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Highlights 

 First study investigating three different size fractions of MPs in urban snow 

 Road snowbanks contained high concentrations of tyre & road wear particles (T&RWP) 

 The smallest fraction (50-100 µm) of T&RWPs occurred in the highest concentrations 

 Snowbanks accumulate MPs, which are released during melting to the environment 
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Abstract 

The microplastics (MP) pollution has been receiving high attention in recent years, because of the massive 

amounts of plastics it contributes to the environment. Tyre wear and road wear particles (TWP and RWPs) were 

identified as major sources of MPs, but the observed data on these particles in urban snow deposits and 

snowmelt is scarce. To contribute to remediation of this situation, a study designed to quantify TWPs and RWPs 

in urban roadside snowbanks, and assess the MP occurrence in three size fractions, was conducted in the Luleå 

and Umeå municipalities in Northern Sweden. TWPs and RWPs were determined in three size fractions: 50-100 

µm, 100-300 µm, and ≥ 300 µm, and their release from melting snow was investigated in the laboratory under 

controlled conditions. Among the MPs identified in snow and the associated snowmelt samples, a majority 

consisted of both types of particles (T&RWPs) with an average of 20 000 ± 48 000 number/L, whereas other 

MPs (fibres, fragments, flakes, and films of plastic) were much less plentiful with an average concentration of 24 

± 16 number/L. The largest proportion of T&RWPs was detected in the size fraction 50-100 µm (around 80%), 

and the smallest proportion was in the fraction ≥ 300 µm (about 2%). Of the T&RWPs, about 85% were black 

bitumen particles (RWPs), composed of bitumen, mineral material and polymer modifiers, and 15% were tire 

wear particles (TWPs) composed of rubber. The laboratory snow melting experiments demonstrated that urban 
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snow stored MPs, which were eventually released during snowmelt. The ultimate fate of released MPs would 

depend on snowmelt drainage; it may either drain away from the road pavement and infiltrate into the ground, or 

enter the road gutter and be conveyed to storm sewers discharging to the receiving waters.  

Keywords: Microplastics (MPs), tyre and road wear particles (T&RWPs), RWPs (bitumen), TWPs (rubber), 

urban snow, snowmelt 

1. Introduction 

Increasing concentrations of microplastic particles (MPs) in open water bodies is a global environmental 

problem that has been attracting a great deal of attention in recent years (Ferraro and Failler, 2020; Vered and 

Shenkar, 2021). One of the major sources of MPs in the ocean (Siegfried et al., 2017; Sundt et al., 2014) are tyre 

wear particles (TWPs) and road wear particles (RWPs), which are generated during the mutual abrasion between 

tire and road surfaces (Jekel, 2019). Furthermore, when such particles combine by encrustation of rubber 

particles by mineral particles (RWPs), they form TRWPs, whose presence was reported in various environmental 

compartments, like atmosphere, soils, and surface waters (Baensch-Baltruschat et al., 2021; Klöckner et al., 

2020, 2019; Panko et al., 2013; Wik and Dave, 2009). Based on their physical and chemical properties TRWPs 

have recently been included in the definition of MPs (Baensch-Baltruschat et al., 2020). It is noteworthy that the 

preceding definition of TRWPs is not accepted exclusively, in many publications TRWP simply means a sum of 

TWPs and RWPs. The latter meaning was adopted in this publication and expressed as T&RWPs, and only 

where needed to separate both wear particle fractions for better clarity, the longer version TWPs and RWPs is 

used.    

The tyre tread is composed of a mixture of natural rubbers (16-24%), synthetic rubbers (20-30%), fillers and 

various chemical additives (Andersson-Sköld et al., 2020; Vogelsang et al., 2018). It is the synthetic rubber mix, 

which qualifies the tyre wear particles as MPs. Polymer modified bitumen (PMB) has been used to improve the 

strength, stability, durability and binding properties of pavements (Polacco et al., 2015; Jørgensen, 2016). PMBs 

are widely used in Sweden on highways and bridge decks to avoid pavement cracking at low temperatures, 

withstand high loads, and save energy on processing and using hot asphalt mix. The polymers commonly used to 

modify bitumen are numerous, including styrene butadiene styrene (SBS), styrene ethylene butadiene styrene 

(SEBS), low-density polyethylene (LDPE), ethylene vinyl acetate (EVA), polypropylene (PP) and styrene 

isoprene styrene (SIS) (Polacco et al., 2006; Polacco et al., 2015; Vogelsang et al., 2018), which are the MP 

components of road wear particles. In our study, TWPs and RWPs with polymer modifiers were classified under 
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the term microplastics in accord with many other recent studies in this field (Järlskog et al., 2020; Lange et al., 

2022, 2021; Rødland et al., 2022). 

In cool regions with seasonal snow, T&RWP emissions increase during winter months, because of the use of 

studded tyres and anti-skid grit materials, and snow removal activities. In Sweden, the use of studded tyres 

started in the 1960s (Gustafsson et al., 2006) to improve traffic safety during the winter. The proportion of 

studded winter tyres in the passenger cars varies from about 40% in the south of Sweden to more than 90% in 

the north (Kriit et al., 2021; Lundberg et al., 2019). Thus, the amount of T&RWP emissions will also vary 

depending on the geographical location. The tyre wear emissions in Sweden were estimated at 1.3 kg/capita/yr 

by Magnusson et al. (2016). More than 100 000 tons of pavement material is estimated to be eroded from 

pavement surface every year, even though the pavements were designed to withstand low temperatures and 

traffic with studded tyres by using polymer modified bitumen (Gustafsson and Johansson, 2012). Typical 

dosages of polymers to road bitumen are 3-7% by weight, hence on average, the eroded pavement material 

would include about 5 000 tonnes of polymers. The depth of pavement wear by studded tyres increases with the 

number of tyre passes over the pavement, expressed in millions of passes (Lundy et al., 1992). Even at a 

relatively low AADT (Annual Average Daily Traffic) of 10 000, one million of passes is reached in about 50 

days. To ensure traffic safety and manage environmental effects of studded tyres, Swedish Transport Agency has 

been updating legislation (TSFS 2009:19, 2009) aiming to reduce T&RWP emissions by advancing the tyre 

studs designs and weights, and limiting the number of treads per tyre (Lundberg et al., 2019).  

Urban runoff generates sufficient transport capacities to carry T&RWPs from the urban landscape to the 

receiving waters. Research was carried out to quantify the transport of MPs from the land to waterbodies, which 

is crucial for assessing the risks these particles pose to the aquatic environment and human health. Specifically, 

such studies investigated the pathways of MPs from urban land to the receiving waters with road runoff, car 

tunnel wash water, wastewater treatment plant effluents, and others (Bye and Johnsen, 2019; Franco et al., 2021; 

Järlskog et al., 2020; Werbowski et al., 2021). Some researchers have pointed out the possibility of transport of 

T&RWPs with snowmelt during fast melting of urban roadside snow (Andersson-Sköld et al., 2020; Magnusson 

et al., 2016).  However, the number of studies on occurrence of T&RWPs in urban snow is still limited 

(Bergmann et al., 2019; Rødland et al., 2022; Vijayan et al., 2019a). Bergmann et al. (2019) reported mean 

concentrations of MPs in snow as 24.6 ± 18.6 × 10
3
 number/L (range 0.19 × 10

3
 - 154 × 10

3
 number/L) in 

samples collected from the City of Bremen and populated areas of Bavaria, though they have not included 

TRWPs in their analysis. Rødland et al. (2022) investigated mass concentrations of TRWPs in urban snowbank 
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samples and reported mean concentrations of TWP as 2090 mg/L (range 76-14500 mg/L) and RWP as 731 mg/L 

(range 14.8-9550 mg/L), without examining the TRWP size fractions. At their study sites, with broadly ranging 

AADTs, the average use of studded tyres was estimated as 13% of all vehicles. Furthermore, they noted that 

polymer modified bitumen (PMB) correlated well with TSS in snowbank samples and determined the fraction of 

polymers in RWPs at about 5%. 

