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Abstract 
Gully pots are a fundamental runoff quality and quantity control measure installed in 
urban catchments around the world. However, their ubiquitous use in urban catchments 
also incurs a substantial resource demand in terms of routine maintenance if their 
continuous performance is to be assured. The studies included in this licentiate thesis 
advance knowledge on the potential risks and benefits associated with gully pots systems 
with regard to their role as a component of the pathway of surface runoff from urban 
catchments to receiving waters. The thesis interrogates the risks of previously deposited 
sediments being scoured under current and potential future rainfall conditions and the 
benefits of gully pots functioning as a temporal repository for pollutants as well as their 
potential role as a tool for tracking diffuse pollution changes at a local catchment level. 
Pollutant mobilisation during artificial gully pot emptying processes, and the implications 
of this for their subsequent management, are also discussed. The results provide insights 
into additional factors that need to be taken into account when developing gully pot 
management regimes. For the above purposes, the materials presented in this thesis 
include modelling, field and laboratory studies.  
To estimate the impact associated with scouring of deposited solids from gully pots in the 
Swedish context (i.e. rainfall conditions and catchment characteristics), two storm-event 
based condition matrices were developed based on the output derived using two models 
from the literature. Model one outputs indicate that the scour-induced total suspended 
solids discharged from the gully pot can be kept below 25 mg/L if the gully pot fullness 
level is maintained below 60 % fullness level. Model two highlighted the higher 
susceptibility to scour and remobilisation of finer and lighter solids. The potential of this 
model to inform the dimensioning of gully pots to reduce the scouring of solids of a 
certain size range under targeted rainfall events is identified. In the field study, seven gully 
pots in two catchment types (trafficked road and housing land uses) in Luleå, Sweden, 
were fully emptied and the physicochemical properties of sediments and dredged waters 
characterised. By comparing data with the results of an earlier sampling of  the same seven 
gully pots, a temporal increase in the normalised solids accumulation rate in the road 
catchment was highlighted, reaching 0.176 – 0.819 kg·m-2·year-1. In terms of pollutants, 
a significant temporal decrease in median As and Pb concentrations and increases in 
median Cd, Cr, Zn, Ni and Co concentrations in sediments of certain size ranges were 
reported. In terms of polycyclic aromatic hydrocarbons (PAHs), a major temporal shift 
from a light weight PAH dominated profile to a heavy weight PAH dominated profile 
was identified. Discussions consider if, and if so how, the characterised temporal changes 
may relate to changes in catchment practices which have occurred during the time 
interval between sampling periods. With the exception of Cd, total pollutant loadings 
per gully pot were 1.5 – 8 times higher in road catchment gully pots than housing 
catchment gully pots. The hydraulic dredging approach to gully pot emptying used in 
this work remobilised < 20 % of pollutants from the sediments phase into dredged waters, 
with the majority of these pollutants associated with suspended materials. A comparison 
of the pollutant concentrations in dredged waters with available quality 
standards/guidelines identifies the need for further treatment to minimise their potential 
ecological impacts on receiving water recipients. 
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Sammanfattning 
Dagvattenbrunnar är en grundläggande dagvattenläggning med kvalitets- och 
kvantitetfunktion för avrinning som installeras i urbana avrinningsområden runt om i 
världen. Deras utbredda användning i tätortsområden medför ett betydande 
underhållsbehov om deras prestanda ska upprätthållas. Studierna som ingår i denna 
licentiatavhandling bidrar till kunskapen om potentiella risker och fördelar som är 
förknippade med dagvattenbrunnar och deras roll som en del av transporten från urbana 
avrinningsområden till recipienter. Avhandlingen undersöker riskerna för bortspolning 
av ackumulerat sediment under nuvarande och potentiella framtida 
nederbördsförhållanden, men även fördelarna med att dagvattenbrunnar fungerar som en 
temporär föroreningsförvaring samt deras potentiella roll som ett spårverktyg för diffusa 
föroreningsförändringar på lokal nivå. Avhandlingen diskuterar även 
föroreningsmobilisering under tömningsprocesser och konsekvenserna av detta för 
efterföljande hantering. Resultaten ger insikter i ytterligare faktorer som måste beaktas 
när man utvecklar förvaltningsregimer för dagvattenbrunnsystem. För ovanstående syften 
inkluderar avhandlingen modellbaserade studier och fältstudier. 

För att utvärdera påverkan av remobilisering av ackumulerade partiklar från 
dagvattenbrunnar i en svensk kontext (d.v.s. nederbördsförhållanden och egenskaper hos 
avrinningsområdet), utvecklades två matriser baserade på utdata från två tidigare 
etablerade modeller. Modell ett föreslog att den totala mängden resuspenderade partiklar 
som släpps ut från brunnen kan hållas under 25 mg/L om fyllnadsnivån av sandfången 
hålls under 60 %. Modell två lyfte fram den högre risken för bortspolning av finare och 
lättare partiklar. Potentialen hos modell två, som används vid dimensionering av 
dagvattenbrunnar för att minska partikelbortspolningen i ett visst storleksintervall under 
specifika nederbördshändelser, identifieras. I fältstudien tömdes sju brunnar i två olika 
avrinningsområden (trafikerad väg och bostäder) i Luleå, Sverige, och de fysikalisk-
kemiska egenskaperna hos sedimenten och det muddrade vattnet karakteriserades. 
Genom att jämföra data med resultaten från en tidigare provtagning av samma brunnar 
uppmärksammades en ökning över tid av normaliserad ackumuleringshastighet för 
sediment i vägavrinningsområdena och uppgick till 0,176 – 0,819 kg·m-2·år-1. När det 
gäller föroreningar rapporterades en signifikant minskning över tid av median 
koncentrationer av As och Pb och en ökning av median koncentrationer av Cd, Cr, Zn, 
Ni och Co i sediment av specifika storleksintervall. När det gäller polycykliska aromatiska 
kolväten (PAH) identifierades en stor förändring över tid från en lätt PAH-dominerad 
profil till en tung PAH-dominerad profil. I diskussionen övervägdes om, och i så fall hur, 
de karakteriserade förändringarna över tid kan härledas till förändringar i stadsförvaltning 
som har inträffat under tidsintervallet mellan provtagningarna. Bortsett från Cd var 
föroreningsbelastningen 1,5 – 8 gånger högre i dagvattenbrunnar för vägar än för 
bostadsområden. Den hydrauliska tömningsmetoden av brunnar som användes i detta 
arbete remobiliserade < 20 % av föroreningarna från sedimentfasen till det muddrade 
vattnet, med majoriteten av dessa föroreningar förknippade med suspenderade partiklar. 
En jämförelse av föroreningskoncentrationerna i det muddrade vattnet med tillgängliga 
kvalitetsstandarder/riktlinjer betonar behovet av ytterligare rening för att minimera den 
potentiella ekologiska påverkan på mottagande recipienter. 
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1. Introduction 

Over the course of the last 150 years, industrialisation and urbanisation have not only 
brought about an economic boom but also major improvements in the lifestyles of people 
in many parts of the world. However, as well as advantages, societies’ increasing 
dependence on the use of a range of products and processes have resulted in the increased 
concentration of a range of xenobiotics (defined as artificially synthesised substances or 
substances that would not exist in great abundance naturally) in urban catchments, to 
levels which far exceed their natural occurrence in a pre-industrialised environment 
(Donner et al., 2010). However, the concentration of xenobiotics is not limited to the 
urban catchment but also in downstream receiving waters with stormwater facilitating 
the release of substances from a variety of sources and their mobilisation as runoff as 
rainfall travels over impermeable urban surfaces. The transportation of runoff (both on 
urban surfaces and via piped systems) may even further enhance the potential toxic impact 
of mobilised substances by providing an opportunity for a wide array of hazardous 
substances to mix, contributing to the so-called “cocktail effect” on their discharge to 
receiving waters (Lundy et al., 2012). Hence, urban runoff is also identified as a major 
pathway by which pollutants move from sources to receiving waters, which challenges 
achieving EU Water Framework Directive (WFD) (Directive 2000/60/EC, 2000) as 
well as several UN sustainable development goals (SDGs) including SDGs 6 (Clean water 
and sanitation), SDGs 11 (Sustainable cities and communities) and SDGs 14 (Life below 
water).  

To mitigate such challenges, implementing runoff quality control units has been one of 
the key remediation approaches taken by stakeholders. With regard to the main subject 
of this thesis work, gully pots (GPs) are one of the most abundant urban drainage quality 
and quantity control infrastructures in urban catchments, with over 30,000 in Oslo, 
Norway (Lindholm, 2015), 50,000 in Stockholm, Sweden (personal communication, 
April 21, 2021) and 17 million in England and Wales, UK (Memon and Butler, 2002). 
Placed at the entrance of piped drainage sewer system, GPs both convey runoff from 
impervious urban surfaces and improve water quality by proportionally detaining solids 
carried by inflowing runoff. Accompanied by their ubiquitous use is their associated 
resource-intensive operation and maintenance (O&M) needs to fulfil their drainage and 
runoff quality control functions. However, the current approach to GPs O&M is not 
evidence-based but is typically determined on an ad hoc basis in relation to e.g., the 
availability of municipal budget, personnel experience and catchment vulnerability (Post 
et al., 2017). A direct drawback of the maintenance regime driven by the above factors 
is that the purpose of maintenance is limited to avoiding GPs blockages-induced flooding 
and the function of GPs in improving runoff quality is missing in this maintenance 
context. The establishment of a sounder maintenance strategy which focuses on 
maintaining GP drainage and quality control performances, on the contrary, essentially 
needs to be made on the basis of specific catchment priorities and understanding of in-
situ GPs performance. Despite the universal and long use of GPs, knowledge on e.g., the 
accumulation rate of solids and associated pollutants in GPs and impacts of various factors 
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on sediment behaviour and associated pollutant fate are lacking. This thesis directly 
contributes to addressing this knowledge gap, providing new understandings on the 
transport and compositions of GPs solids and facilitates discussions on the impacts of 
various natural and anthropogenic factors on GPs performance. 

1.1. Aim and research objectives 

Rainfall-event based scouring of previously deposited sediments and the long-term 
accumulation of sediments and associated pollutants are key processes to be considered 
when characterising the overall performance of gully pots system. This licentiate thesis 
contributes to the understanding of sediment scour behaviour under varying rainfall 
regimes as well as investigating temporal changes in the physicochemical properties of 
gully pot sediments and their relationship with urban catchment factors such as varying 
anthropogenic practices. 

Within the scope of this licentiate thesis, this work focuses on the following specific 
objectives: 

1. To evaluate the impacts of changing anthropogenic practices in urban catchments 
on the physico-chemical properties of gully pot sediments; (Paper I and II) 

2. To critically assess the performance of two gully pots sediment scour models as 
well as examine the effects of changing rainfall regimes (under current and 
potential future rainfall regimes) on the magnitude of sediment scour; (paper III) 

3. To characterise the performance of gully pots in accumulating metals and PAHs; 
(Paper I and II) 

1.2. Thesis structure 
The thesis is presented based on key findings from three appended papers, referred to as 
Paper I, II and III (Figure 1). Paper I and II originated from a field study which collected 
and fully characterised the sediments from the same seven gully pots that were previously 
investigated in 2005. Paper I specified the temporal changes in PAHs contents associated 
with gully pot sediments and Paper II specifically focuses on identifying the temporal 
changes in metals and other related physicochemical properties of the gully pot sediments. 
Both Paper I and II examined how the identified temporal changes are linked to the 
changing anthropogenic activities in the investigated catchment, including environmental 
regulatory measures, road maintenance operations and traffic and non-traffic emissions. 
Paper III is a modelling study which explored the scouring behaviours taking place on 
gully pot basal sediment bed surfaces. Two models developed to quantify sediment scour 
magnitude were critically evaluated under a wide range of scenarios including current 
and potential future Swedish rainfall regimes as well as different gully pots fullness levels 
representing various maintenance operation frequencies. 
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2. Background 

2.1. Runoff and sediments 

Urban runoff is widely reported as a major transport vector for pollutants released from 
various point and non-point sources in urban catchments and their transfer to receiving 
water bodies. Recent reviews by e.g., Müller et al. (2020), Petrucci et al. (2014), 
Loganathan et al. (2013) and Lundy et al. (2012), explicitly collated the evidence of 
potential sources for both established pollutants e.g., total suspended solids (TSS), metals, 
polycyclic aromatic hydrocarbons (PAHs) and nutrients as well as for pollutants of 
emerging concerns including phthalate, alkylphenol, organotin, and per- and 
polyfluoroalkyl substances (PFAs). Of all the substances that have been or are to be 
studied, solids are a central concern from both quality and quantity perspectives.   

In terms of water quality,  solids are widely recognised as a key indicator of runoff quality 
(US EPA, 1983). Their direct discharge to receiving waters can result in the physical, 
chemical and biological alternations of waterbodies, leading to both acute and chronic 
impairment of receiving ecosystems (Bilotta and Brazier, 2008). In terms of physical 
impacts,  suspended solids may reduce the penetration of light through the water column 
and further inhibit the photosynthesis activities of suspended algae (Lloyd et al., 1987). 
The long-term deposits of these solids can alter the bed topography, leading to degraded 
habitability and navigability of receiving waters (Butcher et al., 1992; Verstraeten and 
Poesen, 2016). Chemical impacts are related to the fact that a considerable proportion of 
the pollutant load transported in runoff is associated with solids (Pitt et al., 1995). This 
has been extensively reported for both snow-melt (e.g., Viklander, 1999; Westerlund et 
al., 2011; Vijayan et al., 2019) and stormwater runoff (e.g., Lau et al., 2005; Tuccillo, 
2006; Pamuru et al., 2022). Of these pollutant-bound solids, finer particles report 
increased pollutant concentrations as a function of their higher surface/bulk ratios 
(Langmuir, 1997). Furthermore, the relatively higher level of mobility of finer particles 
leads to a greater opportunity for their transport to receiving waters. Once reaching the 
receiving waters, the dynamic equilibrium of pollutants adsorption and release is quickly 
achieved (Latimer et al., 1999). This dynamic equilibrium, however, can be disrupted by 
the changing environmental conditions e.g., storm events or anthropogenic activities, 
leading to the release of pollutants into overlying waters through e.g., desorption and 
biological decomposition, characterising the chemical alternations to receiving 
waterbodies (Won et al., 2017). With respect to the biological impacts, studies have 
reported a range of negative effects on several species including causing damage to fish 
respiratory organs (Langer, 1980), clogging of fish gills and guts (Alabaster, 1982) and 
reducing the survival rate of salmonid eggs (Greig et al., 2005; Walling et al., 2003). 

In regard to their physical nature, solids have been a major challenge to the hydraulic 
capacity of urban drainage systems. For piped systems, solids deposition and accumulation 
(leading to further blockages in pipe networks) have long been reported as one of the 
key mechanisms for reducing the hydraulic performance (Ashley et al., 2005; Banasiak, 
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2008; Marlow et al., 2010). Not only limited to the conventional pipe-based sewer 
systems, solids deposition via sedimentation is also reported to compromise the quantity 
and quality functions of Sustainable Urban Drainage infrastructures (SUDs) including 
clogged permeable pavement (Winston et al., 2016), clogged bio-filters (Beryani et al., 
2021), and the silting up at influent and effluent points of stormwater ponds (Al-Rubaei 
et al., 2017). 

