was manufactured from
birch (Betula spp.) by RPK Hiili Oy using pyrolysis. The volumetric fraction of the biochar
layer was about 30% of the total filter volume. The washed sand used as the construction
material consisted of light gneiss (54%), reddish granite (27%), and dark mica slate (19%),
with no iron, sulfur compounds or limestone.
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Figure 2. Cross-section of the sand and sand–biochar filter.

The layer structure of the filters is detailed in Table 1, illustrating that the 300 mm
biochar layer in one filter is the main difference between the two stormwater treatment
filters. Subsurface drains were installed at the bottom of the filters and the drain waters
were discharged into an open ditch located along the light traffic way. The drainage outlets
were equipped with discharge measurement devices. The discharge measurement system
used in in 2017 was a Diehl Hydrus (DN 50 mm) ultrasonic water meter and that used in
2019 was a HyQuest Solutions’ tipping bucket flow gauge TB0.5L. In addition, the flow was
manually measured at the time of the water sampling. The discharge gauge in 2017 was
not able to measure all the low flows, because the gauge measured zero discharge until the
rising flow exceeded ca. 50 l/h and triggered the flow sensor, which then recorded the flow
recession down to 2 l/s. The automated measurements in 2017 were combined with manual
flow observations to estimate the event discharge patterns of the filter drain outflow.

Table 1. The layers and material properties of the filters (modified from [40]).

Depth from Surface [m] Sand Filter Sand–Biochar Filter

0–0.2 Sand 0.2–2 mm Sand 0.2–2 mm
0.2 Filter fabric
0.2–0.5 Sand 0.2–2 mm Birch biochar
0.5 Filter fabric
0.5–0.8 Sand 0.2–2 mm Sand 0.2–2 mm
0.8 Filter fabric Filter fabric
0.8–1.25 Gravel 8–16 mm Gravel 8–16 mm
1.25 Bentonite mat Bentonite mat
1.25–1.4 Sub-Base KaM 0–32 mm Sub-Base KaM 0–32 mm

The site was set up with two IM523 rain gauges (Metos), adjusted for a resolution
of 0.2 mm. The stormwater inflow from the road surfaces to the filters was assumed to
resemble the surface runoff discharge from the traffic road and light traffic way over a
bridge at a distance of 250 m from the filters (Figure 1b). Sampling of the surface runoff
was conducted at the outlet of the vertical drainage pipes under the bridge.

The influent and effluent water quality was studied using sampling data from three
rainfall events in June–July 2017 and from three events in September–October 2019. The
first measurement survey occurred 6–7 months and the second survey occurred 2 years and
8–9 months after the construction of the filters. The water samples were gathered manually
during the surveys. The influent water samples under the bridge were taken during rainfall
events, whereas the filter discharge samples were taken over a longer period that extended
beyond the rainfall events; this was due to a delay in the flow through the filters.
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The studied variables are listed in Table 2 and they include the concentration of the
sediments, nutrients, and metals, as well as other variables that are commonly used to
characterize the chemical composition of stormwater. The number of influent samples was
10–17 in 2017 and 5–10 in 2019 for each event. The filter discharge samples numbered 11–15
in 2017 and 10 in 2019 per event. However, in 2017, not all variables listed in Table 2 were
measured for all the collected samples.

Table 2. The studied water quality variables. The total number of samples for survey A in 2017
(xa-ya-za) and survey B in 2019 (xb-yb-zb) are given in parentheses. Letters x, y, and z refer to the
sand filter, sand–biochar filter, and stormwater influent, respectively. The analyses were conducted
following Finnish Standards Association SFS-ISO methods.

Variable (xa-ya-za, xb-yb-zb) Variable (xa-ya-za, xb-yb-zb)

Total N (38-40-44, 30-30-25) Cd (17-18-16, 30-30-25)
NH4 (26-36-16, 30-30-25) Cu (17-18-16, 30-30-25)
NO3 (38-40-44, 30-30-25) Pb (17-18-16, 30-30-25)
TP (38-40-44, 30-30-25) Ni (17-18-16, 30-30-25)
PO4 (38-40-44, 30-30-25) Zn (17-18-16, 30-30-25)
TOC (38-40-44, 30-30-25) Mn (4-4-0, 30-30-25)
DOC (26-26-44, 30-30-25) Si (4-4-0, 30-30-25)
Alkalinity (38-40-44, 30-30-25) Fe (4-4-0, 30-30-25)
Electrical cond. (38-40-44, 30-30-25) Ca (4-4-0, 30-30-25)
Turbidity (38-40-44, 30-30-25) Mg (4-4-0, 30-30-25)
TSS (38-40-44, 20-20-20) K (4-4-0, 30-30-25)
UV absorbance (38-40-44, 30-30-25) Al (4-4-0, 30-30-25)
Redox pot. (38-40-44, 30-30-25) Cl (4-4-0, 30-30-25)
SO4 (4-4-0, 30-30-25) Na (4-4-0, 30-30-25)