Our study addressed occurrence of MPs in urban road snowbanks and MPs release during laboratory snow 

melting. It has been the first study, in which MPs accumulations in urban snow and their release with snowmelt 

were investigated for three size fractions of MPs. The study objectives were to: (1) quantify concentrations of 

50-5000 µm sized MPs and black RWPs in urban roadside snowbanks; (2) study the effect of site-specific 

influential factors, such as traffic intensity and snow sampling site distances from the edge of the road and the 

road intersections, on concentrations of T&RWPs; and, (3) study the release of different size T&RWPs from 

melting snow piles through laboratory experiments.   

2. Materials and methods  

2.1. Study area and snow sampling 

Snow samples were collected during the winter 2016-17 in two municipalities in Northern Sweden, Luleå and 

Umeå. Luleå is a municipality in Norrbotten County (65° 35′ 5.35″ N and 22°9′ 24.13″ E) with a population of 

78 500 and a population density of 38 people/km
2
. The climate in Luleå is characterized by an annual average 

temperature of 3ºC and the annual precipitation of about 650 mm/yr. Umeå is located in Västerbotten County 

(63° 49′ 33.05″ N and 20° 15′ 46.93″ E) and has the population of 130 200, and a population density of 56 

people/km
2
. The annual average temperature is about 4 ºC and the annual precipitation is 700 mm/yr. The typical 

number of days with snow cover per year is about 200 days for both Luleå and Umeå (SMHI, 2022), and 

contributes to  high usage of snow tyres (>90% of all vehicles).  

Snow samples were collected in both Luleå and Umeå on two occasions, at multiple sites. Eight sites were 

selected in each municipality, four near high traffic intensity roads (15 000-25 000 vehicles/day) and four near 

low traffic intensity roads (<6 000 vehicles/day) (The Swedish Transport Administration, 2022), as described in 

Table 1 and Figure 1 (and also Figure S1 in the supplementary materials). The sites were selected near road 

intersections, where drivers need to change the vehicle speed and their cars may generate more T&RWPs. At the 

sampling sites with high traffic intensity roads in both municipalities, the road intersections were designed as 

roundabouts. At the low traffic intensity site in Luleå, the road intersection was a T-intersection and in Umeå, it 
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was a Y intersection with traffic lights. These sites were selected based on traffic intensity, accessibility, field 

crew safety, and logistical feasibility. There were no road curbs & gutters at the selected sampling sites. On the 

first sampling day, the average snow depths at the sampling sites were around 65 and 40 cm in Luleå and Umeå, 

respectively. On the second sampling occasion, the snow depths were 60 and 30 cm in Luleå and Umeå, 

respectively. Snow samples were collected by drilling a vertical hole down through the snowbank, all the way to 

the ground, by a 1-m long titanium ice drill with a 12 cm diameter. Collecting one sample per site was adequate, 

because in a related study (Müller et al., 2022) at about the same sites, but collection of snowbank snow samples 

in triplicates, low variations in constituent concentrations among the triplicate samples were found (0.11 - 

0.12). All snow from each hole was collected in a separate plastic bag (or bags, if needed) and placed in 

coolers. For collecting samples from the sampling hole, disposable veterinary gloves were used to prevent 

contamination of samples by field clothes. The diameter and depth of the sampling holes were measured and 

recorded. After drilling each hole, the drill was cleaned to avoid cross-contamination. The samples were 

transported in frozen state and stored in climate rooms at -10°C. During the second sampling occasion, the 

samples were collected in the same manner, but only from the snowbanks along high traffic intensity roads. 

The snow removal and management in both Luleå and Umeå is regulated by a municipal bylaw, Act 1998:814 

(SFS 1998:814, 1998). The roads are cleared based on their priority specified in the bylaw. Major differences 

between the Luleå and Umeå municipalities are their policies on winter traction controls. In Luleå, anti-skid 

materials are used for traction control and applied primarily to pedestrian and bicycle paths, at traffic lights, 

roundabouts, highway inclines and bends, and at bus stops.  No road salt was used at the study sites in Luleå. 

However, there is a possibility that moving vehicles carry traces of salt on their underbodies from nearby roads 

to the high traffic intensity site in Luleå. In the study area along the high traffic intensity road in Umeå, salt is 

used for traction control, and on low traffic intensity roads, grit is used as a traction agent. At all the sampling 

locations, the removed snow was placed along the streets or transported to snow storage facilities. As the winter 

season proceeds and more snow comes, the snow on the roadside is pushed down into the swale along the road 

and is stored there. When the height of snowbanks interferes with traffic safety, the top part of snowbanks is cut 

off and either placed into the swales or hauled away to snow storage facilities (Luleå Municipality, 2022; Umeå 

Municipality, 2022). 
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Fig. 1. Location map of Luleå and Umeå (left panel) and the studied snowbanks in Luleå (top right panel) and 

Umeå (lower right panel). The snowbanks studied along high traffic intensity roads (around 20000 vehicles/day) 

are marked by red triangles and those along low traffic intensity roads (around 5000 vehicles/day) are marked by 

green triangles. 

Table 1 Sampling sites characteristics and description  

Municipality Site designation 

Traffic load 

(Vehicles/day 
a
) 

Distance from 

road (m) 

Location 
b
 

U
m

eå
 

S1 17924 0.5 D1 

S2 17924 0.5 D1 

S3 17924 2.5 D2 

S4 17924 2.5 D2 

S5 4838 0.5 D1 

S6 4838 0.5 D1 

S7 4838 2.5 D2 

 S8 4838 2.5 D2 

L
u

le
å 

S9 23000 0.5 D1 

S10 23000 0.5 D2 
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a
https://vtf.trafikverket.se/SeTrafikinformation 

 

b
 D1- about 50 m from the intersection of roads, and D2- about 250 m from the intersection of roads (see Fig. S1 

in the supplementary materials for more details). 