2.2. Gully pots 

Gully pots (GPs), also termed catch basins in the US and Canada (Ellis and Harrop, 1984) 
and catchpits in Australia and New Zealand (Pennington and Kennedy, 2008), are one 
of the key constituents of urban drainage systems. Figure 2 presents a typical design of a 
GP that is commonly found in Sweden. The design facilitates the movement of surface 
runoff (and suspended solids) to below ground structures via the passage of a surface level 
grating. The basal sump, as the key runoff quality control module, provides the 
opportunity for sedimentation processes to occur, and thus to an extent, prevents solids 
from entering and blocking subsequent piped networks and reduces the discharge of 
sediments (and associated pollutants) to water body recipients. 

 

Figure 2. Simplified sketch of a roadside gully pot. 

Although an ‘optimal GP design’ (Figure 3) was proposed by Lager et al. (1977) based 
on hydraulic tests to maintain good hydraulic conditions for sedimentation, such a design 
is hardly found in reality as, in practice, the topography and local geology often determine 
GP dimensions e.g., the distance between the road surface and effluent pipe (h) and the 
placement of effluent pipe needs to accommodate to the connection point of the main 
sewers. In addition, further variations in GP design may occur, from different types of 
inlet (e.g., gratings, curb openings or a combination of both types), use of water seals to 
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reduce the release of odours from sewers, and inter-connected GPs whereby one GP 
both drains the urban surface as well as receiving discharge from a nearby GP. 

 
Figure 3. Optimal gully pot design recommended by Lager et al. (1977). 

Historically, a major driver for designing and installing GPs was poor road conditions and 
the use of sub-optimal mechanical trenching technology to lay sewers at angles which 
facilitate free flow (Sartor et al., 1974). The potential for grits and gravels to enter the 
piped systems in combination with inadequate pipe design in terms of self-cleansing 
meant GPs undertook a crucial role in reducing sediment-induced sewer blockages. 
However, as road quality and sewer system design improved, GPs continued to be 
ubiquitously installed leading to criticisms from i.e., Sartor et al. (1974) and Lager et al. 
(1977) as to whether the continuous installation of GPs was based on well-defined 
technical guidance or was rather a routine design feature. Such criticisms were also 
directed towards insufficient – or absent - GP maintenance practices whereby full GPs 
led to surface ponding and flooding (e.g., Coulthard et al., 2010; Spekkers et al., 2013; 
Chen et al., 2017). For example, in a Netherland-based study, Post et al. (2017) reported 
that 73 % of the registered flooding events were related to GPs blockages, of which, 62 
% were directly attributed to sediment deposits. 

Despite the long use of GPs, no consensus has yet been reached on how to determine 
how often GPs should be emptied, with the frequency of GP emptying regimes varying 
by cities and countries. One of the common maintenance strategies is to empty GPs 
proactively, following a cyclic emptying programme. In the Netherlands, for example, 
GPs are generally emptied once per year with vulnerable locations emptied more 
frequently, reaching a cleaning frequency of 2-4 times yearly (Ten Veldhuis and Clemens, 
2011). This cyclic emptying strategy is reported to cost Dutch municipalities 26 million 
euros annually (with individual GPs priced at €3.5 - €7 per emptying; Ashley et al. 
(2004)). This cost is still deemed to be economically friendly compared to the cost of 
€200 for each reactive action (Ten Veldhuis, 2010). In contrast, a much less frequent GP 
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emptying strategy is adopted in Oslo, Norway, where ca. 5 % of GPs are emptied 
annually, equivalent to a general cyclic GPs cleaning frequency of once every 20 years 
(Lindholm, 2015). 

2.2.1. Sediments transported to gully pots 

The loading rate of solids and associated contaminants are key factors which could be 
used to inform GP emptying programmes as a contribution to source control 
management strategy. Both factors are essentially a function of land use activities 
(generation of solids and associated pollutants) and how they are transported to GPs. A 
summary of common sources of solids and physical accumulation and transport 
mechanisms is illustrated in Figure 4. Sources intrinsically impact the mass and 
physicochemical and biological properties of solids, which directly and indirectly dictates 
their availability for transport. 

 

Figure 4. Solids accumulated and transported on urban surface (Ashley et al., 2004). 

Mass-wise, vehicles and vehicle-related activities are a key source of particulate matter in 
urban catchments, with specific sources including particles from exhausts (e.g., Huber et 
al., 2016; Markiewicz et al., 2017), tires (e.g., Muschack, 1990; Kose et al., 2008; Horton 
et al., 2017) and brake wear (e.g., Hjortenkrans et al., 2007; Markiewicz et al., 2017)  as 
well as road abrasion (e.g., Hvitved-Jacobson et al., 1991; Lindgren, 1996). In cold 
climate regions, associated winter road maintenance operations introduce an additional 
major input of solids with clear seasonal patterns in their importance as a contributing 
source. As an example, every winter approximately 16,000 tons of traction grits are 
applied to streets in Luleå, northern Sweden, with approximately only 25 % of this 
collected during the later spring street sweepings (Luleå municipality, 2020). Other major 
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seasonal solids inputs originate from lawn mowing (summer) and leaf abscissions 
(autumn). An estimation by Hedley et al. (1973) indicated that 15-25 kg leaf residuals 
(dry mass) can be produced yearly from a mature tree. In addition to the above, 
atmospheric deposition is identified as an important source of solids (e.g., Davis et al., 
2001; Sabin et al., 2005; Li et al., 2007; Murphy et al., 2015) and it is classified both as a 
source (long-range transportation of contaminants from outside the catchment area) and 
a short-range pathway (resuspension/deposition cycles in runoff and on urban surfaces 
from other sources within the catchment) by Petrucci et al. (2014). Furthermore, urban 
litter can also be a key contributor of solids. For example, Swedish Environmental 
Protection Agency (2020) reported ca 35 million pieces of litter (total weight of 60 tons) 
were identified on sidewalks, pedestrian streets and bicycle paths during the measurement 
week in central locations of 75 Swedish municipalities. Of these identified litters, 76 % 
were contributed by cigarettes butts and snus (a Swedish tobacco product). 

The transport of solids from sources to GPs takes place in both wet and dry weather. 
During storm events, the transportation of solids can be classified according to two major 
mechanisms; rain drops carrying aerosols from the atmosphere to urban surfaces (wet 
deposition) as well as the wash-off of accumulated solids (combination of wet and dry 
deposition) by rainfall as its passes over surfaces (i.e. runoff). However, not all solids can 
be mobilised from the urban surface and further transported to GPs (Pratt and Adams, 
1984), as this process is greatly dependent on e.g., rainfall intensity (Shivalingaiah and 
James, 1984), rainfall depth (Pitt, 1987), street surface conditions (Sartor et al., 1974) and 
slope (Muthusamy et al., 2018), as well as the characteristics of the solids themselves (i.e. 
size and density) (e.g., Pitt, 1987; Walker et al., 1999; Vaze et al., 2002). Among the 
factors listed above, solids characteristics are the only factor that is directly related to the 
sources. However, the transport time and pathway from sources to their presence in 
runoff and ultimately receiving environments provide an opportunity for bio-physico-
chemical processes of solids to occur. For instance, factors such as a lower runoff pH (as 
low as 5.5; Blazier (2003)) and higher organic contents (Ashley et al., 2004) may enhance 
solids agglomeration, resulting in increased particulate sizes and thus reducing their 
relative mobility under storm events. During periods of dry weather, the transport of 
solids to GPs is dominated by wind- or mechanical-driven forces associated with activities 
such as bikes, vehicles, pedestrians and street sweeping practices. 

In comparison to the research undertaken on identifying the key factors for the transport 
mechanisms, very limited field studies (summarised in Table 1) have yet been performed 
to quantify the solids loading rate to drainage systems through GPs. It is worth 
highlighting the study by Hong et al. (2016) where the particle size distribution (PSD) 
of solids transported to the investigated GP was compared with that of the solids deposited 
on the catchment surface prior to the monitored rainfall events. The results suggested a 
significant grading impact of the wet-weather solids transport process where 90 % of 
solids (dry mass) transported to the GP were < 50 µm, yet solids belonging to this size 
fraction only accounted for < 10 % of initially deposited solids on the urban surface before 
the rainfall events. 
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Table 1. Summarised studies on characterising solids loading on drainage sewers through 
gully pots. 

Reference Measurement approach 
Number of 
monitored 
gully pots 

Land-use type Time span 

Pratt and Adams 
(1984) 

Placement of five sieves at gully 
pots inlets with decreasing pore 
sizes (1250, 600, 400, 150 and 
90 µm) 

5 Residential 15 months 

Ellis and Harrop 
(1984) 

Placement of a set of sieves at 
gully pots inlets with decreasing 
pore sizes (2000 - 63 µm) 

2 Highway summer & 
autumn 

Hong et al. 
(2016) 

Rainfall event-based flow-
proportional automatic 
sampling & online turbidity 
measurement (1-min intervals) 

1 
Trafficked road  
(30,000 
vehicles/day) 

six months 
(seven rainfall 
events) 

Rietveld et al. 
(2021) 

Placement of 50 µm pore-sized 
filter bags at gully pots inlets 52 Residential two years 

2.2.2. Sediments transported through gully pots 

The impact of grading processes (which alters PSD) is not only specific to the transport 
process from solids sources to GPs, but was also reported in the in-pot transport process. 
For example,  a laboratory-based study by Naves et al. (2019) reported a higher 
proportion of finer particles (i.e. < 125 µm) in GP discharge compared with the PSD of 
solids remaining in the sump after simulated rainfall events. This difference in PSD 
essentially relates to the efficacy of GPs in retaining inflowing solids. However, it is 
currently challenging to allocate a definitive value to GP efficiency as it is an integrated 
function of solids characteristics and in-pot hydraulic conditions. In regard to the solids' 
characteristics, both particle density and size determine their potential to settle within a 
GP (Rietveld et al., 2020a; as discussed in section 2.2.1. Sediments transported to gully 
pots). In another field monitoring study, Post et al. (2016) reported only 5 % of 
investigated GPs (N = 300) experienced GPs blockages during the 15-month monitoring 
programme and that the sediment beds in the rest of the studied GPs stabilised after 3–4 
months. This finding highlighted the limitation of maintenance strategies focused on 
preventing GP blockages in terms of overlooking the additional value of increased GP 
emptying in reducing solids deposition in downstream sewer pipes and pollutant loadings 
on receiving waters. 

The operation of GPs can be grouped into two distinct regimes (i.e., during dry and wet 
weather) where distinct mechanisms dominate the in-pot sediment dynamics (Butler et 
al., 1995). Under wet weather conditions, four processes may take place concurrently; 
the flushing out of solids in suspension in standing water, the sedimentation of suspended 
solids, the proportionality of influent solids by-passing the GPs, and the 
scour/remobilisation of already deposited solids. These four processes together inform 
the performance of GPs during storm events. However, characterisation of the relative 
contributions of each process in the field is extremely challenging given the limited in-
pot space available to install instruments without impacting flow patterns. The initial field 
characterisation of the scouring process by Sartor et al. (1974) identified ca 1 % decrease 
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in sediment bed volume after running clean water into the GP at different flow rates for 
a one-hour time period. However, this work did not give the experimental setup in detail 
(e.g. flow rate is not reported nor the initial in-pot liquor TSS concentrations reported) 
which hinders further interpretation of this study. A later artificial-flushing study by 
Butler et al. (1999) enabled the development of a time-series of effluent TSS throughout 
the test. However, this involved use of a single tested flow rate (20 L/min), a simplified 
inflow structure (i.e., a hose pipe), and again did not report initial in-pot liquor TSS 
which also limited the use of this work in developing a complete understanding of the 
in-pot scouring processes. 

Instead of characterising the individual in-pot processes, Wada et al. (1987), Fletcher et 
al. (1981), Butler and Clark (1995) integrated the sum of these four processes by treating 
the GP as a complete stirred-tank reactor (CSTR) under wet weather conditions, where 
the output (effluent TSS) consisted of inflowing suspended solids which bypass the sump, 
the flushing-out of solids in suspension from previous rainfall events and solids scoured 
from the in-pot sediment bed. Such an approach, however, was considered insufficient 
in terms of its ability to account for sediment bed scouring processes (Deletic et al., 2000). 
Conceptualising a GP as a CSTR was also rejected by Rietveld et al. (2020c) as the 
observed short-circuiting of inflow effectively facilitates the direct transport of solids to 
the outlet without participation in the hypothesised mixing process. To further address 
the issue raised by Deletic et al. (2000), models established by Avila et al. (2010) and 
Howard et al. (2012) addressed this shortcoming by examining the detailed physical 
processes of scouring. Whilst studies report a good fitness of the established models 
through the use of laboratory-based physical tests as well as computational fluid dynamics 
(CFD), a fitness and transferability check on the use of these two models in the field has 
yet to be undertaken. 

Compared with the dynamic monitoring of GP performance, research on characterising 
the long-term performance of GPs (in-pot solids accumulation) is much more limited. 
The key findings of available studies are summarised in Table 2. 

However, one direct issue with these studies is the limited comparability of the results. 
For example, solids accumulation results were reported using a variety of approaches 
including solids dry/wet mass, differences in sediment bed elevation, differences in 
sediment bed volume and as fullness level of the sump. Amongst these, the use of 
reporting by total solids wet mass introduces uncertainties related to variations in water 
contents, which is essentially impacted by the number of days between the previous storm 
event and the date of samples collection. The comparability of results reported as 
differences in sediment bed elevation and sump fullness levels are also highly dependent 
on the inner diameter of GPs, which can vary considerably between studies/GP designs. 
Further, the comparability of results reported by sediment bed volume is challenged by 
variations in compaction levels of sediment bed, water contents and solids densities. 
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Table 2. A summary of studies where solids accumulation rates in gully pots over an 
extended time period were reported. 