2.2. Hydrological Analyses

Short-term concentrated measurement surveys were launched to gather hydrological
and water quality data on the influent and effluent waters of the filters during rainfall
events. The surveys were initiated when the weather forecast indicated that intense rainfall
was expected on the study site. The rainfall discharge events of the sampling surveys were
determined by defining the start of the event, which was based on the measured increase in
rainfall, and the end of the event, which was based on the flow recession decreasing back
to the pre-event level. The event characteristics were defined in terms of the rainfall depth
and peak intensity, discharge depth and peak intensity, time to peak discharge from rainfall
peak, and runoff coefficient.

The discharge response to rainfall was studied via an analysis of the instantaneous unit
hydrograph (IUH), following [41,42]. Fitting the IUH to flow events provides a quantitative
and visual measure of event flashiness, i.e., how quickly and with what type of recession
the filter responds to a rainfall event. IUHs were identified for all events in both filters in
order to facilitate their comparison. The IUH ordinate as a function of time t and the mean
transit time tm was determined as follows:

IUH(t) =
1

βαΓ(α)
tα−1e−t/β (1)

tm = αβ (2)

where α is the shape parameter, β is the scale parameter, and Γ(α) is the gamma function.
The IUH parameters were optimized for each rainfall-runoff event by optimizing α and β
concurrently with the effective rainfall of each time step when rainfall had a value greater
than zero. Effective rainfall was the share of the precipitation that produced filter discharge.
The optimization was conducted with the shuffled complex evolution method (SCE-UA)
of [43]. The sum of the squared error between the computed and observed filter discharge
values was the optimization criterion to be minimized. The IUH ordinates for a rainfall-
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runoff event are identifiable as long as there is a sufficient amount of event runoff data over
the time periods with no rainfall.

In order to compare the hydrological behavior of the two filters, the seasonal pre-
cipitation and discharge values were plotted from September 2019 to July 2020, when
measurements were available. The winter of 2019–2020 was exceptionally mild and the
filters were only infrequently affected by snow and freezing conditions, which facilitated
the continuation of the rainfall and outflow measurements throughout the winter.

2.3. Analysis of Water Quality Data

The water quality data were studied to detect the differences between the sand and
mixed sand–biochar filters, and between the surveys of the years 2017 and 2019. The
surveys in 2017 represented conditions about half a year after the filter construction and
the survey in 2019 represented the conditions ca. 2 years after the first survey. The analysis
tools were selected to first visualize the relative difference between the influent and filter
discharge water quality. Median concentrations of elements and pollutants were calculated
and the scaled values for each concentration were computed as follows:

ci,rel =
ci

cmax
(3)

where ci is the median concentration of the studied variable at source i, ci,rel is the scaled
concentration at source i, and cmax is the maximum median concentration of the sources.
The three sources were (1) influent stormwater, (2) sand filter discharge, and (3) sand–
biochar filter discharge. To highlight the largest relative changes between the source water
quality levels for different variables, the differences in the median source concentrations
were ranked from the largest to smallest values.

The scaled concentration values were also studied using event mean concentration
estimates cem,i, which were computed as follows:

cem,i =
jmax

∑
1

ci,jqi,j (4)

where ci,j is the concentration of sample j for source i, jmax is the number of samples for
an event, and qi,j is the flow weight of sample j for the source i. The flow weights were
computed using the block method [44]. The time block for sample i at time ti starts at
time (ti + ti-1)/2 and ends at (ti+1 + ti)/2. The flow weight for sample i is the average
flow over the time block. The event mean concentration values were subsequently scaled
following Equation (3) in order to visualize the changes between the effluent and filter
discharge quality.