2.2. Sample Preparation 

The samples from the first sampling campaign were used to investigate the occurrence of MPs in roadside 

snowbanks and examine the relationship of T&RWP concentrations to the sampling site characteristics. Those 

samples were placed in separate glass beakers and melted at room temperature. From the melted snow samples, 

representative subsamples were withdrawn for various chemical analyses by shaking the beaker thoroughly and 

pouring aliquots to subsample beakers. Analyses of total suspended solids (TSS), Volatile Suspended Solids 

(VSS), pH, electrical conductivity (EC) and particle size distribution (PSD) of these samples were done at the 

Environmental laboratory of the Luleå University of Technology. For MPs analysis, the aliquots were poured to 

2 L plastic bottles and sent to Swedish Environmental Institute‟s (IVL) laboratory. 

The samples from the second sampling campaign were used to perform a laboratory-scale snow melting 

experiments designed to investigate the dynamics of release of MPs from melting snow piles.  Snow samples 

collected from Luleå and Umeå were processed separately to make two snow piles. Toward this end, first the 

snow was mixed thoroughly in a stainless-steel box to make a homogeneous mixture of snow in a room with 

controlled temperature of -10ºC. To characterise the quality of this homogeneous snow mixture, around 5 L of 

snow sample were extracted from this mixture (initial snow). These initial snow samples were melted in Teflon 

lined glass beakers at room temperature and analysed for pH, EC, TSS and MPs. The remaining snow was used 

to make snow piles in the shape of truncated cones as described in Vijayan et al. (2019), and placed on separate 

stainless-steel trays with a slope of 5% and allowed to melt in a temperature-controlled room at 6 ± 0.8°C. To 

minimise the potential contamination of samples in the climate room, the piles were placed under a plastic cover 

S11 23000 2.5 D1 

S12 23000 2.5 D2 

S13 5340 0.5 D1 

S14 5340 0.5 D2 

S15 5340 2.5 D1 

S16 5340 2.5 D2 
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(see Figure S2, supplementary materials). The snowmelt samples from the laboratory piles were collected in 25 

L plastic canisters (HDPE - high density polyethylene). Lange et al. (2021) used similar canisters to store 

stormwater samples and reported that no MP particles were found in the sample from these canisters. During the 

visual inspection of the samples at IVL, no MP particles with same colour as the canisters were found in the 

samples, which confirms that the canisters did not contaminate the samples. After the piles were completely 

melted, the sediment residue left on the stainless-steel trays was collected in separate plastic bottles. The snow 

samples extracted from the snow piles before melting (initial snow), snowmelt samples and the sediment residue 

were sent to IVL for MPs analysis. 

2.3. Laboratory Analysis 

All samples were analysed for pH, EC, TSS, VSS, PSD and MPs. The analyses of pH, EC, TSS, VSS and PSD 

were done in the Environmental laboratory at the Luleå University of Technology, as described in Vijayan et al. 

(2019). TSS was determined by the standard method specified in the Water Investigations Method SS-EN 

872:2005 (SS EN 872, 2005) and VSS by Swedish standard method SS 02 81 12 (SS 02 81 83, 1986). The PSD 

analysis was done with the Partica LA-960 Laser Scattering Particle Size Distribution Analyzer, which uses the 

dynamic light scattering technology and produces the results within the range of 10 nm to 5000 µm.  

The analyses of MPs in meltwater and sediment were performed by the Swedish Environmental Research 

Institute (IVL). MPs were defined as particles made of synthetic polymers, smaller than 5 mm, according to the 

definition by Arthur et al.(2009). Tire wear particles (TWPs), consisting of such elastomers as styrene-butadiene 

rubber (SBR), and road wear bitumen particles (RWPs), were also included in the definition of MPs in our study, 

as in previous studies (Lange et al. 2020 and Järlskog et al. 2020), since these harmful anthropogenic particles 

are often present in large quantities in stormwater runoff and may (depending on the asphalt composition) 

contain plastic additives (Magnusson et al., 2016). An exception to the size definition of MPs were synthetic 

fibres, which were included in MPs, even when their lengths exceeded the 5 mm size limit.    

Nylon filters of three mesh sizes, 300, 100 and 50 µm, were applied for collection of different MP size fractions. 

The coarse mesh size (300 µm) was chosen to facilitate the comparison of our results to those from earlier 

studies, in which this mesh size was used (Aronsson et al. 2018; Dris 2016; Järlskog et al. 2020; Kärrman et al. 

2016). The high abundance of particles <300 µm, detected in stormwater and sewage in other studies (Coalition 

Clean Baltic 2017) led us to include also the particles collected on finer mesh sizes, 100 and 50 µm.  To remove 

natural minerogenic particles interfering with the analysis, the samples were density separated using a saturated 
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sodium iodide (NaI) solution with a density of 1.8 g/cm3. Saturated NaI is efficient and frequently used for 

separating MPs from mineral particles, since plastic polymers, with very few exemptions, have densities 

considerably lower than 1.8 g/cm3 (Cauwenberghe et al., 2013; Dekiff et al., 2014). Tyre wear particles are 

reported to have a density between 0.8 and 1.7 g cm-3 (Rhodes et al 2012; Sofi, 2018; Klöckner et al 2021), even 

though TWP with densities up to 1.9 g cm-3 or higher occasionally have been detected (Klöckner et al. 2020).   

and bitumen particles from road wear a density between 0.9–1.1 g cm-3 (Nynas, 2017). Samples containing large 

amounts of organic matter are generally exposed to a digestive treatment prior to the density separation, 

however, in our study the samples contained very little natural organic matter (visual inspection verified by 

determination of VSS), so no such pre-treatment was needed. The 300 µm filter from the melted snow samples 

could be analysed without any prior density separation whereas the sediment samples were treated with a density 

separation step in a 500 mL glass separation funnel before filtration (see further description below). The filtrate 

from the 300 µm filter was filtered over a 50 µm filter to remove particles smaller than this size from the sample. 

The material on the 50 µm filter was then carefully rinsed off with the saturated NaI solution into a 500 mL glass 

separation funnel. An additional volume of approximately 250 mL NaI was added to the funnel, which was then 

shaken vigorously. The mixture was let to separate, so that particles lighter than 1.8 g/cm3 floated to the surface, 

whereas heavier particles settled to the bottom. The time required to achieve a complete separation between the 

heavier and lighter particles varied among the samples, but generally, between one and a couple of hours was 

enough. The material that settled on the bottom was discarded and a subsample of the NaI supernatant was 

filtered in sequence through filters with mesh sizes of 100 and 50 µm.  Furthermore, as a control, a subset of the 

discarded sediment was examined under the microscope to verify the density separation and only a negligible 

number of TWP and RWP were detected. The filtration and separation procedure are illustrated in 

supplementary material (Figure S3).   

The residues on 300, 100 and 50 µm filters were then analysed under a stereo microscope (Leica M205 C160x 

magnification). The whole filter area was analysed and the MPs were counted in two separate categories: (i) 

“true” plastic particles and (ii) tyre and road wear particles. The “true” plastic particles were further divided into 

the subcategories of fibres, fragments, flakes and films (Hidalgo-Ruz et al., 2012), and the road particles were 

subdivided into rubber (tyre wear particles – TWPs) and bitumen particles (road wear particles – RWPs). The 

particles suspected to be MPs were subjected to a melting test by placing the particles on an object glass, which 

was heated from below using an alcohol burner. Particles that melted when exposed to heat were presumed to be 

composed of plastics. The identification of rubber and bitumen particles was done visually and by physically 
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touching with tweezers. The rubber particles are elastic and regain their shape after being squeezed, whereas the 

bitumen particles are sticky to touch and remain compressed after manipulation. When heated, the bitumen 

particles melt and leave a smell of oil, whereas the rubber particles are morphologically unaffected (illustrated in 

Järlskog et al. 2020). The microscopic images of selected MPs are shown in the supplementary materials (Figure 

S4). The number of tyre wear particles that were counted in each sample varied between 10 and 200, but in most 

cases, the counts varied between 20 and 60 particles per sample. The counts of bitumen particles varied between 

30 and a couple of hundred per sample. Some uncertainties were encountered in the analysis of TWPs in sample 

S1, so it was excluded from further considerations. 