Reference 
Number 
of gully 
pots 

Time 
span Land-use type country Key findings 

Conradin (1989) 63 One 
year N.A. Switzerland 

≤ 10 cm/year (over 50 
% of monitored gully 
pots); 
> 40 cm/year (< 10 % 
of monitored gully 
pots); 
sediment bed stabilised 
in 6 months; 
138 g/(m2·year); 

Grottker (1990) 200 N.A. residential  
trafficked road Germany 86 - 93 g/(m2·year) 

Butler and Clark 
(1993) N.A. Six 

months N.A. U.K. 18 ± 11.5 
mm/month/gully pot 

Bennerstedt 
(2005) 2 14 

months trafficked road Sweden 8.4 and 19 
cm/year/gully pot 

Karlsson and 
Viklander, (2008a) 8 

0.3 - 
>25 
years 

trafficked road 
residential Sweden 4 - 118 g (dry mass) 

/(m2·year) 

Pennington and 
Kennedy (2008) N.A N.A N.A New Zealand 35 kg (wet 

mass)/year/gully pot 

Langeveld et al. 
(2016) 252 2 years N.A. Netherlands 

7.79 g (dry 
mass)/(m2·year) - 
emptying once/year; 
22 g (dry 
mass)/(m2·year) - 
emptying six 
times/year; 

Leikanger and 
Roseth (2016) 11 16 

months 
trafficked road  
residential Norway 

207 - 205 days to fill 
up 50 % of initial sump 
volume; 

Post et al. (2016) 300 15 
months residential Netherlands 

Sediment beds in 95 % 
of monitored gully 
pots stabilised 3-4 
months after the last 
cleaning; 
5 % of monitored gully 
pots reached the 
outlets at the end of 
the monitoring period; 

Rietveld et al. 
(2020b) 407 14 

months 

residential with 
street car 
parking 

Netherlands 18 ml/day/gully pot 

Key: NA = not available; 1Estimated annual solids loading rate based on assumed water contents and specific gravity. 

The comparability of results is also inhibited by the absence of detailed information 
related to e.g., solids supply, transport to and through the investigated GPs. As noted by 
Rietveld et al. (2020b), a wide range of parameters relate to solids build-up on catchment 
surfaces (e.g., drainage area, vegetation factor, traffic volume, land use type and street 
sweeping frequencies), transport to GPs (e.g., rainfall intensity and volume, antecedent 
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dry days), and solids sedimentation (e.g., GPs design) and these are rarely reported in full. 
The absence of this information in published studies – in part – contributes to the limited 
understanding of the impacts of various factors identified on solids accumulation rate.  
However, whilst Rietveld et al. (2020b) did comprehensively report data in relation to 
all identified factors, the authors still faced considerable challenges in data interpretation 
as the sample collection frequency (once every 3-4 weeks) remained insufficient in terms 
of enabling event-based solids accumulation rate changes to be resolved. 

2.2.3. Physicochemical and biological properties of gully pot sediments 

The characterisation of the physicochemical and biological properties of GP sediments 
provided is essential to inform a full discussion of the runoff quality control functions of 
GPs, as well as the associated need to dispose of solids wastes following routine emptying. 
Table 3 presents an overview of the findings of several studies which include the 
characterisation of physicochemical and biological properties of GPs sediments. 

One of two types of sampling strategies was adopted in each of the studies summarised 
in Table 3: the grab sampling of sediments at one or more reported sediment depths or 
the collection of sub-samples taken from one or more GPs following their complete 
emptying using an eductor truck. The sample representativeness of the former technique 
is unclear considering that the physicochemical biological properties of sediments may 
vary greatly depending on when they were transported to, and trapped in, GPs and the 
absence of information on the relationship between sediment depth and sediment bed 
ages. Also, the overall decreasing retention efficiency associated with increasing sediment 
bed levels (Rietveld et al., 2020a) impacts the PSD of sediments taken from different 
depths. For example, the reported PSD of the grab-sampled sediments collected from the 
surface layer may differ significantly from PSD data generated using a whole GP emptying 
sample collection approach. However, whilst the latter sampling technique guarantees 
the inclusion of the whole sediment bed, the use of the hydraulic dredging procedure 
adopted by eductor trucks may lead to the detachment and mobilisation of pollutants 
from sediment particles. A recent alternative to the hydraulic dredging approach 
traditionally employed by eductor trucks is an air-based GP emptying technique, 
although the use of this technique to e.g., capture fine solids has yet to be independently 
evaluated. 

The physicochemical and biological parameters reported by the studies summarised in 
Table 3 follow a characterisation frequency of selected metals (N = 9) > PAHs (N = 4) 
> PSD (N = 3), indicating a knowledge gap in the presence of many pollutants in GP 
sediments including organic pollutants of emerging concern. The expansion of the list of 
substances analysed is urgently required to inform a wider characterisation of the runoff 
quality control functions of GPs, to complement the inputs to urban runoff quality 
models and for the evidence-based assessment of GP solid wastes disposal requirements. 
Furthermore, the need to routinely include PSD analysis in GPs sediment studies is 
highlighted as particle size directly informs the treatment efficacy of GPs in retaining fine 
solids as well as the risks associated with potential scouring and remobilisation of solids to 
downstream environments. 
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Table 3. A summary of peer-reviewed studies on the physicochemical and biological 
properties of sediments retained in conventional gully pots. 

Reference Number of 
gully pots Land-use type Key parameters Sampling 

approach 
Pratt and Adams 
(1984) 5 Residential BOD, COD, 

PSD (0.3 - 5 mm) 
Gully pot 
emptying truck 

Grottker (1990) 200 Residential 
Trafficked road LoI, PSD, Metals Gully pot 

emptying truck 

Striebel and 
Gruber (1997) N.A. Trafficked road Metals, Sequential 

extraction 

Fully emptying 
(unspecified 
approach) 

Birch and Scollen 
(2003) 23 Industrial/commercial 

Residential Metals Grab sampling 

Brown and Peake 
(2006) 

composite 
samples from 
20-30 gully 
pots 

Industrial 
Residential PAHs, Metals Gully pot 

emptying truck 

Duzgoren-Aydin 
et al. (2006) 12 

Commercial 
Residential 
Industrial 

Metals, Sequential 
extraction, 
Mineralogical 
compositions 

Grab sampling 

Jartun et al. 
(2008) 68 

Commercial 
Industrial 
Parking 
Residential 

Metals, PSD, 
PAHs, PCBs Grab sampling 

Karlsson and 
Viklander (2008a) 8 Trafficked road 

Residential Metals, PSD Gully pot 
emptying truck 

Karlsson and 
Viklander (2008b) 8 Trafficked road 

Residential PAHs Gully pot 
emptying truck 

Karlsson et al. 
(2016) 

Composite 
samples from 
3 adjacent 
gully pots for 
2 sites 

Trafficked road 
Residential 

Metals, Sequential 
extraction Grab sampling 

Pun et al. (2019) 18 
Commercial 
Residential 
Industrial 

Metals, PAHs Grab sampling 

Mengistu et al. 
(2021) 10 Municipal road 

Parking 
Tire wear 
particles Grab sampling 

Rødland et al. 
(2022) 3 Trafficked road in 

tunnels 

Tire and 
polymer-modified 
bitumen particles 

Grab sampling 

Key: NA = not available 

The criteria used for the selection of specific GPs for sediment characterisation studies in 
the literature to-date appear to include consideration of land-use types, with GPs in 
commercial/industrial, residential and trafficked road catchments being the most 
frequently studied. However, simply reporting the investigated catchments based on an 
approximate description of land uses may substantially underestimate the impacts of 
specific catchment-based activities/processes on the physicochemical and biological 
properties of sediments retained in GPs, thus hindering data interpretation and the 
comparability of results between studies. For example, the residential catchments sampled 
by Pun et al. (2019) reported a traffic volume of up to 32,970 vehicles/day, a value that 
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is 1.3 times higher than that of the heavily trafficked road catchment investigated in 
Karlsson et al. (2008a). A direct land-use based comparison of sediment metal contents 
between these two studies may be erroneous if differences in traffic data are not included. 
Further examples of sub-catchment activities that could influence data comparability if 
not specifically identified include seasons covered by the accumulation period, specific 
road maintenance practices, street features and road layout, with the impact of all these 
factors on the interpretation and comparability of GP sediment data sets results 
highlighted as areas for further research. 

 

  



 
 

16 
 

 

  



 
 

17 
 

3. Methods 

The research presented in this thesis utilises two key approaches: 1) use of modelling to 
evaluate the scouring of previously deposited GP sediments (Paper I), and 2) analytical 
analysis to characterise temporal changes in the mass load and physicochemical properties 
of sediments from the same seven GPs investigated by Karlsson et al. (2008 a,b) 15 years 
ago (Paper II and III). 

3.1 Modelling study 

3.1.1. Model description 

The performance of two GPs sediment scouring models was evaluated in this work. 
Model one was developed by Avila et al. (2010) and is a simplified numerical model of 
scouring processes which took into account key factors including GP inlet structures 
(circular or rectangle) and the degree of size homogeneity of GP sediments. With regard 
to inlet structure, although Swedish GPs are more commonly equipped with grating 
inlets as opposed to curb entries, only the former inlet type was included as an option in 
Avila et al. (2010). However, curb entry inlets are found in a European context, and 
therefore the rectangle inlet structure was chosen in this study as it can better represent 
runoff gutter flow and curb opening entries. In terms of particle size homogeneity, Avila 
et al. (2010) developed two models based on two sets of sediment mixtures: one with 
heterogeneous size mixture (d10 = 90 µm, d50 = 500 µm and d90 = 2000 µm) and the 
other one with a relatively homogeneous size mixture (d10 = 80 µm, d50 = 180 µm and 
d90 = 250 µm). As the PSD reported for in-situ GP sediments by i.e., e.g. Fletcher and 
Pratt (1981) and Grottker (1990) exhibited a high level of size heterogeneity, the model 
developed for GP sediment with a heterogeneous size mixture was therefore selected in 
this work as a better representation of field conditions. Based on the above, the use of 
Model one is presented as follows: 

C = (670)2·H-3.32·Q(0.92H−0.15) (1) 

C = (115)2·H3·[ln(H)]-15Q(1.6H-0.19) (2) 

Where Eqn. (1) and Eqn. (2) apply to the prediction of scouring taking place during the 
first five-minutes and the subsequent 15-minute, respectively. C = suspended solids (< 
0.45 µm filters) concentration, mg/L; H = depth of water above sediment surface, cm; 
Q = GP inflow rate, L/s. 

Model two (developed by Howard et al., 2012) addresses scouring through the use of 
single-sized GP sediments in GPs with a circular pipe inlet. Model two is presented as 
Eqn. (3) – (5): 

C = (8.3·10-6/(P/Fj
2) + 4.7·10-4·e-3.18P/F

j
2)·ρωSG/(SG-1) (3) 

P/ Fj
2 = UshgD2/ūj2Q (4) 
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Fj
2=Uj

2
/gD (5) 

Where C = effluent TSS concentration, mg/L; P = the Péclet number (the ratio of 
convective particle transport by settling to transport by turbulent diffusion), 
dimensionless; Fj = the Froude number (influent jet velocity; equation 5), dimensionless; 
ρω = gully pot standing liquor density, kg/m3; SG = specific gravity of sediment particles, 
dimensionless; h = GP sump depth, m; g = gravitational acceleration, 9.81 m/s2; D = 
inner GP diameter, m; ū j = mean inflow jet velocity, m/s; Q = runoff inflow rate, L/s; 
Us = sediment settling velocity, m/s. 
The calculation of mean inflow jet velocity (ūj) at the GP entry was based on the Eqn. 
(6) and (7), assuming an ideal curb opening inlet structure: 

Q = (0.377/n)·Sx
1.67·S0.5·T2.67 (6) 

uj= Q/( T2Sx·0.5) (7) 

Where Q = runoff inflow rate, L/s; n = Manning’s value, dimensionless; Sx = crossfall, 
dimensionless; S = longitudinal slope, dimensionless; T = width of water surface in 
gutter, m. The calculation of US was based on the Eqn. (8) and (9) proposed by Cheng 
(1997): 

Us=(�25+1.2d*
2-5)1.5·ν/d (8) 

d*=((ρs- ρω)·g/ν2)1/3·d  (9) 

Where d∗ = a dimensionless particle parameter; 𝜈𝜈 = = kinematic fluid viscosity, m2/s; d 
= particle diameter, m; ρs = particle density, kg/m3; ρω = in-pot fluid density, kg/m3; g 
= gravitational acceleration (9.81 m/s2). 

3.1.2. Catchment input parameters 

The evaluation of the GP sediment scouring with both models was applied to the same 
well-characterised sub-catchment in Luleå, Sweden, regarded as a pseudo-site 
representative of one of the typical catchments in Sweden which GPs drain from. Key 
catchment-related inputs are summarised in Table 4. 

Table 4. Summarised catchment-related inputs. 
 Pseudo-site 
 Impervious road Grassed area 
Length (m) 72 
Width (m) 6 1.5 
Runoff coefficient1 0.9 0.25 
Surface Manning Coefficient 0.013 / 
Crossfall 2.6% / 
Longitudinal slope 2.0% / 

Key: 1. Runoff coefficients for the corresponding type of drainage areas were suggested by Butler et al. (2000). 

3.1.3. Gully pot input parameters 

Key GPs related inputs are summarised in Table 5. Despite the range in GP designs 
available, a maximum sump volume of 100 L is assumed here as used in the GPs 
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management study by Memon et al. (2002). As both Model one and two were established 
based on an “optimal gully pot design” proposed by Lager et al. (1977), the GP diameter, 
sump depth and distance between the top of GP and top of outlet were correspondingly 
calculated based on the recommended ratios between different dimensions (see Figure 3). 

Table 5. Overview of gully pot related inputs. 
Gully Pot Dimension Overlying water depth (% of sump depth) 

Gully pot diameter [mm] 500 

5 % & 10 % - 90 % (in 10 % increments) Gully pot sump depth [mm] 500 
Top of gully pot to top of outlet [mm] 187.5 
Maximum sump volume [L] 100 

In addition to GP dimensions identified above, Model one also utilises the depth of water 
overlying sediments prior to rainfall, which can be further interpreted as the GP sump 
fullness level (assuming a well-functioned outlet). Therefore the tested overlying water 
depths (percentage of the depth of an empty GP sump) of 5 % and 10 – 90 % (in 10 % 
increments) correspond to GP fullness levels of 95 % and 90 % - 10 % (in 10 % 
decrements). 

3.1.4. Sediment and in-pot liquor input parameters 

The application of Model one assumes a diverse sediment PSD, as identified by e.g. 
Fletcher and Pratt (1981) and Grottker (1990). In comparison, Model two was established 
to address the scouring of single-sized particles and a set of 12 combinations of three 
particle sizes and four specific gravities (SG) were utilised (Figure 5). 

 

Figure 5. Inputs of twelve sediment characterisations for Model two. 

The calculation of sediment settling velocity (Eqn. 8 and 9) requires the inputs of in-pot 
liquor density and kinematic viscosity. Assuming an ambient temperature of 15 °C, the 
kinematic viscosity of 1.1386·10-6 m2/s and density of 999.1 kg/m3 were selected. 

3.1.5. Rainfall events input parameters 

Rainfall characteristics are key inputs for both models, as drivers of GP inflow and in-pot 
hydraulic conditions. The GP inflow runoff rates were calculated using the rational 
method presented in Eqn. (10): 

Q = φiA   (10) 

Where Q = inflow rate, L/s; φ = runoff coefficient, dimensionless; i = rainfall intensity, 
L/ (s·ha); A = drainage area, ha. 

The rainfall data inputs for current conditions were obtained from national Intensity-
Duration-Frequency (IDF) curves (Dahlström, 2006). In total, a set of 18 rainfall regimes 
(integrating nine return periods and two durations) were developed (see Table 6). Five-
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minute duration time steps were selected based on a typical runoff gutter flow velocity 
of 0.5 m/s (Swedish Water, 2016), resulting in a concentration-time of five minutes. A 
10-minute duration time step was included to reflect the design-storm characteristics for 
Swedish stormwater infrastructures (Swedish Transport Administration, 2008). 