3. Results
3.1. Discharge Response to Rainfalls

Figure 3 summarizes the hydrological characteristics of the events in terms of accu-
mulated rainfall and drain discharge. The first studied summer rainfall event in June
2017 occurred during an episode of intermittent rainfalls. The highest rainfall event with
a maximum intensity of 1.1 mm/h led to a clear response in the filter discharges. The
cumulative runoff in event 1 exceeded the precipitation due to the high antecedent moisture
caused by the small rainfall preceding event 1. The other two studied events (events 2–3 in
Figure 3) had clearly lower rainfall intensities and they occurred without major preceding
rainfalls. The events measured in autumn 2019 were similar in terms of the total event
rainfall volumes, but the rainfall intensity was higher for event 4 than for the last two
events, which was again reflected in the higher generation of drain discharge from the
filters. The magnitude of the accumulated discharge is an indication of the initial moisture
status of the filters and the rainfall amount. The difference between the sand filter and the
sand–biochar filter was not systematic. In 2017, the sand filter produced a higher outflow
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for all events, but in 2019, the sand–biochar filter showed a faster response and a slower
recession than the sand filter.
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Figure 3. Cumulative rainfall and cumulative discharge of the sand and sand–biochar filter during
events 1–3 (a–c) in the 2017 surveys and events 4–6 (d–f) in the 2019 surveys. The maximum rainfall
intensity (max rain) is also shown.

The dynamics of the filters were quantified in terms of the IUHs visualized in Figure 4,
and the parameter values of the IUHs are listed in Table 3. The events with the highest
peak discharge values show the flashiest shapes in the IUH, which is seen in particular for
the sand filter in event 1 and for the sand–biochar filter in events 1 and 4, which have a
peak discharge that is higher than 0.6 mm/10 min. The July event 3 with the lowest peak
discharge represents the least flashy shape, with a flat response to rainfall. The rest of the
events have more similar IUH shapes, which are more consistently becoming flatter as the
peak discharge value decreases for the events in the sand–biochar filter compared to the
sand filter.

Table 3. IUH model parameter values α and β and transit time tm (in hours) for the studied runoff
events. The events are ordered based on the decreasing IUH peak value (see Figure 3).

Sand Biochar

Event α β tm (h) Event α β tm (h)

1 2.68 0.53 1.43 4 2.65 0.55 1.47
6 1.51 1.78 2.68 1 1.59 0.92 1.47
4 1.74 1.58 2.75 5 3.00 0.88 2.64
2 2.46 1.52 3.73 6 2.29 1.47 3.37
5 1.88 2.19 4.13 2 1.90 2.49 4.73
3 1.69 7.42 12.56 3 1.33 11.39 15.21

The mean transit times (Table 3) for the flashiest IUHs are 1.4–1.5 h, which increase
strongly for the low-peak events. Clearly, the size of the discharge event controls the shape
of the hydrograph and the transit times. The shape parameter β increases strongly with a
decreasing peak value, expanding the IUH forward with time. A comparison between the
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IUHs from the sand and sand–biochar filters shows no strong difference. The flattest IUHs
have slightly longer transit times for the biochar–sand filter than for the sand filter.
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Figure 4. Instantaneous unit hydrographs of events 1–3 in 2017 and events 4–6 in 2019 measured in
sand (a) and sand–biochar (b) filters. The peak discharge (q) is the measured highest 10 min value
during an event.

The continuous data from autumn 2019 to summer 2020 reveal the long-term water
balance of the filters (Figure 5). The runoff coefficients are 47% for the biochar–sand filter
and 53% for the sand filter. The discharge for the sand filter is most of the time (77%)
higher than that for the biochar filter, but the difference in the runoff accumulation is not
systematic. In the short-term and event scales (Figure 2), the runoff coefficients vary widely
due to the small size of the catchment and the relatively long retention of small flows in
the filters. The runoff coefficient does not show clear seasonal changes, except for the fact
that the runoff is low in April and high in July compared with the measured precipitation.
It should be noted that evaporation demand, which has a strong seasonal pattern at the
site, is not the only factor that causes the retention of water in the filters. Part of the water
influx from the road area infiltrates into the ground and does not end up in the subsurface
drainpipe of the filters.
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3.2. Discharge Water Quality

The water quality is firstly presented to highlight the differences in the event mean
concentrations (EMC) between the sand and sand–biochar filters for all studied events
(Figure 6a). For most of the measured variables, the sand–biochar filter discharge had
higher EMCs than the sand filter. The sand filter had clearly higher values for nitrogen
(NO3, TN), for some metals (Ni, Fe), and for turbidity. The sand–biochar filters had higher
EMCs for alkali and earth metals (K, Ca, Mg), for Cl and Na, and for organic matter
(DOC, TOC).
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Figure 6. The relative differences in the averaged event mean concentrations (EMC) for sand and
sand–biochar filters (a), and the relative differences shown separately for peaky events 1 and 4 (high
IUH) and for flat events 2,3,5, and 6 (low IUH) in sand and sand–biochar filters (b). The differences
in the EMCs are ranked from the largest range in EMCs to the smallest.