Laboratory blanks were processed along with the collected samples, passing all the steps including repeated 

filtrations and density separations, and analyses. The blanks contained two to seven fibers and no TWP or RWP 

of which none resembled those in the samples. The TWPs and RWPs were counted twice: in the first count, they 

were considered as one collective category (“black particles”), and the second count, they were separated into 

two categories (TWP and RWP). In this study, only the results from the second count are presented. However, 

the first count was used for determining the variability of the analytical procedure, which was determined as 

20% (relative variability, Vdup). The following equation was applied: 

       √
 

    
 ∑ (

                
            

 

                 
            

 
)

     

    

 

(1) 

 

where C
i
 are black particles and C

i
 RWP+TWP are the duplicate values for sample i and ndup is the number of 

duplicates as described e.g., by OSPAR (2011). 

2.4. Estimation of pollutant loads per unit area 

The snow quality parameters can be either expressed as concentrations (mg/L) or unit area mass loads (mg/m
2
). 

The snow depth, density and snow water equivalent (SWE) vary temporally and spatially (Borris et al., 2021) 

due to meteorological characteristics and different snow handling activities. Thus, evaluating unit area mass 

loads gives a better indication of snow quality when comparing snow samples from various sites (Reinosdotter 

and Viklander, 2005). Unit area mass loads of pollutants in (n/m
2
) were calculated using Equation 2 (Moghadas 

et al., 2015): 

           
   

 
  (2) 
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MLp Unit area mass load of pollutant P (n/m
2
) 

Cp Concentration of pollutant P (n/L) 

Vms Volume of melted snow (L) 

A Area of the sampling hole (m
2
) 

 

The total pollutants loads were calculated using Equation 3. 

 

              

 

(3) 

 

TLp Total load of pollutant P (n) 

Cp Concentration of pollutant P (n/L) 

Vms Volume of melted snow (L) 

2.5. Statistical data analysis 

To determine the effect of site-specific parameters (traffic intensities, the sampling distance from the intersection 

and distance from the edge of road) on the concentrations of T&RWPs, paired t tests and Wilcoxon test were 

carried out (p <0.1). To apply the paired t test, the data should be independent, normally distributed and possess 

homogeneous variance. The assumptions of normal distribution of data were tested using Shapiro Wilk test and 

visually checked by histograms. For data, which did not meet the requirement of normal distribution, Wilcoxon 

tests were applied. All statistical tests and comparisons were made using the Python programming language 

(Hunter, 2007; McKinney, 2012). The Python codes for generating histograms, Shapiro Wilk test, t test and 

Wilcoxon tests, and their results, can be found in the Supplementary Material. We also tested Spearman‟s rank 

correlations between TSS and T&RWPs quantity using Microsoft Office Excel.  

3. Results 

3.1. Black particles and MPs in urban roadside snowbanks 

3.1.1. Physico-chemical parameters and MPs in urban roadside snowbanks 

The snow quality characteristics were described by several physico-chemical parameters, TSS, VSS, pH and EC, 

for sites S1-S8 in Umeå and sites S9-S16 in Luleå. The values of these four parameters and MP concentrations 

(as numbers per litre) in the 16 samples collected are presented in Table 2. The concentrations of T&RWPs, in 
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the size range 50-5000 µm, varied significantly among the individual samples, with an average of 19500 ± 

48300 number/L. The highest concentration was observed in sample S6 (197 000 number/L) from Umeå and the 

lowest in sample S16 (348 number/L) from Luleå. Other MPs, including plastic fibres, fragments, films, and 

flakes, were also analysed in all the samples, but their concentrations were significantly smaller (< 1% of the 

total MPs) than those of T&RWPs. Within the “other MPs” category, the majority of particles were plastic fibres 

and fragments, constituting about 90% of the „other‟ MPs. Plastic flakes were the third major group constituting 

about 10% of the „other‟ MPs. Plastic films were the least common fraction constituting <1% of the „other‟ MPs. 

The total T&RWPs were divided into TWPs (rubber) and RWPs (bitumen), with concentrations of RWPs 

exceeding those of TWPs 200-2000 times in the analysed snow samples.  

Another type of anthropogenic particles that were found in the samples collected from urban roadside snowbanks 

were white particles suspected to originate from road marking paints because of their shape and colour (whitish 

and porous). The paint particles detected were very brittle and broke easily, thus making it difficult to accurately 

quantify them with the analytical methods used in our current study. Microplastics originating from paints have 

previously been reported in stormwater studies, but none of those studies identified them to be specifically from 

road marking paint (Järlskog et al., 2020; Gilbreath et al., 2019). The abundance data of road marking paints in 

the snow samples is presented in Table S1 in the supplementary materials along with a picture of the particles 

(Figure S5). 

Table 2 Concentrations of snow quality parameters and MPs measured in roadside snowbanks in Umeå and 

Luleå 

City 

Sample 

designation 

TSS 

mg/L 

VSS 

mg/L 

pH 

EC 

µS/cm 

Microplastics abundance  

T&RWP  TWP  RWP  Other MPs  

Number/L Number/L Number/L Number/L 

U
m

eå
 

S1 6800 320 7.3 2100 39000 X 39000 72 

S2 610 40 6.6 1500 7860 2070 5790 31 

S3 3600 110 6.9 3200 6920 547 6370 24 

S4 1900 80 6.7 1800 2630 575 2050 40 

S5 7200 290 7.5 81 13000 480 12600 11 

S6 6900 330 6.9 52 197000 10600 186000 24 

S7 2900 150 7.6 200 13400 2370 11000 32 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

14 
 

S8 840 40 7.3 26 9180 1300 7880 27 

Mean 3800 170 7.1 1100 36000 2600 34000 33 

SD 2800 120 0.37 1200 66000 3600 63000 18 

L
u

le
å 

S9 2400 140 7.3 190 1210 386 828 11 

S10 5100 250 7.1 220 3170 308 2860 21 

S11 5200 280 7.2 150 2610 783 1830 12 

S12 2400 170 7.1 200 1640 380 1260 13 

S13 1500 75 7.0 71 11000 1080 9900 15 

S14 960 36 6.9 50 1120 157 959 14 

S15 3800 120 7.3 84 2340 314 2030 29 

S16 4800 470 6.6 53 348 68 280 8 

Mean 3300 190 7.1 130 2900 430 2500 15 

SD 1700 140 0.23 71 3400 330 3100 6.7 

X - the measured concentration was uncertain, so it was excluded from further analysis 

3.1.2. Size distribution of MPs in snow  

The results of particle size distribution analyses were used to plot curves of the cumulative percent of undersize 

particles (less-than-the-limit) vs. the upper limit of each size class. An example of such curves, based on the 

number, area, and volume of particles in snow sample S1, is presented in Figure 2, and analogous curves for all 

other samples (S2-S16) are presented in the supplementary material (Figure S6). First the particle count 

increases with the increasing diameter, but then it starts to decrease. This trend is consistent for all the samples. 