Table 6. Inputs of rainfall information under current rainfall conditions in Sweden. 
Return Period Duration time [min]  Rainfall Intensity [mm/h] 

3 month 5 30 
10 22.2 

6 month 5 38.4 
10 28.2 

1 year 5 48 
10 35.4 

2 year 5 61.2 
10 45 

5 year 5 82.8 
10 61.2 

10 year 5 104.4 
10 76.8 

20 year 5 130.8 
10 96.6 

50 year 5 177.6 
10 131.4 

100 year 5 223.2 
10 165.6 

3.1.6. Future scenarios 

Potential future rainfall conditions integrate precipitation data for a set of six 
combinations of greenhouse gas emissions and concentration pathways (Table 7; see 
IPCC (2014) for detailed descriptions). Following these six climate scenarios, the 
projected precipitation data were obtained from DHI (2019) and based on the Swedish 
Meteorological and Hydrological Institute’s regional climate model RCA4 linked to 
eight global climate scenario models. The inclusion of all eight global climate scenario 
models yielded maximum, median and minimum rainfall intensity values for each 
scenario.  

Table 7. Summarised inputs for future scenarios. 

 
Rainfall 
Return 
Period 

Duration 
Time 

Simulated 
 Period 

Representative 
Concentration 

Pathway 

Gully Pot 
Fullness 

Sediment 
Dimension 

[µm] 

Sediment 
Specific 
Gravity 

Model 
One 10-year 

 
 

100-
year 

5 minute 

2011 – 
2040 

 
2041 – 
2070 

 
2071 - 
2100 

rcp 4.5 
 

 
rcp 8.5 

50 % 
95 % / / 

Model 
Two / 63 /110 

/160 2.35 

The precipitation data for future rainfall conditions has a resolution of 50 km by 50 km, 
leading to the selection of Piteå (located 40 km from the study site) for use in this study. 
For the downscaled climate models, rainfall intensity data was only available for 5-minute 



 
 

21 
 

duration time steps. Two rainfall return periods were selected; a 10-year rainfall return 
period as representative of a design storm and a 100-year rainfall return period as 
representative of extreme rainfall conditions. 

Table 8. Future precipitation data projections for Piteå, Sweden. 

Return Period Concentration Pathway Time period 
Max rainfall 
Intensity 
[µm/s] 

Medium 
rainfall 
Intensity 
[µm/s] 

Min rainfall 
Intensity 
[µm/s] 

10-year 

rcp 4.5 
2011 - 2040 32.7524 31.9495 29.882 
2041 - 2070 34.0413 32.4681 31.1026 
2071 - 2100 34.5537 32.9574 31.3194 

rcp 8.5 
2011 - 2040 33.275 30.9477 30.2965 
2041 - 2070 34.947 32.114 30.9487 
2071 - 2100 38.9288 35.6161 32.8968 

100-year 

rcp 4.5 
2011 - 2040 70.5629 68.8332 64.3788 
2041 - 2070 73.3398 69.9504 67.0085 
2071 - 2100 74.4437 71.0045 67.4756 

rcp 8.5 
2011 - 2040 71.6889 66.6748 65.2719 
2041 - 2070 75.291 69.1875 66.677 
2071 - 2100 83.8696 76.7325 70.8739 

The future scenarios applied to Model one also included two GP fullness levels (Table 
7), representing two major GP maintenance regimes. The first GP emptying regime 
represents emptying GPs at a frequency of once per year (Lindholm, 2015) and such a 
maintenance frequency corresponds to emptying GPs when they reach approximately 50 
% of the available sump volume. The second scenario includes the choice of a 95 % GPs 
fullness level which relates to the fact that many GPs are emptied reactively, often only 
when GP blockages-induce flooding. In terms of the Model two, three particle size 
dimensions (63 µm, 110 µm and 160 µm) were included, with a single assumed sediment 
SG of 2.35, a common value identified by Butler et al. (1992). Results for future rainfall 
conditions were presented as a percentage change relative to that predicted under current 
rainfall conditions. 

3.2 Field study 

3.2.1. Study sites and sample collection 

Eight GPs (Figure 6) were identified for inclusion in this field study: R1 – R4 and H1 – 
H4. GPs R1 – R4 drain from a trafficked road with a weekday traffic count of 10411 
vehicles/day (Swedish Transport Administration, 2021) of which heavy lorries account 
for 8 %. GPs H1 – H4 drain a residential catchment with detached houses and a daily 
traffic count of < 500 vehicles/day (Luleå municipality, pers. com) (no data on the 
number of heavy lorries). 
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Figure 6. The location of eight investigated gully pots in Luleå, Sweden (©Lantmäteriet). 

Table 9 presents the key information for the investigated GPs including the GPs 
dimensions, in-pot conditions at the time of sampling, and connected areas. The 
investigation and sampling on H1, however, were not possible due to the presence of a 
layer of consolidated bitumen. The connected areas to each GP were determined by the 
application of the eight-direction flow approach proposed by Jenson et al. (1988) on the 
aerial photography-based digital elevation data (resolution of 0.25 m) obtained from 
Läntmateriet (2021). 

Table 9. Summarised information for the investigated gully pots. 
 R1 R2 R3 R4 H1 H2 H3 H4 
Inner diameter (mm) 500 
Distance from road surface to the top of 
outlet (mm) 1770 1420 700 745 2010 2000 2250 2010 

Sump depth (mm) 530 480 500 525 

N.A. 

450 410 450 
Sediment bed thickness (mm) 420 505 630 675 430 430 270 
Sump volume (L) 104 94 98 103 88 80 88 
Volume of sediment bed (L) 82 99 124 132 84 84 53 
Presence of in-pot standing liquor No 
Time lapse since last emptying (year)  2 2 2 2 13 13 13 13 
Connected road surface area (m2) 413 97 85 187 

N.A. 
280 310 430 

Connected roof surface area (m2) / / / / 20 150 120 
1Total effective connected area (m2) 413 97 85 187 300 460 550 

Key: 1. Effective connected area refers to the areas with impervious surfaces. 

All GPs were emptied using one eductor truck which was thoroughly cleaned before 
emptying the first GP and between subsequent GPs to avoid cross-contamination. GP 
emptying was a hydraulic dredging procedure, where a large volume (unknown) of 
pressurised water was injected to loosen the compacted sediment bed and a suction hose 
was used to pump up the sediment-water mixture into the truck storage. The sediment-
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water mixture from each GP was then placed into an individual container lined with 
high-density polyethylene (HDPE). 

The sediment-water mixture in each container stood for approximately one hour before 
the supernatant water samples were collected for the analyses of pH and electronic 
conductivities (EC) (measured on-site), suspended solids concentration (SSC; suspended 
materials > 0.45 µm) & TSS (suspended materials > 1.6 µm) (stored in 250 mL plastic 
bottles and refrigerated prior to analysis), suspended and dissolved metals (1 L plastic 
bottle and refrigerated prior to analysis), suspended and dissolved PAHs (1 L dark glass 
bottle and refrigerated prior to analysis). After the water samples were taken, the 
remaining standing water was decanted using a peristaltic pump and the volume of water 
was recorded (Table 10). 

Table 10. The recorded volume of discharged water. 
 R1 R2 R3 R4 H2 H3 H4 
Volume of discharged water (L) 397 317 354 322 269 242 188 

The containers of wet sediments were dried indoors for approximately two weeks to 
facilitate the collection of representative sediment samples using the coning and 
quartering procedure (ASTM (1985). The whole container was weighed before the 
sediment samples were taken for the analyses of pH and EC, total metals (stored in 100 
mL plastic jars, refrigerated), loss on ignition (LoI) and selected metals by six particle size 
fractions (5-L stainless steel baking pan, refrigerated), sequential extractions for metal 
analyses (100 mL plastic jars, refrigerated), PAHs (212 mL glass jars, refrigerated), water 
contents (100 mL plastic jar, refrigerated) and PSD (diffusion-tight plastic bag, 
refrigerated). 

3.2.2. Laboratory analyses 

3.2.2.1. Water samples 

Due to elevated turbidity (> 1000 NTU) in water samples, total PAHs and metals could 
not be extracted effectively in a single step. To address this, aqueous dissolved and 
particulate metal concentrations (as identified using 0.45 µm pore-size filters) and 
dissolved and particulate PAHs concentrations (identified using 1.6 µm pore-size filters) 
were determined. Metals selected for analyses included As, Cd, Co, Cr, Cu, Hg, Ni, Pb, 
V and Zn, with PAHs selected using the U.S. Environmental Protection Agency list of 
16 substances (Keith, 2015): naphthalene (NAP), acenaphthylene (ACY), acenaphthene 
(ACE), fluorene (FL), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), 
pyrene (PYR), benzo(a)anthracene (BaA), chrysene (CHR), benzo(b)fluoranthene 
(BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), dibenzo(a,h)anthracene 
(DahA), benzo(g,h,i)perylene (BghiP) and indeno(1,2,3-cd)pyrene (IcdP). For the 
analyses of dissolved metals, aqueous samples were digested with 1 ml HNO3 for every 
100 mL sample and then analysed with sector field inductively coupled plasma mass 
spectrometry (ICP-SFMS) following SS-EN ISO 17294-2:2016 and US EPA Method 
200.8:1994). For the analyses of particulate metals, samples were dried at 50 °C, digested 
(SS-EN ISO 17294-1,2 and US EPA Method 200.8) and analysed using the same 
technique. Dissolved PAHs were determined using gas chromatography-mass 
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spectrometry (GC-MS) following US EPA 8270 and CSN EN ISO 6468 methods. 
Particulate PAHs samples were freeze-dried and analysed with GC-MS. SSC was 
determined using the multiple filter method (MFM; Nordqvist et al., 2011). TSS was 
determined following the modified method of ISO 11923:1997 by vacuum-filtering 
through a 1.6 µm pore-size glass-fibre filter. Filters were weighed after drying at 105 °C. 
In addition to the dredged waters, tap water used by the eductor truck for the hydraulic 
dredging procedure analyses was analysed for dissolved metals and PAHs (as process 
blanks). Apart from SSC and TSS, all other analyses were carried out by the accredited 
laboratory ALS Scandinavia AB. 

3.2.2.2. Sediment samples 
To determine dry mass-based PSD, sediment samples were initially wet-sieved to 
determine the PSD for > 63 µm sediments, with laser diffraction used to determine the 
PSD of particles in the 0.002 µm – 63 µm size fraction (ISO 11277:2009). Dry mass 
fractions are reported as the percentage of sample dry mass (defined as the mass after 
drying at 105 °C for 20 h, with sediments held in a desiccator until a constant weight) 
by the sample wet weight (modified SS-EN 15934). Metal contents were determined 
both for sediment total size fractions (< 2 mm; dried at 50 °C and sieved through a 2 
mm pore-sized sieve) and by six size fractions (< 63 µm, 63 – 125 µm, 125 - 250 µm, 
250 – 500 µm, 500 - 1000 µm and 1000 – 2000 µm; dried at 50 °C and sieved through 
corresponding pore-sized woven stainless steel wire sieves). The determination of the 
metal contents followed microwave digestion with 7M nitric acid and analysis using ICP-
SFMS (SS-EN ISO 17294-1,2 and US EPA Method 200.8:1994). Sequential extraction 
analyses were performed on sediment samples (< 2mm) following the method proposed 
by Hall et al. (1996a, 1996b) involving five extraction steps and the reagents listed in 
Table 11. LoI was determined in each size fraction by drying samples at 105 °C for 20 h 
and thereafter in a muffle furnace at 550 °C for a further 2 h (SS 028113). The analyses 
of the 16 PAHs included freeze-drying sediment samples followed by analysis using GC-
MS. EC and pH were measured using a CDM210 Radiometer and WTW pH 300, 
respectively. 

Table 11. Targeted fractionations of metals bonded to sediments and reagents used for 
each extraction step.  
Step Targeted fractionation Reagents for extraction 

I Absorbed, exchangeable and carbonate-bonded 
metals 1.0 M acetate buffer (pH = 5) 

II Labile organic matter-bonded metals 0.1 M pyrophosphate solution (pH = 9) 
III Amorphous Fe/Mn oxides-bonded metals 0.25 M hydroxylamine hydrochloride 

IV Crystalline Fe-bonded metals 1 M hydroxylamine hydrochloride, 25 % 
acetic acid 

V Stable organic forms and sulphides Potassium chlorate, 12 M hydrochloric 
acid, 4 M nitric acid 

The leachate from each extraction step was analysed for total metals using ICP-SFMS 
(modified SS-EN ISO 17294-1,2 and EPA Method 200.8). Sequential extraction could 
not be applied to sample R1 as the application of step 2 indicated the sample was 
thermally unstable. Apart from LoI, dry mass determination by size fractions and all other 
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analyses were carried out by the accredited lab ALS Scandinavia AB. A summary of 
reporting limits for the metals and PAHs analyses is presented in Table 12. 

Table 12. Reporting limits for the metals and PAHs analyses included in this study. 
 Dissolved fraction (µg/L) Solid fraction (mg/kg DW) 
 Dredged waters Tap water blanks Suspended solids Sediments 

As 0.05 0.05 0.1 0.1 
Cd 0.002 0.002 0.01 0.01 
Co 0.005 0.005 0.03 0.03 
Cr 0.01 0.01 0.1 0.1 
Cu 0.1 0.1 0.3 0.3 
Hg 0.002 0.002 0.04 0.04 
Ni 0.05 0.05 0.08 0.08 
Pb 0.01 0.01 0.1 0.1 
V 0.005 0.005 0.2 0.2 
Zn 0.2 0.2 1 1 

naphthalene 0.03 0.03 0.01 0.01 
acenaphthylene 0.01 0.01 0.01 0.01 
acenaphthene 0.01 0.01 0.01 0.01 

fluorene 0.01 0.01 0.01 0.01 
phenanthrene 0.02 0.02 0.01 0.01 

anthracene 0.01 0.01 0.01 0.01 
fluoranthene 0.01 0.01 0.01 0.01 

pyrene 0.01 0.01 0.01 0.01 
benzo(a)anthracene 0.01 0.01 0.01 0.01 

chrysene 0.01 0.01 0.01 0.01 
benzo(b)fluoranthene 0.01 0.01 0.01 0.01 
benzo(k)fluoranthene 0.01 0.01 0.01 0.01 

benzo(a)pyrene 0.01 0.01 0.01 0.01 
dibenzo(a,h)anthracene 0.01/0.02 0.01 0.01 0.01 
benzo(g,h,i)perylene 0.01 - 0.08 0.01 0.01 0.01 

indeno(1,2,3-cd)pyrene 0.01 - 0.04 0.01 0.01 0.01 

3.2.2.3. Winter anti-skid grits 
Three types of typically applied winter road maintenance traction grit materials in Luleå 
collected by Gavrić et al. (2021) were analysed to determine PSD following the same 
method described under Section 3.2.2.2. The three types of traction grit materials include 
Material A (sold as aggregates in the size range 2 – 6 mm), Material B (sold as aggregates 
in sizes of 4 – 8 mm) and Material C (sold as aggregates in the size range of 0 – 6 mm). 
Material A and B are only used on residential streets, pedestrian and bike paths while 
Material C is only used on high trafficked roads (including the road catchment where R1 
– R4 are located). 