The largest two events, 1 and 4, showed a more peaky hydrograph shape in the IUH
analysis of Figure 4, but the flashy events did not stand systematically out in the comparison
of the filter water quality (Figure 6b). The highest EMC differences were similar for events
of different sizes, but for Ni, the difference was reduced for flashy events compared to flat
events. In the events with peaky IUHs, the sand filter showed the most systemically high
EMC values for NO3, turbidity, Fe, TN, NH4, Al, and Mn. The turbidity and TSS were at an
elevated level for both filters during the flashier events.

The scaled median concentrations for the sand and sand–biochar filters are separately
presented for the data measured in 2017 and in 2019 in Figure 7. The comparison shows
that the stormwater influent concentrations were higher than the effluent for only a few
variables in both years, and that the influent concentrations in autumn 2019 were mostly
lower than the concentrations of the filter effluents. The influent concentrations were higher
than the effluent concentration for turbidity, TSS, and Zn for both years. The data of 2017
did not include all variables, but the available data (e.g., Figure 8) show that the influent
water quality in the 2017 summer events was more polluted than that of the autumn events
in 2019.
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The relative concentrations of the sand and sand–biochar filters (Figure 7) showed a
difference that was higher than 50% (98...53%) in 2017 in the following order of decreasing
difference: NO3, K, Ca, Fe, TN, Al, Mg, DOC, alkalinity, Pb, TOC, and electric conductivity.
For 2019, differences above 50% (97 . . . 57%) were detected for Ca, K, Mg, alkalinity, electric
conductivity, TN, UV254, Ni, DOC, TOC, Cl, and PO4. The sand filter showed a clearly
higher median concentration than the biochar filter for NO3, Fe, TN, Al, and Pb in 2017,
but only for NO3, Ni, and TN in 2019. For a large number of variables in 2019, the median
concentrations of the effluents became higher in the sand–biochar than those in the sand
filter. When moving from 2017 to 2019, the largest changes in the filter effluent differences
were seen for PO4, TP, Ni, and Mn. PO4 was at a higher level for the sand filter in 2017 but
became higher for the sand–biochar filter in 2019. A large difference between the filters
stayed generally the same from 2017 to 2019 for K, TOC, Mg, and Ca.

Figure 8 presents examples of the distributions of nutrients, DOC and selected metals
for the years 2017 and 2019. The limits used by the Stockholm water authorities [45] are
presented for the total nitrogen, phosphorous and metals Zn, Pb, and Cu. The distributions
for the nitrogen concentration exhibited a sporadic behavior in the influent, with higher
values in the 2017 summer events compared to the autumn 2019 events. The total N
concentration for the sand filter exceeded the lower threshold marked in Figure 8a. The
nitrogen concentration in the sand filter exceeded the concentration in the sand–biochar
filter, but the difference decreased with time for the total N and NO3. The phosphorous
concentrations partly overlapped between the filters, showing increased P concentrations
in 2019 compared to 2017. When compared against the Stockholm water limits [45], the
total P concentrations clearly exceeded the upper threshold for the biochar–sand filter in
2019. Both filters showed clearly higher DOC concentrations in 2017 compared to 2019,
and the DOC levels were higher for the sand–biochar filter than for the sand filter. The
concentrations of metals occasionally exceeded the lower threshold for Zn, Pb and Cu. The
differences between the filters and between the years were not distinctive. The aggregated
distributions of all studied variables for stormwater influent and the two filters are plotted
as box plot distributions in Figure S1.

4. Discussion

The current results demonstrate that the filters had a strong influence on the surface
runoff in terms of runoff detention, which increased with a decreasing event magnitude.
The flattening shape of the IUH with peak discharge is characteristic of the hydrological
response to excess rainfall that has been observed in catchments of different sizes [41].
The events with the highest peak discharge values showed high runoff coefficients, with
the total discharge exceeding the event precipitation volume. The discharge during these
events was influenced by the pre-event water stored in the filter. The flattening shape
of the IUH with decreased peak discharge demonstrated how the detention in the filters
mixed the rainfall waters and exhibited a long recession of small flows after the cessation
of rainfall. The water balance of the filters over multiple events suggested a retention
of water due to some evaporation and infiltration into the soil around the filters. The
measurements over a period of 10 months demonstrated runoff coefficients in the order of
50%, revealing that a large share of water influx is evaporated or infiltrated. The biochar
mix was expected to increase the water storage capacity of NWRM [19], but in Vantaa, the
hydrological behavior of the two filters was similar, suggesting that the presence of biochar
did not strongly influence the management of the stormwater quantity.