The particle count cumulative undersize distribution curves show that, the finer particle counts (diameter < 20 

µm) had higher counts compared to the coarser particles, and particles greater than 50 µm were negligible in all 

the samples. In the example in Fig. 2, 50% of the particles were below the 7 µm size and 90% were below the 15 

µm size.  
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Fig. 2. Cumulative particle size distribution curves for snow sample S1. The picture inside shows a closeup of 

the distribution curves for the particle diameter range 0-300 (µm) 

TWPs, RWPs and other MPs were counted in three different size fractions (50-100 µm, 100-300 µm and ≥300 

µm). The distributions of these particles in three size fractions, expressed as percentages of total particle count/L, 

are shown in Figure 3.  The concentrations of these particles in different size fractions are shown in table S2 in 

the Supplementary Materials. Generally, the numbers of TWPs and RWPs decreased with the increasing filter 

pore size. The concentrations of TWPs varied from zero to 14 number/L in the ≥ 300 µm size fraction, 14 to 470 

number/L in the 100 µm size fraction, and 46 to 10 500 in the 50 µm size fraction. The concentrations of RWPs 

varied from 1 to 1 410 number/L in the 300 µm size fraction, 18 to 3 000 number/L in the 100 µm size fraction 

and 260 to 19 0000 number/L in the 50 µm size fraction. Thus, the highest average concentration of MPs was in 

the size interval 50 - 100 µm and the lowest was in the size ≥ 300 µm, for both TWPs and RWPs. Possible 

reasons for this might be that road traffic and winter maintenance activities (particularly applications of grit, 

which is ground by tyres) generate more T&RWPs in the smaller size fraction (50 – 100 µm) compared to the 

larger fraction (≥ 300µm), or that smaller fractions, which are not firmly attached to the road surface, may be 

easily detached and transported away with snow. The higher concentration of smaller sized particles shows the 

importance of analysing a broad spectrum of particle sizes. Studies should focus on the fate of these particles and 

the risks associated with them. The concentrations of other shape MPs varied from 1 to 20 number/L in the 300 
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µm size fraction, 3 to 34 number/L in the 100 µm size fraction and 1 to 20 number/L in the 50 µm size fraction. 

Thus, other types MPs were present in relatively small numbers and did not show any distribution pattern among 

the various size fractions. 

 

Fig. 3. Distribution of MPs among the three size fractions expressed as percentage of total particle count (for 

sample S1, TWP analysis showed uncertainties, so the concentration is not presented here) 

3.1.3. Distribution of RWPs and TWPs in snow samples 

The distribution of total counts of particles designated as TWPs and RWPs are shown in Figure 4. Other MPs 

were not included in this analysis, since their counts were very small (less than 1% of the total MPs) compared 

to RWPs and TWPs. Generally, RWPs dominated the counts by a factor of 2 to 30, compared to the number of 

TWPs, for all the size fractions analysed. Lange et al. (2021) also reported the dominance of bitumen particles 

(870 Number/L) compared to rubber (740 Number/L) of size 100 – 300 µm in stormwater samples collected 

from an urban catchment in Sundsvall, Sweden. However, the dominance factor was small (1.2) compared to our 

study. The use of studded tyres and grit for traction improvement in winter months increases the road wear 
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causing the release of RWPs to the environment. Another reason for the dominance of RWPs might be snow 

removal by snow ploughs, which may scrape bitumen particles from the road surface and thereby release RWPs 

to the environment (Lindfors et al., 2020; Westerlund et al., 2003). 

 

Fig. 4. Distributions of TWPs and RWPs in snow samples collected from urban roadside snowbanks (for sample 

S1, TWP analysis showed uncertainties, so it was excluded from further analysis) 

3.1.4. Site-specific variation of MPs counts 

The relationships between the number of MPs in snow and site-specific parameters, which were selected on the 

basis of earlier urban snow quality studies (Westerlund and Viklander, 2005; Silanpää and Koivusalo, 2013): the 

sampling point distance from the edge of the road, traffic intensity described by AADT, and the distance from 

the road intersection reflecting the driving mode. Effects of these three factors on MP abundance in snowbanks 

studied were analysed by various statistical tests. The only site-specific parameter that showed a correlation with 
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the number of T&RWPs was the sampling distance from the edge of the road (Figure 5). Concentrations of both 

TWPs and RWPs particles were higher at 0.5 m from the edge of the road compared to the samples collected at 

2.5 m from the edge of the road (Wilcoxon p value for RWPs (≥50µm) = 0.047 and Wilcoxon p value for RWPs 

(≥50µm) = 0.031). This finding indicates that T&RWPs particles are relatively heavy and therefore transported 

over relatively short lateral distances from the road by airflow (wind plus airflow generated by vehicles), or tyre 

splashing of stormwater or snow slush. A similar tendency was reported by Rødland et al. (2022), who analysed 

rubber particles (TWPs) in snow collected at 0, 1 and 3 m from the edge of the road. The different snow removal 

practices may be the reason for not finding a significant difference between the numbers of TRWPs in snow 

collected along high and low traffic intensity roads. Neither AADT nor driving actions (braking / stopping / 

accelerating at different distances before the road intersections) affected the abundance of MPs in snowbanks 

and no correlations between AADT or driving actions and concentrations of T&RWPs in snowbanks were 

found. To develop a better understanding of relationships between the site-specific parameters and the quantities 

of T&RWPs in snow (if they exist), would require a larger experimental data set and a better understanding and 

records of snow management activities, such as snow ploughing and applications of anti-skid materials, and 

better records of driving actions, including vehicle speeds.   

The site-specific parameters did not indicate any specific influence on the number of “other” MPs, which was 

rather low. The study area was influenced by common anthropogenic activities and the sources of other MPs can 

be synthetic clothes, backpacks, shoes, plastic food packages and discarded plastic single-use items (Dris, 2016; 

Lange et al., 2021). 

The relationship between the unit load of MPs in snow and the site-specific parameters was also tested by the 

statistical tests. The results showed that the unit load of MPs did not correlate with any of the site-specific 

parameters (Figure S7, supplementary materials). 
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Fig. 5. Boxplots showing abundance of road wear particles (RWPs-bitumen) and tyre wear particles (TWPs-

rubber) in snow samples collected at various locations. The median values are marked as blue lines inside each 

box 

3.1.5. MPs loads in snow  

The unit area loads of MPs, in number/m
2
, in the collected snow samples, were calculated by equation 2 and are 

shown in Figure 6 (and Table S3 in supplementary materials). The unit area load of TWPs varied from 8400 

number/m
2
 to 619 000 number/m

2
, with an average of 99 300 ± 149 000 number/m

2
. The unit area load of RWPs 

varied from 34 600 number/m
2
 to 10 900 000 number/m

2
, with an average of 1 110 000 ± 2 730 000 number/m

2
. 

As for the concentrations, the unit area loads of RWPs were also higher than those of TWPs. The unit area loads 

of “other” MPs varied from 700 number/m
2
 to 5 000 number/m

2
, with an average of 1 850 ± 1 090 number/m

2
, 

which is less than 1% of the total MP load in the snow samples.  
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Fig. 6. Boxplots showing unit area loads (as number/m
2
) of road wear particles (RWPs-bitumen), tyre wear 

particles (TWPs-rubber) and „other‟ MPs in snow samples collected from urban roadside snowbanks. The 

median values are marked as blue lines inside each box 

3.2. Release of MPs from melting snow piles 

3.2.1. Physico-chemical parameters and MPs in urban snow, snowmelt, and sediment samples 

The physico-chemical parameters and abundance of MPs in the snow, meltwater and sediment residue samples 

are shown in Table 3. As for the snowbank samples, TSS, pH and EC were higher in the initial snow from Umeå 

compared to Luleå. 