3.2.3. Data analyses 

3.2.3.1. Normalised solids accumulation rate 

The total solids dry mass data for each GP were normalised by drainage area and 
accumulation period (see Eqn. 11): 

Ι=(SSC·V+fd·Mwet)/(T·A) (11) 

Where SSC = suspended solids (> 0.45 µm) concentration, mg/L; I = time-averaged 
solids loading rate, kg/ (year·m2); V = volume of discharged water, L; fd = the dry fraction 
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of solids, %; Mwet = mass of wet solids, kg; T = accumulation period, year; A = effective 
connected area, m2.  

3.2.3.2. PAHs diagnostic ratios 
Two commonly adopted diagnostics ratios FLA/(FLA + PYR) (De La Torre-Roche et 
al., 2009) and IcdP/(IcdP + BghiP) (Yunker et al., 2002) were applied to derived data to 
facilitate the identification of petroleum-dominant, petroleum-combustion-dominant 
and grass, wood and coal combustion-dominant PAHs sources.  

The methods reported in Sections 3.2.3.1 and 3.2.3.2 were also applied to samples 
reported in the research by Karlsson et al. (2008a, 2008b), facilitating a comparison 
between data sets generated by the current and Karlsson et al. (2008a, 2008b) to be made. 

3.2.3.3. Pollutants load in dredged water and remaining sediment phases 
To characterise the impacts of hydraulic dredging practices on pollutant partitioning, the 
distribution of pollutant load between dredged waters and sediments was calculated using 
Eqns. 12 – 15: 

Mwater-metals= SSC·V·Csuspended-metal+V·(Cdissolved-metal-Cblank-metal) (12) 

Msediment-metals=CSediment-metal·Mwet·fd·F<2 mm (13) 

Mwater-PAHs= TSS·V·Csuspended-PAHs+V·(Cdissolved-PAHs-Cblank-PAHs) (14) 

Msediment-PAHs=CSediment-PAHs·Mwet·fd·F<2 mm (15) 

Where Mwater-metals and Mwater-PAHs = the total mass of selected metals and total 16 PAHs 
in the dredged water fractions, mg; Msediment-metals and Msediment-PAHs = the total mass of 
selected metals and total 16 PAHs in sediments (< 2 mm), mg; SSC and TSS = the 
suspended solids and total suspended solids concentrations, mg/L; V = the volume of 
discharged water, L; Csuspended-metal and Csuspended-PAHs = the concentration of selected metals 
and total 16 PAHs associated with suspended particles, mg/kg; Cdissolved-metal and Cdissolved-

PAHs = the concentrations of selected metals and total 16 PAHs in the dissolved fraction, 
µg/L; Csediment-metal and Csediment-PAHs = the concentration of selected metals and total 16 
PAHs in sediments, mg/kg; Cblank-metal and Cblank-PAHs = the concentrations of selected 
metals and total 16 PAHs in procedural blanks, µg/L; fd = the dry fraction of solids, %; 
Mwet = the mass of wet solids, kg; F< 2 mm = the mass percentage of < 2 mm sediments in 
regard to the dry mass of total sediments, %. The sum-up of Mwater-metals and Msediment-metals 
indicates the total mass of retained metals in each GP and the sum-up of Mwater-PAHs and 
Msediment-PAHs indicates the total mass of retained PAHs in each GP. Concentrations under 
the reporting limit were regarded as not detected for the above calculations. 

3.2.3.4. Statistical analyses 
The use of Anderson-Darling normality tests indicated a non-normal distribution of 
datasets and therefore non-parametric methods were selected. Mood’s median tests were 
applied to examine the level of significance associated with 1) temporal changes of 
selected metals determined within the six sediment size fractions for each catchment type; 
and 2) impacts of catchment types on total metals, metals and PAHs in suspended solids 
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(for the 2020 sampling), selected metal contents in sediments by size fraction and PAHs 
for respective sampling occasion. Spearman’s rank-order correlation tests were applied to 
examine the significance of relationships between 1) selected metals in sediments by six 
size fractions for the respective sampling occasion; 2) total metals and PAHs in sediments 
from the sampling in this work; 3) metals and PAHs in suspended solids from both 
sampling occasions. A correlation is considered strong if the correlation coefficient (ρ) > 
0.6 and significant if p < 0.05. All data analyses were conducted in Minitab 19.   

3.3 Environmental quality standards 

To evaluate the environmental impacts of the pollutants and scouring processes 
investigated in this work, data were evaluated against a range of environmental quality 
standards (EQS) and guidelines. In terms of GP discharge quality, as specific EQS or 
guidelines are not available, the following two TSS guideline values were used as a 
surrogate: a TSS guideline value of 25 mg/L (cited in the EU Freshwater Fisheries 
Directive (2006; repealed) and by the Gothenburg City Environment Management 
Group (2013) and a TSS of 10 mg/L (a threshold value to protect receiving waters from 
potential ecological impacts, proposed by Quinn et al. (1992))  (see Table 13).  

Table 13. Surrogated threshold values for total suspended solids discharged from gully 
pots. 

Authority Adopted 
year 

Threshold value 
[mg/L] Reference 

European Union 2006 25 EU Freshwater Fisheries Directive 
(2006) 

Gothenburg City Environment 
Management Group 2013 25 Gothenburg City Environment 

Management Group (2013) 
- 1992 10 [1]Quinn et al. (1992)  

Key: [1] Identified as an effect-based standard for comparison within this study. A TSS (pore size unspecified) of ≥ 
10 mg/L in natural streams was reported to result in a 40 % reduction in algal biomass. 

To evaluate the quality of dredged waters, three different sets of standards are utilised 
(Table 14). Whilst the EU WFD also includes the standards for dissolved Pb and Ni, 
more stringent national Swedish guideline values for general waterbodies are proposed 
by SwAM (2016) for Cu, Ni, Pb and Zn are referred to as they are available for all four 
metals in a Swedish context. For total metals, guideline values for runoff discharged from 
operators (understood as any entity discharging via a connection point to a continuous 
stormwater system, classified as level 3 VU) proposed by Riktsvärdesgruppen (2009) are 
utilised. For total PAHs, EQS presented in EU WFD (2000) only includes seven out of 
a total of 16 investigated PAHs in this work. Guideline values were therefore obtained 
from the Norwegian EPA (2016) (for coastal waters), which were developed on the basis 
of EU WFD (2000) and included all 16 PAHs. Of the Norwegian EPA (2016), the upper 
bounds of Class II and III indicate the thresholds for chronic and acute toxic impacts on 
waterbodies, respectively (see Table 14). Guideline values for metals and PAHs associated 
with suspended solids are also obtained from the Norwegian EPA (2016) following the 
same classification of waterbody types (coastal waters) and potential ecological impacts.  
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Table 14. Environmental quality standards used for selected dissolved and total metals, 
total PAHs, as well as metals and PAHs associated with suspended matters.  

 
1Dissolved 

concentration 
(µg/L) 

Total concentration (µg/L) Suspended  
(mg/kg  DW) 

 (SwAM, 2016) (Riktsvärdesgruppe
n, 2009) (Norwegian EPA, 2016) 

   
2Class 

II 

3Class 
III 

2Class 
II 

3Class 
III 

As     18 71 
Cd  0.5   2.5 16 
Cr  25   660 6000 
Cu 3.3 40   84 84 
Ni 8.2 30   42 271 
Pb 2.8 15   150 1480 
Zn 6.8 150   139 750 

Naphthalene4   2 130 0.027 1.754 
Acenaphthylene   1.3 3.3 0.033 0.085 
Acenaphthene   3.8 3.8 0.096 0.195 

Fluorene   1.5 6.8 0.15 0.694 
Phenanthrene   0.51 6.7 0.78 2.5 
Anthracene4   0.1 0.1 0.0046 0.03 

Fluoranthene4   0.0063 0.12 0.4 0.4 
Pyrene   0.023 0.023 0.084 0.84 

Benzo(a)anthracene   0.012 0.018 0.06 0.501 
Chrysene   0.07 0.07 0.28 0.28 

Benzo(b)fluoranthe
ne4 

  0.017 0.017 0.14 0.14 

Benzo(k)fluoranthe
ne4 

  0.017 0.017 0.135 0.135 

Benzo(a)pyrene4   0.0001
7 0.027 0.183 0.23 

Dibenz(a,h)anthrace
ne 

  0.0006 0.014 0.027 0.273 

benzo(ghi)perylene4   0.0008
2 0.00082 0.084 0.084 

Indeno(1,2,3-
cd)pyrene 

  0.0027 0.0027 0.063 0.063 

Key: 1. Dissolved concentrations are applicable for water samples derived after filtering through 0.45-µm pore-sized 
filter. 2. Class II corresponds to AA-EQS used in EU Commission (2013) (Directive 2013/39/EU), denoting the 
annual average value. 3. Class III corresponds to MAC-EQS used in EU Commission (2013) (Directive 
2013/39/EU), denoting the maximum allowable concentrations. 4. The guideline values for these seven PAHs are 
identical to what was proposed in EU WFD (2000). 
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4. Results 

4.1. Physicochemical properties of sediments 

4.1.1. pH, electrical conductivity and loss on ignition 

Sediments collected from all seven GPs exhibit a neutral pH, ranging from 6.92 – 7.62 
and 6.82 – 7.64 for road and housing catchment respectively. Despite the greater use of 
winter road salts in the road catchment, the electrical conductivity (EC) values also did 
not vary by catchment type, ranging from 203 – 345 µs/cm and 195 – 236 µs/cm for 
road and housing catchment respectively.  

Figure 7 displays the mean LoI of sediment by size fraction and catchment type. Data 
indicates that GP sediments from road catchment have a higher organic/carbonate (O/C) 
content in all size fractions (i.e. higher LoI) in comparison to the housing catchment GP 
sediments.  

 
Figure 7. Mean LoI (±SD) for the six particle size fractions.  

The higher O/C content determined in road catchment GP sediments is thought to be 
primarily associated with the abscission of leaves from birch trees planted along the 
roadside (ca 10 m away from nearest GP). Whilst trees are also present in housing 
catchment, the abscised leaves are more likely to accumulate in private yards and be 
disposed of as garden waste as opposed to being transported by runoff into GPs. In 
addition to leaves, further sources of organic substances include traffic activities such as 
vehicle exhaust particles (Ntziachristos and Samaras, 2014), tyre wear (Boulter, 2006; 
Ten Broeke et al., 2008), engine oil spills and road surface wear (Markiewicz et al., 2017). 
As reported by e.g., Grottker (1990) and Adler (2020), higher O/C concentrations are 
associated with the largest (1 – 2 mm) and finest (< 63 µm) sediment size fractions. 
However, as noted by Ashley et al. (2005), larger organic matters may be broken into 
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small pieces as a function of the sieving process and understanding the full influence of 
analysis on the reported distribution of O/C requires further work.  

4.1.2. Particle size distribution 

PSD curves for two size ranges (63 µm – 63 mm and 63 µm – 2 mm) are exhibited in 
Figure 8 for each GP. With the exception of R2, data indicates a clear catchment-type 
based PSD pattern, where R1, R3 and R4 present a median particle size (d50) of 
approximately 500 µm in comparison to the GPs located in the housing catchment which 
presents a d50 of 800 – 1500 µm. Fine solids (< 63 µm) in R1, R3 and R4 also account 
for a three-time higher percentage (mean of 16.7 %) of total solids mass than in H2-H4 
(mean of 5.3 %). Of the < 63 µm particles, solids in the size range of 8 – 63 µm are the 
dominant fractions for both catchments investigated in this work (Figure 9). In presenting 
this data, it is noted that the particles resuspended during the hydraulic dredging process 
may not have settled by the time samples were collected, and as a result, the finest particle 
size fraction may be underrepresented.  

 

Figure 8. PSD for each gully pot in the 63 µm – 63 mm (A) and 63 µm - 2 mm (B) fractions (Paper II). 

Despite the deviating trend noted for R2 in Figure 8A, this trend was not apparent within 
the 63-2000 µm component of the PSD (see Figure 8B), where catchment-type-based 
PSD curves are presented without outliers. This is likely due to the presence of large grits 
(16 – 31.5 mm) in R2 which may considerably skew the PSD curve towards the large 
size fractions.  

 

Figure 9. Mean PSD (±SD) for the < 63 µm sediments by catchment type (Paper II). 
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4.1.3. Total metals and metals by particle size fractions 

Total concentrations of selected metals reported in the < 2 mm sediments are presented 
in Figure 10, where the bars denote the mean concentrations for GP sediments from the 
same type of catchment. Significantly (p < 0.05) higher median concentrations of Cu, 
Zn, and Co were identified for GP sediments in the road catchment than in the housing 
catchment. The Spearman correlation test further suggested the strong positive (ρ > 0.6) 
and significant (p < 0.05) correlation for metal pairs of Zn-Cu (ρ = 1, p < 0.0005), Co-
Cu and Co-Zn (ρ = 0.893, p = 0.007 for both pairs), suggesting the common sources 
for these three metals in the urban catchments. Due to the sample size, the correlation 
test could not be undertaken by catchment type and therefore it is unclear if the strong 
and significant correlation for these three metals is specific for either investigated 
catchment. On the contrary to Cu, Zn and Co, a significantly higher median 
concentration of Cd (p < 0.05) was identified in GP sediments of the housing catchment 
compared with that of the GP sediments of the road catchment. 

Figure 11 presents the concentrations of selected metals by sediment size fraction and 
catchment types. Overall, data indicates decreasing concentrations with increasing 
sediment sizes, understood to be a function of surface/bulk ratio and surface charge. 
However, exceptions (i.e., relatively higher metal concentrations in larger size fractions) 
do exist for e.g., Cu and Zn in the road catchment. Similar exceptions were previously 
reported for Cd and Pb in sediments (Viklander, 1998) and Co and Zn (Stone and 
Marsalek, 1996). A factor in this could be the attachment of fine particles to the surface 
of larger sediments by static electricity during the dry-sieving process. That a significantly 
(p = 0.008) higher median Cd concentration was reported in the housing catchment GPs 
than the road catchment GPs in the < 125 µm sediment fractions is the driver behind the 
higher total Cd concentrations in housing catchment sediments reported in Figure 10. 
For the road catchment, median concentrations of Zn for all size fractions (except for 
500 – 1000 µm), Co and V for < 125 µm, and Cu for 250 – 2000 µm sediments were 
significantly higher than those reported in the housing catchment sediments. 