The increasing flashiness of the IUH with the event peak indicates how an increase in
the drainage area and a corresponding increase in the stormwater inflow lead to a lower
mean transit time and a shorter detention time in the filter. The filter-to-catchment area ratio
was in the order of 0.34, which is large compared to the typical ratios, such as 0.001–0.29,
which was reported for 29 biofilter solutions in Australia by [25]. A capture ratio of the
studied filters, i.e., the contributing area divided by the NWRM area, was 2.9, causing
filters to show a strong detention impact on road runoff.
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Previous research has demonstrated filtration to be an efficient means to remove
particle-bound heavy metals in stormwater [22–24]. In Tikkurilantie, the removal was the
clearest for TSS, Zn, and Cu, but the removal efficiency did not reach as high levels as
those reported in laboratory studies [14]. The reason was the highly variable concentration
levels in the influent stormwater, which were mostly moderately low (Figure S1). Forced
sorption experiments use higher and typically constant influent concentrations [14]. In
addition, laboratory studies have standardized exposure times, whereas flow rates in real
environments can be higher and thus the residence time is lower.

Stormwater filters have been widely reported to achieve the effective net removal of
total P when phosphorous is primarily bound to particles [14,24,46]. Reactive filter materials
reach moderate levels of dissolved PO4 removal [14], but the leaching of PO4 from the
filters has been reported to be an issue in some cases [24]. For N, NH4 is typically retained,
while the filters commonly act as a source of NO3 leaching [23,24]. The Tikkurilantie
filters showed the consistent removal of NH4, but less so for total N and P. P leaching in
2019 reflected the presence of the biochar layer in one of the filters. Among the variables,
the biochar’s impact on water quality was most clearly shown in P and PO4, as well
as DOC and TOC. The filters showed clear differences in some of the alkali and earth
metals, suggesting that the base sand material of the filters is likely heterogeneous. The
filters were found to retain sediment and sediment-bound substances, even though the
concentrations for most of the studied variables were higher in the filter discharge than in
the stormwater influent. The properties of biochar and its performance in water treatment
are affected by its production methods, such as the type of feedstock used and the pyrolysis
temperature [16,33,47]. The biochar type in Tikkurilantie was characterized by the leaching
of labile P and DOC [14]. Increases of K, Ca and Mg are to be expected, as these cations are
leached from the biochar matrix as the mineral and entrained ash dissolves.

The water quality and quantity measurements from the Tikkurilantie were combined
to discuss the pollutant load in the filtered water and to set the load to the context of
the available studies conducted in northern urban areas [48–50]. The filter runoff from
2019–2020 was multiplied with the median concentration of the surveys in 2017 and 2019
for TP, TN, TSS, Cu, Pb and Zn, which are the variables prescribed with threshold concen-
trations in Swedish guidelines [45]. The comparison is summarized in Table 4, where the
reference data were grouped to show the annual loads of the high-density (imperviousness
>50%) and low-density (<20%) catchments for nutrients [48,49] and metals [48,50]. The
range found in the developing area had been measured in a residential catchment, where
the imperviousness increased from 2% to 37% during its development [49]. The influent
loads to the filters were at the level of high-density urban areas in the 2017 data but dropped
to the low-density range in 2019, reflecting the fact that these surveys were carried out
during summer storms (2017) and the autumn rain period (2019). The retention of TSS
and metals in both filters was effective and reduced the influent load, which was similar
or higher than that reported for high-density urban areas. The TN load for the 2017 data
was elevated in both filters. The sand filter TN load was comparable to load range reported
for developing areas, reflecting the initially high potential of the TN load soon after filter
construction. While the estimated TP load in the influent was higher for 2017 than 2019, the
biochar effluent TP load increased from 2017 to 2019 and remained in a level comparable to
high-density urban areas.