Table 3 Snow quality parameters and MPs measured in snow and meltwater samples in laboratory scale snow 

melting experiments 

City  

TSS 

mg/L 

pH 

EC 

µS/cm 

Microplastics 

T&RWPs 

(Number/L) 
a
 

TWPs 

(Number/L)
 a
 

RWPs 

(Number/L) 
a
 

Other MPs 

(Number/L)
 a
 

Luleå 

Initial snow 5 600 7.4 320 19 000 1 700 17 000 59 

Meltwater 180 6.9 300 4 600 450 4 100 5.1 

Sediment  x x x 740 000 130 000 610 000 7 400 

Umeå 

Initial snow 7 100 7.5 2 000 7 400 1 300 6 100 270 

Meltwater 260 6.9 2 200 1 200 200 950 3.9 

Sediment  x x x 2 100 000 400 000 1 700 000 31 000 
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a 
Note that MP concentrations in the sediment samples are expressed as number/kg, whereas for initial snow and 

meltwater, these concentrations are expressed as number/L 

x – Not measured 

3.2.2. Distribution of various size MPs in snow, meltwater, and sediment samples 

Distributions of three size fractions (50-100µm, 100-300 µm and ≥300 µm) of RWPs, TWPs and other MPs in 

the initial snow, meltwater, and sediment samples from Luleå and Umeå are shown in Figure 7. About 85% of 

RWPs and TWPs were in the size fraction 50 – 100 µm in the initial snow sample from Luleå, whereas this 

fraction was slightly lower in Umeå (about 60%). Similar results were found in the 16 snow samples collected 

from snowbanks in Luleå and Umeå. This difference may have been caused by different snow handling activities 

in the two municipalities. However, in both Umeå and Luleå, the highest percentage of T&RWPs was in the 

smallest size fraction (50-100 µm), and the least percentage (<1%) was in the largest analysed fraction (≥300 

µm). Meltwater collected from the laboratory snow piles also showed similar results, however, the percentage of 

particles on the 50 µm filter (> 90%) was higher compared to the initial snow samples. This result shows that the 

dominance of smaller sized particles was higher in the meltwater samples compared to the initial snow samples.  

Thus, smaller particles were transported to a greater extent with the meltwater. In the sediment samples, the 

smallest size fraction (50 -100 µm) had the highest concentrations (about 70%) and the largest fraction (≥300 

µm) had the smallest concentrations (around 1%). The differences between the percentages of particles in the 50-

100 µm and 100-300 µm fractions were smaller for sediment samples, compared to meltwater samples. 

For initial snow and sediment samples most of the other MP particles were in the 50-100 µm fraction, like in the 

case of T&RWPs. However, the distribution pattern of other MPs of various size fractions in the meltwater 

samples differed from that of T&RWPs. The highest concentrations were in the 100-300 µm fraction (about 

50%).  
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Fig. 7. Distribution of MPs in three size fractions expressed as percentages of the total particle count/L in initial 

snow, meltwater, and sediment samples from the laboratory snow melting experiments 

3.2.3. Distribution of TWPs and RWPs in snow meltwater and sediment samples 

The distributions of the total T&RWPs into TWPs and RWPs in the initial snow, meltwater, and sediment 

samples are shown in Figure 8. As for the snowbank samples, the majority of the particles were RWPs. When 

considering the total particles, more than 90% of the particles were RWPs in Luleå and more than 80% in Umeå. 

For both the initial snow and meltwater samples, RWP to TWP count ratios, remained the same.  
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Fig. 8. Distribution of T&RWPs, between TWPs and RWPs, in snow, meltwater and sediment samples in the 

laboratory snow melting experiments 

3.2.4. Transport of T&RWPs with snowmelt 

The total loads of RWPs and TWPs in the initial snow, meltwater and sediment samples were calculated using 

equation 3 and are shown in Table 4. About 20% of total TWPs and RWPs (i.e., T&RW Ps) were found in the 

meltwater samples. No significant differences were found between the transport of TWPs and RWPs. When 

comparing the different size fractions, it was noted that the smallest sized particles (particles on the 50 µm filter) 

showed the highest percentage in the meltwater samples (27% for TWPs and 25% for RWPs). Thus, the size of 

the T&RWPs is an essential aspect for determining further transport of these particles and their fate in various 

environmental compartments. These results confirm that snowmelt from urban areas can act as a vector 

transporting T&RWPs to the receiving waters. The loads of T&RWPs in the sediment samples were higher 

compared to the initial snow samples. One possible reason for higher loads in sediment samples can be the 
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methodological difference between the analysis of sediment and water samples. Another reason being, in our 

study, the abundance of MPs is reported in numbers, rather than in mass. MPs can degrade and break down into 

smaller particles over time. The counted particles can also break into smaller ones, e.g., during the pre-treatment. 

Thus, the number of particles is not a preserved unit, making it difficult to calculate mass balance (Tumlin, 

2017). 

Table 4 Total loads of TWPs and RWPs in initial snow and meltwater samples 

 TWPs (Number) RWPs (Number) 

 Total >300 µm 

100 - 

300 µm 

50 - 

100 µm 

Total 

> 300 

µm 

100 - 

300 µm 

50 -100 

µm 

Initial snow – Luleå 20 400 186 2 890 17 300 208 000 216 25 700 182000 

Meltwater - Luleå 5 260 0 77.7 5 180 48 600 17.7 2 030 46600 

Sediment - Luleå 36 400 498 12 400 23 500 166 000 547 66 000 99000 

% of T&RWPs in 

meltwater 
a
 25.8 0 2.69 30 23.4 8.17 7.88 25.6 

Initial snow – Umeå 15 300 12 6 080 9 230 73 100 244 25 700 47 200 

Meltwater - Umeå 2 410 2.34 173 2 230 11 200 0 250 10 900 

Sediment - Umeå 88 200 525 25 700 62 000 370 000 381 75 100 295 000 

Average % of 

T&RWPs in 

meltwater 
a
 15.7 19.5 2.85 24.1 15.2 0 0.973 23 

Average % of 

T&RWPs in 

meltwater 
a
 20.7 9.77 2.77 27 19.3 4.09 4.43 24.3 

a
 Unit  is percentage (%) 

4. Discussion 

Our study was conducted in the subarctic climate region, where physical environment and the related 

anthropogenic activities contribute to an enhanced production of the traffic-related pollution, including TWPs 

and RWPs, retained in road snowbanks. The scope of research on this subject is rather limited, with the first 
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study on MPs in snowbanks published by Rødland et al. (2022), and our study complementing theirs by being 

the first one presenting sizes of T&RWPs in snowbanks. 

4.1. Comparisons of observed MP concentrations between the two municipalities studied and against 

earlier studies  

When comparing the two municipalities, the concentrations of TSS, EC, T&RWPs and other MPs were 

significantly higher (tested by the paired t-test at a significance level (α) of 0.05) in Umeå than in Luleå. The 

lower concentrations of TSS and T&RWPs in Luleå can be explained by the greater snow depth in Luleå and 

hence the higher dilution of pollutants (Moghadas et al., 2015; Vijayan et al., 2019b). The difference in the EC 

values was the result of the differences in the road salt use policies between the two cities. The use of road salt 

releases chloride to urban snow and stormwater and, thereby, increases the EC (Haake and Knouft, 2019; 

Sillanpää and Koivusalo, 2013). Higher TSS in Umeå snow samples also caused the higher pH of those samples. 