Analysis using Spearman’s correlation test on all the metals by size fraction data of this 
work identified recurrent strong positive and significant correlations for the following 
metal pairs: Co-V (ρ = 0.857 – 0.964, p ≤ 0.014; < 125 µm), Co-Zn (ρ = 0.893 - 1, p 
≤ 0.007; < 125 µm), V-Zn (ρ = 0.857 – 0.964, p ≤ 0.014; < 125 µm) and Cr-Ni (ρ = 
0.821, p = 0.023; < 63 µm). With regard to Cu, a strong positive and significant 
correlation for Zn was identified for 125 – 500 µm sediments (ρ = 0.857 – 0.893, p = 
0.007 – 0.014). A strong (but not significant) correlation for Cu-Zn was also identified 
for the 63 – 125 µm (ρ = 0.679, p = 0.094) and 1 – 2 mm (ρ = 0.75, p = 0.052) fractions. 
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4.1.4. Metal fractionations 

In addition to the total metals and metals by sediment size fractions analyses, five-step 
sequential extraction analyses were conducted on sediments derived from six of the 
investigated GPs, to provide additional insights into their potential biological and 
physicochemical availabilities (Tessier et al., 1979). It is worth mentioning the review by 
Bacon et al. (2008) who extensively examined the commonly adopted sequential 
extraction approaches and emphasised the deficiencies of such analyses including that the 
pre-defined extraction steps cannot definitively conclude the form of metal bindings 
unless e.g., additional X-ray-based analytical techniques are used to identify the residues 
after each extraction steps. However, this review work still highlighted the efficacy of 
this analysis for comparing the potential mobility of metals (decreasing potential mobility 
by extraction steps). The summarised results are displayed in Table 15. 

Table 15. Mean metal concentrations (± SD from each sequential extraction step for 
sediments from respective land use types (Road, N = 3; House, N = 3)). 

  Mean 
(Standard deviation) 

  (mg/kg DW) 

Step Land 
use As Cd Co Cr Cu Ni Pb V Zn 

1 
Road 0.26 

(0.05) 
0.018 
(0.003) 

1.83 
(0.17) 

1.51 
(0.18) 

0.83 
(0.26) 

1.84 
(0.17) 

2.73 
(0.25) 

7.66 
(0.72) 

45.33 
(5.58) 

House 0.35 
(0.04) 

0.051 
(0.028) 

0.63 
(0.26) 

1.81 
(0.28) 

1.05 
(0.31) 

2.51 
(0.40) 

4.21 
(1.39) 

3.07 
(1.47) 

27.33 
(12.12) 

2 
Road < 3 < 0.30 

< 
0.30 
(R3 = 
0.31) 

< 3 < 3 < 3 < 1 3.44 
(0.28) 

< 11 
(R3 = 
18.00) 

House < 3 < 0.30 < 
0.30 < 3 < 3 < 3 < 1 1.37 

(0.82) < 11 

3 
Road 0.29 

(0.03) 
0.024 
(0.002) 

2.28 
(0.3) 

3.69 
(0.05) 

15.63 
(1.91) 

1.96 
(0.11) 

1.76 
(0.07) 

7.76 
(0.17) 

65.30 
(13.13) 

House 0.34 
(0.11) 

0.043 
(0.023) 

1.15 
(0.29) 

3.74 
(1.26) 

8.36 
(1.60) 

2.08 
(0.46) 

2.00 
(0.36) 

6.16 
(2.08) 

29.70 
(9.23) 

4 
Road 0.57 

(0.08) 
0.02 
(0.001) 

1.56 
(0.10) 

7.75 
(0.26) 

15.27 
(0.76) 

2.67 
(0.13) 

2.06 
(0.18) 

10.19 
(0.23) 

22.67 
(2.99) 

House 0.44 
(0.17) 

0.02 
(0.005) 

1.12 
(0.26) 

7.13 
(3.30) 

7.39 
(2.88) 

2.84 
(0.91) 

1.91 
(0.28) 

6.58 
(1.80) 

15.27 
(2.83) 

5 
Road 1.66 

(0.92) 
0.019 
(0.004) 

2.24 
(0.06) 

7.04 
(0.05) 

11.70 
(0.88) 

3.53 
(0.22) 

0.76 
(0.12) 

11.77 
(0.33) 

15.17 
(1.68) 

House 1.06 
(0.37) 

0.015 
(0.008) 

2.87 
(1.33) 

15.92 
(12.51) 

11.04 
(5.78) 

10.37 
(8.92) 

0.51 
(0.12) 

11.86 
(5.53) 

15.77 
(6.91) 

Profiles of fractionations for these nine metals are exhibited in Figure 12. The relative 
contribution of each fraction shows less variation in the road catchment GPs than in the 
housing catchment. 

Data indicates that metals associated with fractionation I (exchangeable metals and metals 
adsorbed to carbonates) exhibit a large variation, accounting for 1.5 % (Cu for R2) - > 
50 % (Pb for H3). Of all nine metals, total extracted Pb, Cd and Zn consisted of the 
highest proportion of fractionation I, with a mean fraction of 42.6 %, 30.38 % and 29.38 
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% respectively. Apart from Zn (R2 and R3), V (all samples) and Co (R3), the 
fractionation II (labile organic forms) made only a limited contribution to total 
concentrations. For all metals, fractionation III (amorphous Fe/Mn oxides) and IV 
(crystalline Fe oxides) account for 20 % - 72 % of total extracted metal concentrations. 
For all nine metals, fractionation V (stable organic forms and sulphides) constitutes a 
relatively lower proportion of total Pb, Zn and Cd concentrations but appears to be a 
more important fraction for As, Co, Cr, Cu and Ni and Zn, particularly in GPs H3 and 
H4.

 

 
Figure 12. Accumulative concentrations and percentage of five fractionations of six selected metals 
sequentially extracted from six gully pot sediment samples. 

4.1.5. PAHs 

A summary of PAHs contents in GP sediments is presented in Table 16. Using the 
Swedish EPA approach (SEPA, 2011), the suite of 16 PAHs is further categorised into 
three molecular-weight based groups as follows: 

• light-weight PAHs (PAH-L: NAP, ACY and ACE),  
• medium-weight PAHs (PAH-M: FL, PHE, ANT, FLA and PYR)  
• heavy-weight PAHs (PAH-H: B(a)A, CHR, BbF, BkF, BaP, DahA, BghiP and 

IcdP) 

For sediments from both catchments, PAHs in the categories PAH-L were mostly below 
reporting limits. As for PAH-M, ANT and FL were mostly under the reporting limits. 
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No significant difference in median PAH-M concentration by catchment type was 
identified. However, significantly (p = 0.047) higher median concentration of PAH-H 
were identified in road GP sediments in comparison to housing GP sediments. 
Furthermore, the sum-up of all 16 PAHs (PAH-16) showed a significantly higher median 
concentration in sediments of road catchment than in housing catchment. 

Table 16. Concentrations of PAHs for sediment samples by catchment types*. 

 Mean [mg/kg DW] 
(standard deviation)  

 Road 
catchment 

Housing 
catchment 

 Road 
catchment 

Housing 
catchment 

Naphthalene 
< 0.010 
(R3 = 
0.016) 

< 0.010 
(H4 = 0.012) Benzo(b)fluoranthene 

0.1163 0.035 

(0.046) (0.008) 

Acenaphthylene < 0.010 < 0.010 Benzo(k)fluoranthene 
0.027 < 0.010 

(H3 = 
0.01) (0.012) 

Acenaphthene 
< 0.010 
(R3 = 
0.011) 

< 0.010 Benzo(a)pyrene 
0.0675 0.0127 

(0.0185) (0.0017) 

Fluorene 
< 0.010 
(R3 = 
0.022) 

< 0.010 Dibenz(a,h)anthracene 
0.03675 

< 0.010 (0.01177) 

Phenanthrene 0.07825 0.018 benso(ghi)perylenlene 0.1138 0.02 
(0.072) 0.0093 (0.0149) (0.003) 

Anthracene 
< 0.010 
(R3 = 
0.022) 

< 0.010 Indeno(1,2,3-cd)pyrene 
0.055 0.0137 

(0.009) (0.001) 

Fluoranthene 
0.122 0.033 

PAH-L 
< 0.010 
(R3 = 
0.027) 

< 0.010 (0.099) (0.003) 

Pyrene 0.147 0.036 PAH-M 0.359 0.085 
(0.084) (0.006) (0.272) (0.019) 

Benzo(a)anthracene 0.042 0.01 PAH-H 0.514 0.112 
(0.024) (0.0036) (0.174) (0.019) 

Chrysene 0.056 0.018 PAH-16 0.878 0.202 
(0.047) (0.006) (0.454) (0.043) 

Key: * = mean and standard deviation is calculated by using half the reporting limit for samples where one sample 
for each catchment type is below the reporting limit for a specific PAH. 

Figure 13 displays the contribution of PAHs (PAH-L, M and H) to total sediment PAHs 
concentrations presented both in terms of concentrations (PAH-16) and as contributing 
percentages. A clear domination of PAH-H is discerned, accounting for > 50 % of PAH-
16 for all sites. 
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Figure 13. Sediment PAH profiles by GP presented in concentrations (mg/kg DW) and percentages (%). 

Use of Spearman’s correlation test for relationship between total metals, PAH-M, PAH-
H and PAH-16 suggested the following strong positive and significant correlations: Co-
PAH-M (ρ = 0.865 , p = 0.012), Co-PAH-H (ρ = 0.9664 , p < 0.005), Cu-PAH-H (ρ 
= 0.821 , p = 0.023), Zn-PAH-H (ρ = 0.821 , p = 0.023) and PAH-M-PAH-H (ρ = 
0.865 , p = 0.012). Additional strong positive (but not significant) pairs include As-PAH-
M (ρ = 0.685, p = 0.09), and As-PAH-H (ρ = 0.679, p = 0.094). 

4.1.6. Particle size distribution of anti-skid materials 

PSD curves for the three branded traction grits typically used in Luleå (Sweden) are 
presented in Figure 14. The PSD reported for Traction grits A and B matched the 
branded size fractions of 2 mm – 6 mm and 4 mm – 8 mm respectively. However, 
Traction grit C, (sold as 0 – 6 mm), exhibited a d10 of ca 200 µm, d50 of ca 700 µm and 
d90 of ca 3.5 mm, with 82 % of grits material (by mass) smaller than 2 mm. 

 

Figure 14. Particle size distribution curves for three types of traction grits used by the local municipality, 
from Paper II. 

4.2. Physicochemical properties of dredged water 

Table 17 displays a summary of the basic physicochemical properties (TSS, SSC, pH and 
EC) of dredged waters. As all the investigated GPs were dry (i.e. no standing water) at 
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the time of emptying, these dredged waters were solely a product of the GP emptying 
process, and concentrations are primarily a function of the volume of water injected. 

Table 17. A summary of basic parameters for dredged water by GPs. 
 TSS (mg/L) SSC (mg/L) pH Electrical conductivity (µs/cm) 
R1 8944 11496 7.23 81.5 
R2 6384 6746 7.32 436.5 
R3 6160 9116 7.02 261.3 
R4 11610 16431 7.4 209.6 
H2 5808 7086 7.76 199.2 
H3 2272 2320 7.18 14.7 
H4 1968 2815 7.17 13.9 

In terms of metals associated with suspended solids, significantly (p < 0.05) higher median 
concentrations of As, Pb, Cd and Ni were identified in the dredged water from the 
housing catchment GP in comparison to the road catchment GPs. Such a catchment 
difference, however, was only identified for Cd associated with the < 125 µm sediments. 
As for PAHs, no statistical difference in median concentrations of suspended PAH-L, 
PAH-M, PAH-H or PAH-16 was identified by catchment type in dredged waters, again 
a contrast to the statistical relationship (for PAH-H) identified for sediments, indicating 
that the hydraulic dredging processes did not release metals and PAHs in direct 
relationship to their level of occurrence. The use of Spearman’s correlation test suggested 
the following strong (ρ > 0.6) and significant (p < 0.05) pollutant pairs: Pb-Ni-As-Cd, 
V-Zn, Cr-V, Co-PAH-16, and Co-PAH-M. 

Box plots for dissolved, suspended and total concentrations of selected metals as well as 
suspended and total concentrations of selected PAHs are presented in Figure 15 and 
Figure 16, respectively. Three EQS standards for dissolved metals (SwAM, 2016), total 
metals (Riktsvärdesgruppen, 2009) and suspended metals and PAHs as well as total PAHs 
in dredged waters (Norwegian EPA, 2016) were used to consider the potential impacts 
of dredged waters on receiving waters if discharged untreated. 

For dissolved metals (Figure 15), Cu and Zn concentrations in dredged waters from R1, 
R3, R4 and H2 (Cu only) exceeded proposed threshold values, with median 
concentrations of dissolved Ni and Pb below identified threshold values, indicating the 
dissolved fraction of these two metals in the direct discharge of dredged waters are 
unlikely to challenge the achievement of the good ecological status of receiving waters. 
In terms of total metal concentrations, Cu, Ni, Pb, Zn, Cd and Cr in dredged waters 
from all seven GPs exceeded corresponding threshold values. With regard to particulate 
associated metals, the median concentrations for all metals (except for Cu and Zn) were 
below threshold values proposed for Class II and III freshwater recipients, indicating acute 
toxic impacts are unlikely to occur if these suspended solids are directly discharged to 
receiving waters. However, the median concentrations of suspended Zn and Cu 
respectively exceeded Class II and III threshold values indicating a corresponding 
potential chronic and acute impact by the release of untreated dredged waters depending 
on the level of dilution offered by receiving waters.
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In terms of PAHs, an overview of the relationship of median concentrations of each 
substance to the respective threshold values proposed for Class II and III is displayed in 
Table 19. For the total concentration of PAHs presented in dredged waters, 12 out of 16 
investigated PAHs are identified as exceeding acute (11) or chronic (1) threshold values. 
These PAHs include all PAH-H and four of the PAH-M. In regard to PAHs associated 
with the suspended fraction in dredged waters, the median concentration of PHE, FLA 
and BkF no longer exceed threshold values for acute/chronic impacts. However, the 
median concentration of NAP associated with the suspended fraction in dredged waters 
exceeded the chronic threshold value. 

Table 19. An overview of PAHs in dredged waters in relation to Class II and III threshold 
values for water quality (total concentrations) and sediment quality (suspended 
concentrations) (exceedance of Class II values = yellow; exceedance of Class III values = 
red).  

Total concentrations in dredged 
waters 

 Suspended sediment 
concentrations 

Naphthalene 
 

 
 

Acenaphthylene 
 

 
 

Acenaphthene 
 

 
 

Fluorene 
 

 
 

Phenanthrene    
 

Anthracene      
Fluoranthene    

 

Pyrene      
Benzo(a)anthracene      
Chrysene      
Benzo(b)fluoranthene      
Benzo(k)fluoranthene    

 

Benzo(a)pyrene      
Dibenz(a,h)anthracene      
benso(ghi)perylenlene      
Indeno(1,2,3-
cd)pyrene 
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4.3. Mass loads in gully pots 

4.3.1. Sediments 

The total dry mass of solids retained in each GP is displayed in Table 20. To correct for 
differences in the drainage area of each GP and accumulation time period, the total dry 
mass was normalised by these two factors to facilitate a site-by-site comparison. 