One question arises about the optimality of the Tikkurilantie filter location. The
Tikkurilantie filters are located at a site in which the contributing area produces pollutant
loads that are comparable to densely constructed urban areas, even though the road is
not heavily used (Table 4). The traffic load of the road is in the order of 7600 vehicles per
day, whereas roads with a density exceeding 30000 vehicles per day have been reported to
have deleterious impacts upon the receiving surface water bodies [51]. The Tikkurilantie
filters would be more suited to larger capture ratios, i.e., larger contributing areas, as the
filter area is recommended to be in the order of 2–5% of the catchment [23]. However, the
winter freezing conditions complicate the implementation of a high capture ratio because
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the surface runoff must be drained away from the road surface as quickly as possible, and
the collection of road runoff from a larger road area should be performed outside of the
traffic area.

Table 4. Comparison of annual load estimates of total P (TP), total N (TN), TSS, Cu, Zn and Pb
(mg/m2/a, g/m2/a for TSS) using median concentrations of the two surveys (2017 and 2019) and
measured discharge from 2019–2020. The reference loads for nutrients [48,49] and metals [48,50]
include ranges for high-density, low-density, and developing small urban catchments.

Sand
Filter

Biochar
Filter

Influent High
Density

Low
Density

Developing
Area

TP 2017 44 38 126 36–108 7–40 50–115
TP 2019 66 96 38
TN 2017 1046 200 620 230–1300 180–800 1400–6000
TN 2019 205 71 140
TSS 2017 13 6 113 22–58 2–17 41–72
TSS 2019 4 5 24
Cu 2017 4.1 3.1 12.7 2.8–14.5 0.9–2.7
Cu 2019 1.1 0.9 3.1
Zn 2017 6 5 127 12–60 2–14
Zn 2019 2 1 30
Pb 2017 0.6 0.2 0.9 0.4–2.4 0.1–0.5
Pb 2019 0.3 0.2 0.4

Nature-based stormwater treatment systems should be designed in order to support
repeated performance measurements by sampling, and preferably by flow gauging as
well. The Tikkurilantie data from 2017 and 2019 demonstrated that the filter discharge
quality and treatment performance, e.g., for nutrients, change with time. The mechanisms
of these changes are not entirely known or well documented; therefore, repeated surveys
are necessary to provide information regarding the life cycle and maintenance needs of the
filters. Jeon et al. [46] gathered monitoring data from a roadside infiltration trench over a
period of 8 years and they found that annual maintenance was needed in order to avoid
a reduction in the infiltration capacity and treatment performance. It is evident that the
filtration of stormwater at times of sustained runoff generation and limited source area
concentration leads to the filters being rather a source than a sink for common water quality
constituents. Care should be taken in the selection of filter materials, their composition and
their long-term performance under variable environmental conditions [14].

5. Conclusions

The field surveys performed in order to assess the operational road runoff filters
in the northern city of Vantaa demonstrated the clear impacts of filters on the detention
and retention of storm runoff. The filters flattened the flashy response of storm runoff
to rainfall, and the detention impact increased as the peak flow decreased. The biochar
volume of ca. 30% in the filter did not have a clear influence on runoff control compared to
the 100% sand filter. From a water quality point of view, the filters were able to remove
most metals, sediments, and sediment-bound constituents, even though the performance
of the filters was less efficient than expected based upon the results of pollutant retention
experiments conducted under controlled conditions. The sand filter acted as a source
of nutrient pollution, including of total N, NO3 and PO4. The observed impact of this
particular birch biochar layer on the effluent water quality was a net increase in the organic
carbon, K, Ca and Mg concentrations. In the last survey, the birch biochar filter exhibited
an increase in phosphorous in the filter effluent relative to the influent concentrations.

The design of NBSs and NWRMs should support repeated measurement surveys of
their performance in order to gather information regarding the success of these solutions
across varying conditions. Lessons learned regarding the construction of nature-based
filters for stormwater management include the need to carefully plan their installation at an
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optimal location in order to achieve the desired impact on stormwater pollutant loads, the
need for the expert technical implementation of filters to mitigate the potential for water
bypass flows, and the selection of suitable materials to limit pollutant load generation
throughout the filter lifecycle. The preparation of NBS and NWRM stormwater filters
that help conduct measurement surveys of influent and effluent waters is a desirable
design aspect to consider, in order to increase the volume of empirical evidence regarding
stormwater filter performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15081631/s1, Figure S1: The box plots of the stormflow influent,
sand filter effluent, and sand–biochar filter effluent data. The green and red vertical lines refer to the
lower and higher threshold of stormwater concentration in [45].
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