Previous studies on urban snow and snowmelt reported that in snow samples with higher concentration of 

particles, the particles can act as buffer and which results in a higher pH (Viklander, 1999; Westerlund, 2007). 

The linear regression analysis between TSS and T&RWPs showed that there is a moderate direct relationship 

between TSS and T&RWPs concentrations (correlation R = 47%), whereas VSS showed a weak relationship 

with T&RWP concentrations (corelation R= 34%). The regression coefficient between TSS and T&RWP 

concentrations was 22%, meaning that only 22% of variation in T&RWPs can be explained by TSS 

concentrations. The reason for the moderate direct relationship between TSS and T&RWPs concentrations can 

be explained by the fact that TSS represent the mass of suspended particles, whereas T&SRWPs concentrations 

are presented as number of particles in our study. 

The most pertinent study to our work was that of Rødland et al. (2022). Both studies addressed MPs and other 

pollutants in urban roadside snowbanks, but differred in methodology and characteristics of study sites. Starting 

with methodologies, Rødland et al. (2022) analyzed MPs by Pyrolysis Gas Chromatography Mass Spectormetry 

and could determine MP concetrations in mg/L and concentrations of polymer-modified bitumen (PMB) in 

RWPs, as about 5%. In our microscopic analysis of MPs, the concentrations were determined in separate particle 

counts in three different size categories: 50-100 µm, 100-300 µm and ≥300 µm, and their concentrations were 

expressed in particles per litre (n/L). While such distributions of particle sizes should be helpful for examining 

the particles mobility and the treatability of snowbank snowmelt, differences in units precludes a direct 

quantitative comparison of T&RWPs in snowbanks in (mg/L) (Rødland et al., 2022) against those in (n/L) in our 
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study. Hence, study finding comparisons focus more on qualitative aspects. Our study data also indicated 

correlation between TSS in snowbanks and RWP concentrations, which is important because such correlations 

were recommended by Rødland et al. (2022) as estimates for sites without MP data. Furthermore, the TWPs and 

PMBs contributed in the latter study only about 5% of the mass load of black particles. We have surveyed the 

literature on dosage of PMs added to bitumen and although such fractions varied between 3 and 7% (Polacco et 

al., 2015), the median value was 5%. Consequently, we believe that compared to pyrolysis GC-MS analysis,  

comparable results could be obtained from visual analysis & sorting of T&RWPs (done in our study), combined 

with mass flow analysis of PMs actually applied (e.g., for a highway construction project, or a highway 

network).    

Field site conditions studied by Rødland et al. (2022) and those in our study differed in several aspects:  

(a) Traffic intensity - their sites along the intercity and city highways had higher AADTs (Annual Average Daily 

Traffic), with average values of 32 200 and 41 000, respectively, and peaks of 70 000 and 50 000, respectively. 

Only the city-urban site (AADT=9 000) was closer to our low (< 6 000) and high traffic (20 000) sites; 

(b) vehicles with studded tyres – at Rødland‟s et al. (2022) sites, about 13% of vehicles were assumed to operate 

with studded tyres, in our study, such a percentage was estimated at 90% of vehicles (based on the literature); 

(c) speed limits in Rødland et al. (2022) study were 70-80 km/h on highways, and 40-50 km/h in suburbs; in our 

study, the speed limits appeared irrelevant, because the sites were chosen at road intersections, where vehicles 

frequently needed to brake and stop, or accelerate; and,  

(d) winter road maintenance – de-icing road salts were used at all Rødland‟s at al.(2022) sites, but in our study, 

only in Umeå (sites S1-S8).  

Besides the analytical methods, the high use of studded tyres at our sites in Sweden may be particularly 

important, recognizing that laboratory testing of pavement wear by studded tyres showed 9 to 14 times greater 

depths of wear than that caused by unstudded tyres, acting on concrete or bituminous (high type) asphalt, 

respectively (Lundy et al., 1992). Studded tyres are recognized for much improved traction on icy roads, but this 

benefit is accompanied by an increased road surface wear requiring more frequent replacement of the pavement 

(Gustafsson and Johanssen, 2012). Thus, studded tyres contribute significantly to increased production of 

T&RWPs containing MPs. There are several ways how to mitigate the increased wear, by using polymer 

modified bitumen, controlling traffic speed, and restricting the use of studded tyres.  
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Lundy et al. (1992) developed a list of the influential factors increasing the pavement wear by studded tyres. The 

list contained the following factors: Vehicle characteristics, pavement, weather, traffic and the method of 

measurement. These factors may be further expanded by including their components, resulting in a list of more 

than 30 items, among which the MP research so far addressed just three: Traffic intensity (AADT), speed limit, 

and driving style (i.e., steady speed, or deceleration before an intersection). Neither Rødland et al. (2022) nor our 

study statistically confirmed the effect of AADT on abundance of T&RWPs at the studied sites, but the former 

study (Rødland et al., 2022) confirmed the effects of speed limit on T&RWP production. Traffic speed is also 

among the factor components listed by Lundy et al. (1992) and was approximated in Rødland et al. (2022) study 

by the speed limit. Vehicle speed is recognized as an influential factor, because it indicates the impact and 

fricrion of the studs on the pavement.  Finally, our study tested the potential effects of the driving style, but did 

not confirm their presence. When considering the high number of influential factors, partly ignored in the two 

studies discussed here, and the limited numbers of experiments reported here, it may be infeasible to obtain 

statistical confirmations of the individual factors, or their components. It should be also noted that among the 

five factors affecting the pavement wear (Lundy et al., 1992) only one, traffic, was partly addressed here, 

because the cited reference refers to “traffic volume and composition”, i.e. passenger vehicles or trucks. Another 

factor affecting the T&RWPs variations may be disturbance of snowbanks caused by ploughing and removal of 

snow from the site for safety reasons.   

In general, both Rødland‟s et al. (2022) study and our study reported high concentrations of T&RWPs in snow 

and snow mass loads, in the former case as high as 14 500 mg/L of TWPs and 9 950 mg/L of RWPs in snow, 

and snow mass loads of 109 000 mg/m
2
 and 28,800 mg/m

2
, respectively, and in our study, snow mass loads up to 

619 000 n/m
2
 of TWPs and 10 900 000 n/m

2
 of RWPs. In the former study, RWP represent only PMPs, in our 

case, the counts are those of “black” particles. The use of different units in the discussed studies prevents closer 

comparison of masses.  

As noted in our study, high variations in concentrations of MP particles among samples were also reported by 

other researchers studying stormwater (Järlskog et al., 2021, 2020; Lange et al., 2022). Lange et al. (2022) 

studied 9 rain events in Sundsvall, Sweden and noted that the concentrations of MPs in the range from 20 to 100 

µm varied from 42 particles/L to 8577 particles/L, with a median concentration of 230 particles/L. Järlskog et al. 