Table 20. Total solids dry mass in respective gully pots and normalised solids loading 
rates.  

Name Catchment 
Type 

Length of 
accumulation [year] 

Dry mass 
[kg] 

Normalised solids accumulation rate 
(kg/(m2·year)) 

R1 Road 2 145.1 0.170 
R2 Road 2 125.4 0.635 
R3 Road 2 139.3 0.800 
R4 Road 2 137.0 0.352 
H2 Housing 13 168.2 0.043 
H3 Housing 13 53.5 0.009 
H4 Housing 13 61.9 0.009 

Data indicates that the solids accumulation rates in road catchment GPs exceed those for 
GPs in the housing catchment by one to two orders of magnitude. 

4.3.2. Metals and PAHs  

The pollutants loads in dredged waters and sediment fractions were summed for each GP 
and pollutant species and presented in Table 21. Comparing the mean loads of pollutants 
by catchment type, approximately eight-time higher PAH-16 and 3.5-time higher Co, 
Cu and Zn were retained in the road catchment GPs than in the housing catchment GPs, 
despite a more than six-time longer accumulation time of sediments in the latter 
catchment. Cd is the only pollutant that has a slightly higher load mass in housing 
catchment than in road catchment. 

Table 21. An estimation of total pollutants loads retained in each gully pot (mg).  
Polluta
nts R1 R2 R3 R4 H2 H3 H4 

Road Housing 
Mean (SD) Mean (SD) 

As 192 136 258 260 196 67 68 211 (52) 110 (61) 
Cd 11 7 9 11 16 14 6 10 (2) 12 (4) 
Co 1235 619 1419 1329 420 301 278 1151 (314) 333 (62) 
Cr 3348 1887 3999 2926 1277 1252 1186 3040 (767) 1239 (39) 
Cu 6209 3073 8980 5993 2081 1723 1208 6064 (2090) 1671 (358) 
Ni 1787 861 1429 1468 907 596 525 1386 (334) 676 (166) 
Pb 1883 694 1031 1238 1261 604 495 1212 (433) 787 (338) 
V 6979 3383 5838 7062 2169 2118 1721 5816 (1485) 2003 (200) 
Zn 19194 10129 29238 23363 7194 5607 4443 20481 (6960) 5748 (1127) 
PAH-
16 65 60 193 85 17 10 10 101 (54) 12 (4) 

4.3.3. Mass distribution by dissolved, suspended and residual sediment phases 

The relative distribution of pollutants between dissolved, particulate-associated and 
sediments from all seven GPs is exhibited in Figure 17. Data shows that over 80 % of all 
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pollutants were found in the sediment fraction with < 20 % in the dredged waters, of 
which > 99 % were associated with suspended solids. 

 

Figure 17. Distribution of pollutants between sediments, suspended solids and dissolved phases from the 
emptying of all seven GPs. 

4.4. Temporal changes  

The physicochemical properties of sediments from the seven GPs were compared with 
the results reported by Karlsson et al. (2008a, 2008b) (who used the same sampling and 
analytical techniques on the same seven GPs) to identify any temporal changes. 

4.4.1. Temporal changes in particle size distribution 

GP-specific PSD curves (full-size range) for both sampling occasions are plotted in Figure 
18. Data shows that sediments from H2 exhibited a temporal decrease in < 63 µm 
fraction, with H3 exhibiting a temporal decrease of 16 – 63 mm sediments. Of the GPs 
from the road catchment, a temporal increase of < 63 µm sediments is spotted especially 
for R1, R3 and R4. Similar PSD curves for R3 and R4 from both sampling occasions 
are also noticed. To reduce the potential skewness of PSD by large grits (2 mm – 63 
mm), PSD for both sampling occasions were normalised to a < 2 mm size fraction and 
displayed in Figure 19. The normalised PSD curves from the latest sampling occasion 
exhibited a good catchment-type based pattern yet this was not achieved for normalised 
PSD curves from the previous sampling occasion. 
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Figure 18. Temporal comparison of particle size distributions (63 µm - 63 mm) by gully pots. 

 

Figure 19. A comparison of particle size distributions (< 2 mm) for sediments from the seven GPs for 
both sampling occasions, from paper II. 

4.4.2. Temporal changes in metals by particle size fractions 

Figure 20 displays metal concentrations by size fractions, catchment type and sampling 
occasion. Of the metals investigated, median concentrations of As and Pb exhibit 
significant (p < 0.05) temporal decrease in nearly all size fractions for the road catchment 
GP sediments (exceptions are the 125 – 250 µm and 500 – 1000 µm fractions for Pb). A 
similar significant (p < 0.05) temporal reduction in both metals was also reported in 
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housing catchment GP sediments for the finest (< 63 µm) and coarsest (1 – 2 mm) 
sediments for As and the < 250 µm and 1-2 mm sediments for Pb. In contrast to these 
decreases, significant (p < 0.05) temporal increases of Cr (63 – 250 µm), Cu (< 63 µm), 
Zn (< 250 µm) was identified for the road catchment GP sediments. For the housing 
catchment, a significant (p < 0.05) increase of Cr, Zn, Ni and Co was identified for 63 
– 125 µm sediments. In contrast, a significant temporal increase of Ni was identified for 
the < 63 µm, 250 – 500 µm and the 1 – 2 mm road catchment GP sediment fractions. 
Cd also exhibits an overall temporal increase for both catchments (insufficient data for 
statistical analysis as over 50 % of Cd concentration were below reporting limit in 
Karlsson et al. (2008a)).   

4.4.3. Temporal changes in PAHs contents 

Figure 21 displays the relative contribution of PAHs (as PAH-L, M and H) to total PAHs 
concentrations for sediments from both sampling occasions and for suspended solids from 
the current study. A major temporal shift from PAH-L-dominated to PAH-H-dominated 
profiles is identified. This major shift is mainly attributed to the considerable temporal 
reduction of PAH-L (> 50 % of PAH-L concentrations were below reporting limit in 
the current study) and the significant (p < 0.05) reduction of PAH-M in both catchments. 
PAH-H, by contrast, exhibited a significant (p < 0.05) temporal reduction in the housing 
catchment GP sediments only. Further, the catchment difference also exhibited different 
patterns between the two sampling occasions. Of the sediments collected by Karlsson and 
Viklander (2008b), significant higher median concentrations of PAH-L, M and H were 
identified in road catchment sediments than in housing catchment sediments. However, 
such a catchment difference was only identified for PAH-H and PAH-16 in sediments 
collected from the latest sampling occasion. 

A comparison of relative contributions of PAHs within sediments and suspended solids 
exhibited a consistent trend in contributing PAHs between molecular-weight based PAH 
groups for each GP. Exceptions to this trend are identified for H4 and R2 reported in 
Karlsson et al. (2008b) where the PAH profiles presented for H4 and R2 exhibited an 
over 20 % and 50 % composition mismatch between sediments and suspended solids. A 
factor in this could be that a different extraction approach was adopted in Karlsson et al. 
(2008b) where the suspended PAHs were determined by subtracting the dissolved PAHs 
(0.45 µm filter) from the total extracted PAHs for dredged waters. According to 
Sandstrom (1995), the extraction of organic substances from water-sediment mixtures 
may be inhibited by the inefficient interaction of particles with the organic solvent, 
resulting in incomplete recovery of organic compounds. To address this, in the current 
study, the extraction of PAHs from the dredged waters with high contents of suspended 
materials, were conducted on the suspended solids and dissolved fraction separately. 
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Figure 21. A comparison of sediment PAH profiles by GP and sampling occasion (as percentage 
contributions), from Paper I. 

A cross plot presenting the results of the application of two PAH diagnostic ratios to 
sediments and suspended solids derived from both sampling occasions is exhibited in 
Figure 22. The use of the “FLA/ (FLA+PYR)” reveals two distinct clusters which relate 
to each sampling occasion. This suggests that “grass, wood & coal combustion” was the 
dominant source of PAHs in GP derived sediments in the Karlsson et al. (2008b) study. 
In contrast, the use of the same ratio on data derived during this study indicates 
“petroleum combustion” as the dominant source of PAHs. In the most recent study, data 
points for the housing catchment GP derived sediments (the blue triangles in Figure 22) 
are located closer to the reference ratio for “Grass, wood & coal combustion” and 
“petroleum combustion” than data points for road GP derived sediments (marked as blue 
squares), indicating some difference by catchment type. In contrast, the use of the 
IcdP/(IcdP + BghiP) diagnostic ratio did not detect a major shift in PAHs sources. 
Overall most of the GP derived sediments from both sampling occasions in both 
catchment types fall within the category of “petroleum combustion” dominated PAHs 
sources. For both sampling occasions, data points for housing catchment GP derived 
sediments are more aligned towards “Grass, wood & coal combustion” with data points 
for road GP derived sediments more aligned towards the “petroleum”. 
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Figure 22. PAHs cross plot for GP derived sediment ratios using IcdP/(IcdP + BghiP) and FLA/(FLA + 
PYR) from the current study and those determined by Karlsson and Viklander, 2008b (additional data 
points for context: vehicle and birch word burning (Hedberg et al., 2002), local industry emission 2005 
and 2017 a, b and c (pers comm); PAHs in gully pot sediments, (Leikanger and Roseth, 2016)), Paper I. 

4.4.4. Temporal changes in normalised solids accumulation rate 

Figure 23 displays a comparison of normalised solids accumulation rates in GPs for both 
sampling occasions. Compared to the previous sampling by Karlsson et al. (2008b), the 
normalised solids loading rates for road catchment GPs demonstrate an approximately 
eightfold increase, reaching a mean value of 0.428 kg·m-2·year-1 compared to that of 0.058 
kg·m-2·year-1 for the previous sampling occasion. However, such a temporal increase is 
not identified for housing catchment GPs. Data reported from both sampling occasions 
suggested the same trend in normalised accumulation rates of R3 > R2 > R4 > R1. 
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Figure 23. Normalised solids accumulation rates by gully pots and sampling occasions, Paper II. 

4.5. Modelled gully pot basal sediments scour 

Outputs of predicted scouring of previously GP deposited solids generated by both 
models under current rainfall regimes are presented as condition matrices (see Section 
4.5.1.), with data on how the magnitude of scouring changes under potential future 
rainfall scenarios presented in Section 4.5.2. 

4.5.1 Condition matrices based on current rainfall conditions 

Figure 24 presents a set of condition matrices based on the use of Swedish rainfall data 
(under the current climate scenario) within two available models described under section 
3.1.1. Figure 24 A and B exhibit the condition matrices pertaining to a range of rainfall 
return periods and ten GP fullness levels. Figure 24 C and D exhibit the condition 
matrices pertaining to a range of sediment characteristics (specific gravity and particle size) 
and a range of rainfall return periods. The combination of these circumstances facilitates 
the identification of scenarios under which TSS guideline values are expected to be 
exceeded in GP discharge. 

The presented condition matrices developed based on Model One suggested that when 
the sediments in GP reach 60 % full, even a rainfall event of a 3-month and 6-month 
return period could potentially result in scour-induced TSS in discharge exceeding the 
guideline value proposed by EU Freshwater Fisheries Directive (2006) and Gothenburg 
City Environment Management Group (2013). The condition matrices developed based 
on Model Two indicate a coherent relationship between rainfall return periods and 
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sediment characteristics (i.e. the greater susceptibility of lighter and smaller sediment to 
more intensive rainfall events). 

 
Figure 24. Condition matrices relating to the discharge of suspended solids during rainfall events under 
current conditions in relation to threshold values. A and B report outputs from Model One were after 5 
minutes and subsequent 5 minutes for a 10-minute duration rainfall event, respectively. C and D were 
developed using Model Two for rainfall events with 5-minute and 10-minute durations, respectively, 
Paper III. 

4.5.2 Responses to potential future rainfall conditions 

With regard to considering GP performance under future rainfall conditions, Figure 25 
presents how the sediment-scour induced TSS in GP discharge responds under six 
combinations of potential future rainfall conditions. The use of both models suggests an 
overall increase in GP sediment scour behaviours as a result of the predicted increases in 
rainfall intensities under all three future climate periods (2011 – 2040, 2041 – 2070, and 
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2071 – 2100). In terms of Model One, where two GP fullness levels were included, a 
higher percentage increase of sediment scour is predicted for GPs with a higher fullness 
level under both rainfall return periods considered and under all future rainfall conditions. 
Compared with the predicted changes identified using Model One, the use of Model 
Two indicated that future rainfall conditions will have a greater impact on the scouring 
of particles in three size fractions, with the scour-induced TSS discharge projected for 
110 µm sediments more than doubling under a 10-year return period event with a 
duration of 5-minutes under RCP 8.5 (2071 – 2100). 

 
Figure 25. Mean percentage change of effluent TSS (relative to current climate) under six combinations 
of future rainfall conditions derived using Model One (A) and Model Two (B) as maximum, median and 
minimum values, Paper III. 
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5. Discussion 

5.1. Temporal changes related to changing urban catchment practices 

GPs receive solids (and associated pollutants) from multiple sources located within a 
relatively localised urban catchment compared with e.g. constructed wetlands or bio-
filters which generally receive the runoff from a much larger contributing catchment area. 
Characterising the physicochemical and biological properties of GP sediments can 
therefore derive data which can be used as a proxy for identifying and estimating the 
relative contributions of active sources of diffuse pollutants. In this research, the sediment 
samples derived from each GP and sampling occasion represent time-integrated samples 
of a range of accumulation periods collected at two distinct time periods. In addition to 
the above concept that GP sediments can be used to identify local sources of pollution, 
the novel hypothesis that temporal changes in the physicochemical properties of GP 
sediments may also relate to changes in catchment practices (including traffic and related 
winter road maintenance operations, regulatory measures and non-traffic sources) was 
also explored.  

5.1.1 Traffic and winter road maintenance operations 

Within this study, temporal differences in traffic and related winter road maintenance 
operations include both policy-driven reductions in vehicle emissions and the need to 
adopt winter road maintenance operations (e.g., compulsory use of studded tyres, anti-
skid materials, snow ploughing and shovelling and spring street sweeping) for both 
investigated catchments. No temporal change was reported for traffic intensity or the 
contributing proportion of heavy vehicles in either catchment (Luleå municipality, pers. 
com). Compared with the accumulation period in Karlsson et al. (2008a) which ranged 
from 4 - 12 months, the road catchment GPs in the 2020 sampling campaign had an 
accumulation period of two years (so included a range of seasonal activities). A major 
implication of this is the impact on the source and magnitude of solids determined in 
GPs. The combined use of traction grits, studded tyres and snow ploughing are widely 
reported in the literature to intensify tyre and road wear, with large quantities of fine 
particles generated (e.g., Lindbom et al., 2006; Lindgren, 1996; Viklander, 1998). The 
2020 road GP sampling campaign included two winter seasons - and thus the input of 
winter road maintenance activities – with this considered a key factor in the increased 
mass of < 63 µm sediments determined in all road catchment GPs (a 1.7 – 5.5 times 
increase of total GP sediments, Figure 18). In terms of the housing catchment, although 
a similar set of winter road maintenance operations are also adopted, the mass of fine 
particles (< 63 µm) constitutes a much smaller proportion (3 – 8 %) of total GP sediments. 
This is thought to be due to that the fine solids generated by winter road maintenance 
operations in the housing catchment were not at the same magnitude as those in the road 
catchment due to the lower traffic volume, smaller proportion of heavy vehicles and 
much less frequent snow ploughing (less-intensified tire and road abrasions) as well as the 
use of larger-sized traction grits (traction grits A and B were generally used in the 
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residential areas while C was used in the road catchment) (Figure 14). Large proportion 
of traction grits A (d10 = 2 – 4 mm, d50 = 4 mm, d90 = 4 – 8 mm) and B (d10 and d50 = 
4 – 8 mm, d90 = 8 – 16 mm) fall into the coarse size fractions and would hardly be 
transported to investigated GPs in the form of suspended solids in runoff unless they are 
crushed into smaller particles. Yet, the considerably low traffic activities within the 
housing catchment did not favour this possibility.   