(2020) measured TRWPs in stormwater samples from five rain events in an urban catchment in Gothenburg, 

Sweden and reported concentrations from 1500 to 6000 particles/L (20-100µm). For comparison, the T&RWP 

concentrations at our 16 sites sampled varied up to 197 000 particles/L, with mean counts of 36 000 particles/L 
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and 2 900 particles/L in Umeä and Luleä, respectively. Thus, both these studies and some others on stormwater 

also reported lower concentrations of MPs in stormwater than in our study. Rødland et al. (2022) reported MP 

concentrations in mg/L and reached the same conclusion, with road snowbanks yielding much higher 

concentrations than those found in stormwater. Overall, these results indicate that roadside snow contains 

significantly higher concentrations of MPs, compared to stormwater, and this may be caused not just by storage 

of MPs in snowbanks, but also by high production of T&RWPs by studded tyres and winter road maintenance 

involving spreading of grit on roads in northern regions. This practice is reflected in high concentrations of TSS 

measured in snow samples from our study sites (the combined mean of 16 sites = 3 550 mg/L; the mean of VSS 

=180 mg/L) and contributes to attrition of both tyres and road surface and high production of T&RWPs.    

T&RWPs were the dominating MP category in urban snow and snowmelt samples and their concentrations 

constituted about 99% of the total MP particle concentrations (Table 2). This result was in contrast to the results 

reported in stormwater samples by Gilbreath et al. (2019) and Järlskog et al. (2020), with a greater presence of 

other MP morphologies. A recent study by Lange et al. (2021) on MPs in stormwater reported similar findings as 

in our study, however, the difference between concentrations of TRWPs and other MP particles were much 

higher in our case. The use of studded tyres during the winter causes additional pavement wear (Loganathan et 

al., 2013; Lundberg et al., 2019; Westerlund et al., 2011) and the release of more TRWPs. The winter road 

maintenance by ploughing roads can generate bitumen fragments (Lindfors et al., 2020) causing increased 

TRWPs counts in snow, compared to stormwater. Another cause of the discrepancy between the concentrations 

of TRWPs and other MPs in snow and stormwater is the use of antiskid materials (grit) during winter, which 

grind against the pavement (Tervahattu et al., 2006) and generate TRWPs during the winter season.  

The comparison of various size fractions of T&RWPs in urban snow samples were not reported in any other 

study. However, there were Sundsvall stormwater studies, which addressed the particle sizes (Järlskog et al., 

2020; Lange et al., 2021). Both these studies documented the lowest concentrations of T&RWPs in the largest 

size fraction, and vice versa, using the same analytical method as in our study. The concentrations of T&RWPs 

in the smallest analysed fraction (50-100 µm) in snow and snowmelt samples were several hundred times higher 

than those in the largest fraction (>300 µm). Possible reasons for this might be that road traffic (studded tyres) 

and winter maintenance activities generate more T&RWPs in the smaller size fraction (50 – 100 µm), compared 

to the largest fraction (>300µm), or smaller fractions may be easier to detach from the pavement and be 

transported away with snow. An analogous result, concerning increasing concentrations with decreasing sizes of 
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suspended particles in urban snow and snowmelt samples, was reported by Reinosdotter (2007) and Westerlund 

and Viklander (2005). 

This result indicates that for a better understanding of the occurrence and further fate of T&RWPs, it is important 

to analyse smaller size fractions as well.  Exclusion of smaller-sized particles can lead to underestimation of 

particle concentrations (Järlskog et al., 2020). However further research on generation of various sizes of 

T&RWPs and on their affinity to sediment or ice crystals may be required to shed some light on this issue.  

4.2. Release of T&RWPs from melting snowbanks and associated environmental effects 

A number of researchers identified urban snow and snowmelt as a vector and pathway of TRWPs to the 

receiving waters (Evangeliou et al., 2020; Furuseth and Rødland, 2020; Magnusson et al., 2016). The current 

study provides further evidence supporting this finding. However, the limited number of samples and the fact 

that some part of snowmelt likely infiltrates into soils limit the possibility of drawing general conclusions. 

Particle size, morphology and mass densities are all major factors influencing the transport and ultimate fate of 

TRWPs in the terrestrial and aquatic environments (Jekel, 2019). Among these factors, the sizes of T&RWPs 

were analysed in our study and indicated that the smallest fraction studied (50-100 µm) was the most mobile 

fraction largely carried by snowmelt. This observation contributes to determining the fate of T&RWPs in the 

aquatic environment. 

The high concentrations of MPs in snow highlight the importance of snow as a pathway of MPs to the 

waterbodies. With snow, MPs can be transported to the aquatic environment and become a part of the food chain 

of aquatic life. When urban snow laden with MPs (Bergmann et al., 2019; Österlund et al., 2019; Rødland et al., 

2022; Vijayan et al., 2019a) is removed from cities and transported to snow disposal facilities, the MPs in the 

snow will disperse according to the drainage design of the disposal site. Alternatively, some Swedish 

municipalities may be granted an exemption and receive a permit to dump snow into open waters (Swedish 

Agency for Marine and Water and Management, 2017). In that case all the TRWPs contained in urban snow will 

end up in such waters and cause a greater environmental impact, than the preferred on land disposal (Andersson-

Sköld et al., 2020).  

4.3. Practical implications and future research  

Results of this study have practical implications for addressing the TRWPs in urban snow and their pathways to 

the receiving waters. The findings of our study on the abundance of TRWPs and their size distribution in snow 

and snowmelt should be helpful for designing remedial measures intercepting and removing TRWPs from 
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drainage effluents of snow disposal facilities. Recognizing the toxicity of TRWPs (Tian et al., 2020), it is 

required to develop integrated plans for reducing the generation of TRWPs by traffic and implementing plans for 

their (partial) capture and removal from the environment, particularly in the case of road runoff and snowmelt.  

The concentrations of TRWPs in snow and snowmelt vary widely (Rødland et al., 2022; Vijayan et al., 2019a) 

and their storage in snow, release and transport appear to be more complex than in the case of other pollutants in 

snow. The current knowledge of TRWPs behaviour during snowmelt and the ultimate fate of these particles is 

rather limited and would benefit from future reserch on the following topics: (a) Influence of road parameters 

(type of road, speed limit, traffic intensity etc.) and winter road maintenance activities on generation of TRWPs 

in various size fractions; (b) Rates of accumulation of TRWPs in urban snow and factors influencing such 

accumulation rates; and, (c) developing an integrated mass balance of TRWPs and mineral solids in urban 

roadside snowbanks.  

5. Conclusions 

Urban roadside snowbanks are important temporary sinks of T&RWPs, with widely varying concentrations 

averaging 20 000 ± 48 000 particles/L (of snowmelt). Such variations likely follow from differences in road 

pavement design, vehicle characterstics (including studded tyres), traffic characteristics (intensity, driving 

modes), snow management practices, and weather conditions at individual sites. RWP counts were 2-30 times 

higher in numbers compared to TWPs, most likely because of high usage of studded tyres. The measured 

T&RWPs in snow samples decreased with the sample distance from the road edge. The effects of other site 

specific factors, like traffic intensity and distance from the road intersection, could not be confirmed with 

statistical certainty. Generally, the number of particles in melted snow increased with the decreasing size of the 

MP particles. The smallest studied MP particles (fraction 50-100 µm) were most mobile (carried by snowmelt in 

laboratory experiments) and produced the higest average concentrations of both TWPs and RWPs. Laboratory 

snow melting experiments indicated that about 20% of the total T&RWPs left the melting snow piles with 

snowmelt, but the rest of particles stayed on ground as a residue. No significant differences were observed 

between transport of TWPs and RWPs.  In general, the study findings provide evidence that urban snow and 

snowmelt form a pathway for transport of T&RWP pollution to the aquatic environment.  
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