The impacts of winter road maintenance operations are also thought to contribute to the 
significant (p < 0.05) temporal increase of Cu (< 63 µm), Zn (< 250 µm) and V (< 63 
µm) in road catchment GP sediments. Of these metals, the strong and significant (ρ > 
0.6, p < 0.05) correlation between Cu-Zn for total (< 2 mm) and 125 µm – 500 µm 
sediments, as well as their widely reported identification as signature metals of brake and 
tyre wear (respectively), supports the hypothesis that intensified brake, tyre and road 
surface wears are the dominant source of sediments in the road catchment. Additional 
strong and significant correlations for Co-V (ρ = 0.857 – 0.964, p ≤ 0.014; < 125 µm), 
Co-Zn (ρ = 0.893 - 1, p ≤ 0.007; < 125 µm) and V-Zn (ρ = 0.857 – 0.964, p ≤ 0.014; 
< 125 µm) were also identified for the sediments collected in current study with the wear 
of V-Co-alloyed steel studs and/or the abrasion of V-containing asphalt (Johansson et al., 
2009) both identified as potential active sources. The strong and significant correlation 
for Co-Zn-V identified in this study, was not apparent in the earlier sediment samples 
reported by Karlsson et al. (2008a), which might be attributed to the less intensive tire 
and absence of stud wears during the corresponding accumulation period. 

Data derived from both sampling occasions suggested consistently higher normalised 
solids accumulation rates in road catchment GPs than in housing catchment GPs (Figure 
23). This finding is attributed both to the relatively higher abundance of solids-generating 
sources in the road catchment (i.e., higher levels of traffic-related exhaust particles and 
brake, tyre and road surface wears e.g., Boulter et al. (2006); Klein et al. (2021)). A 
considerable temporal increase in normalised solids accumulation rate is also identified in 
road catchment GPs (Figure 23). Such a temporal increase is both attributed to the 
intensified tire and road surface wear associated with winter road maintenance operations 
as well as the inputs of traction grits. For example, the local municipality estimates that 
approximately 16,000 tons of traction grits are used every winter and that only 
approximately 25 % of these grits are collected during spring sweeping activities. Hence, 
traction grits may have markedly contributed to the higher normalised solids 
accumulation rates reported for road catchment GPs during the 2020 sampling occasion. 
Whilst direct data comparison is challenging as, for example, studies by Ellis et al. (1984) 
and Rietveld et al. (2021) did not report the mass of solids retained within GPs but the 
mass of solids being transported to investigated GPs, the normalised solids accumulation 
rates reported for the road catchment GPs are considerably higher than values reported 
in the literature (see Table 22) although they are at the same order of magnitude as the 
values reported by Karlsson et al. (2008a) for the same catchment. It is also noted that the 
listed values here taken from Ellis et al. (1984) and Rietveld et al. (2021) should be 
regarded as the maximum possible values that could be accumulated in GPs (if taking 
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into account the uncertainties associated with long-term solids sedimentation and 
scouring processes). 

Table 22. Reported time-averaged solids loading rates in literature and the current study. 
Catchment 
Type 

Solids loading rate 
(kg/(m2·year)) Measurement Method Reference 

Residential 0.009 – 0.043 
Fully emptying GPs Current study 

Trafficked road 0.176 – 0.819 
Highway 0.001168 - 0.04015 1Nylon net at inlet Ellis and Harrop (1984) 
Trafficked road 
& residential 0.086 - 0.093 Fully emptying GPs Grottker (1990)  

Residential 0.004 - 0.014 
Fully emptying GPs Karlsson and Viklander 

(2008a) Trafficked road 0.011 - 0.118 
Residential 0.00186 - 0.1095 2Nylon net at inlet Rietveld et al. (2021)  

Key: 1 & 2: Nylon nets with a minimum pore size of 63 µm and 50 µm (for respective study) were placed at the 
inlets of GPs to capture inflowing solids. 

Factors contributing to the differences in normalised solids accumulation rates between 
catchments and sampling occasions include differences in solids sources, GP design and 
accumulation time period (see Section 5.3 for further discussion). 

With regard to factors contributing to the temporal decrease of PAH-L in GP sediments 
in both catchments, the contribution of changes in vehicle design/emissions profile 
which have been implemented over the past 15 years is highlighted. For example, whilst 
PAH-L dominated the PAH profile of GP derived sediments collected by Karlsson et al. 
(2008b), the PAH-L constitutes a much smaller fraction of total PAHs in GP derived 
sediments in the 2020 sampling occasion (Figure 21). This temporal change is associated 
with a considerable decrease in NAP (i.e. > 84 % of PAH-L (Karlsson et al., 2008b) 
below the detection limit in this study), with improved automobile technology (e.g., 
particle filters) leading to reductions in its contribution to exhaust emissions (SEPA, 2022) 
and reductions in the unintentional leakage of engine oils identified as potential 
contributors to the identified changes in PAH profiles. This hypothesis is supported by 
the use of the diagnostic ratio ∑LMW/∑HMW (∑LMW = NAP + ANT; ∑HMW = 
sum up of the other 14 PAHs) adopted by Karlsson et al. (2008b) where a ratio of 20.4, 
4.2 and 5.9 was reported for PAHs in dissolved, suspended and sediment GP phases, 
suggesting PAHs originated from petrogenic sources (Yunker et al., 2002). For samples 
derived from the latest sampling occasion, the corresponding ratio for PAHs associated 
with suspended materials lies between 0.015 – 0.06, suggesting PAHs originated from a 
pyrogenic source. This diagnostic ratio could not be applied to dissolved or sediment 
phases of the 2020 sampling occasion as concentrations of NAP and ANT were typically 
below the reporting limit. 

5.1.2 Regulatory measures in urban catchments 

As highlighted by Viklander et al. (2011), source control policies are a cost-efficient 
approach to reducing diffuse pollution in urban catchments, and the contribution of 
source control policies to identified temporal changes in GP sediments is discussed here. 
For example, source control measures implemented within the studied catchments 
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include the ban on leaded fuels (Swedish Ordinance in SFS1985:838) (since January 
1995), the EU End-of-life Vehicles Directive (2000) with its Swedish implementation 
following the Swedish Ordinance (2003: 208) (since 2003) and EU Regulation 
1907/2006 REACH (2022) (Annex XVII, entry 50) which – since 2010 – has regulated 
the contents BaP, Benzo(e)pyrene (BeP), BaA, CHR, BbF and Benzo(j)fluoranthene 
(BjF) in extender oils used in the tyre manufacturing processes. 

The full implementation of the ban on leaded fuel is considered to be the major driver 
behind the identified significant temporal decrease of Pb in sediments of housing 
catchment GPs (considering that GPs in this catchment had not been emptied for > 25 
years prior to the sampling by Karlsson et al. (2008a) and therefore could potentially 
contain sediments from before the ban on Pb additives in fuel). In contrast, the identified 
significant temporal decrease of Pb in road catchment GP sediments is primarily attributed 
to the implementation of the EU End-of-Life Vehicles Directive (2000) which restricted 
the use of Pb wheel weights and reduced the permitted level of Pb and Cd in brake 
linings. Both measures were identified as contributing to the nationwide 99 % reduction 
in the emissions of Pb from the traffic sector since 1990 (SEPA, 2021). However, despite 
the implementation of the EU End-of-life Vehicles Directive (2000), the concentration 
of Cd in e.g., < 63 µm sediments of road catchment GPs exhibited a small temporal 
increase (Figure 20). Whilst this feature is partly in line with the atmospheric Cd emission 
statistics provided by SEPA (2021) which reported an 8.1 % increase of annual 
atmospheric Cd emission from the tyre and brake wears during 2005-2019 for Luleå, 
road traffic sector emissions only accounted for 0.144 % (2019) – 1.7 % (2015) of total 
annual atmospheric Cd emission of all sectors during 1990 – 2019. The contribution of 
other sources to the temporal changes in sediment Cd concentrations will be further 
addressed in section 5.1.3. 

The implementation of EU Regulation 1907/2006 REACH (2022) was hypothesised to 
lead to a temporal reduction of PAH-H in GP sediments. However, GP sediment data 
did support this hypothesis (i.e. no significant temporal reduction was characterised for 
the road catchment). Potential reasons for this may include the fact that implementation 
of EU Regulation 1907/2006 REACH (2022) only impacted new tyres coming on to 
the market and there may still be a large number of pre-ban tyres available in the study 
catchments (although no data is available on this). A further factor could be that the effect 
of this regulation may be effectively cancelled out by the intensified levels of tyre and 
road wear during the accumulation period associated with latest sampling occasion which 
included winter road activities. 

5.1.3 Non-traffic sources 

According to the annual atmospheric emission data reported by SEPA (2021), metal 
emissions from the transport sector (domestic road transportation) only make a marginal 
contribution to the total annual atmospheric emissions of As, Pb, Cd, Cr, Ni and Zn (2 
%, 4.3 %, 0.16 %, 0.92 %, 9 % and 5.9 %, respectively) based on 2019 emission data for 
Luleå. By contrast, other sectors such as the industry, electricity and district heating 
sectors, together with residential heating, are reported as the primary atmospheric 
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emission sources for these metals. As atmospheric depositions are identified as a potential 
major contributor to the presence of As, Pb, Cd and Ni in urban runoff (Davis et al., 
2001; Sabin et al., 2005), temporal changes in the total annual atmospheric emissions in 
Luleå may contribute to the identified temporal changes in GP sediments. As an example, 
the measures taken by local industries to reduce emissions to air are reported as 
contributing to a reduction of 86.3 % and 33.3 % of annual atmospheric Pb emissions 
during 1990 – 2019 and 2005 – 2019, respectively. In contrast, increases of 117 % and 
316 % in annual Cd atmospheric emissions from local industries and residential heating 
were reported for 1990 – 2019 and 2005 – 2019 respectively (SEPA, 2021), mainly 
associated with industrial expansion after 2015. Industrial expansion in Luleå may also be 
a factor in the identified temporal increase of Cd concentrations in both catchments and 
for nearly all size fractions (Figure 20). The identified temporal changes in PAHs may 
also be linked to identified changes in non-traffic sources. For example, the temporal 
reduction of NAP in GP sediments (partly attributed to improved vehicle technologies 
in Section 5.1.1), may also be a function of the reduced atmospheric emissions from one 
of the major local industries e.g. SEPA (2020) reported a 97 % reduction of annual 
atmospheric emission of NAP for 2007 – 2019 in Luleå. However, although a similar 
reduction (43.5 %) is reported for the annual atmospheric BaP emission from the industry 
and residential heating sector during 2005 – 2019 in Luleå, a significant (p < 0.05) 
temporal increase in BaP is identified in road catchment sediments. With no major 
change of AADT in the road catchment, the reason for this identified temporal increase 
requires further research.  

5.1.4 Challenges in identifying the reasons for temporal changes 

Several challenges in understanding and explaining the identified temporal changes in this 
work have been identified as followings. 

1) As a pilot study, the number of GPs included in this work limits the types of statistical 
tools which can be adopted in this work, and the level of confidence which can be 
associated with the results. The inclusion of two sampling occasions introduced 
further uncertainties with further research required to determine if e.g. the identified 
changes were related to the changes in urban catchment practices or a function of 
stochastic variations over time.  

2) The complex mixture of a wide range of sources and the potentially extended time 
interval between emission from sources and subsequent deposition on urban surfaces 
(as well as a time interval between initial deposition and physicochemical analyses) 
contributed to the complexity in tracing and attributing specific sources based on the 
analysed concentrations (Lundy et al., 2012). As an example, the sources of 
investigated pollutants in the housing catchment are not limited to traffic activities 
but may also originate from e.g., painted wood sidings (selected metals; Davis et al. 
(2001)), cement tile and bitumen felt roofing (selected metals and PAHs; Andersson-
Wikström (2015)), local wood burning for residential heating (metals and PAHs; 
Freeman et al. (2002), and street car washing (metals and PAHs; Hedenmark et al. 
(2016)). The current lack of knowledge on their relative contribution to total 
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pollutant loads in a given catchment is a further challenge in identifying differences 
on a catchment-by-catchment basis. The extended time intervals described above may 
also facilitate changes in the profile of PAHs due to e.g., varied photo-degradation 
rates, water solubilities and thermal stabilities. As a way to (partially) address these 
limitations, the more conservative diagnostic ratios “FLA/(FLA+PYR)” and 
“IcdP/(IcdP+BghiP)” were used for source apportionment in this work (Tobiszewski 
and Namieśnik, 2012).  

3) The use of diagnostic-ratio based PAH source apportionment essentially depends on 
the reference ratios selected to distinguish sources. These reference ratios, however, 
are usually developed using single-source environmental samples. The transferability 
of these ratios is then greatly dependent on the representativeness of those 
environmental samples in a new context (i.e. the study catchment). One approach to 
reducing these uncertainties is to include diagnostic ratios for the hypothesised 
emission sources in the investigated catchment. The diagnostic ratios presented in 
Figure 22, for example, include four references derived for local industrial emissions. 
These reference points for the coal-coke combustion-based industrial sources 
correspond well with the suggested reference ratio of > 0.5 for classifying “Grass, 
wood & coal combustion” sources derived using “FLA/ (FLA+PYR)” but aligns less 
well with the source-classification based on “IcdP/ (IcdP+BghiP)”. 

5.2. Evaluation of gully pot sediments scour events  

The two models adopted in this work for estimating wet-weather scour-induced GP TSS 
discharge differ fundamentally in regards to their construction (i.e. key parameters) and 
levels of complexity. The model developed by Avila et al. (2010) focuses on standing 
water depth and the surface armouring of basal sediments. The standing water is regarded 
as a protection layer which dampens the energy of the inflowing runoff and thus reduces 
the magnitude of scour at the sediment surface (Avila et al., 2010). This hypothesis was 
recently confirmed in a laboratory-based study by Rietveld et al. (2020a) which reported 
that increasing flow velocity close to the sediment bed (as a function of increasing bed 
level), interpreted as intensifying sediment-flow reactions. The formation of an 
“armoured layer” relates to the presence of larger gravels on the surface of the sediment 
bed which also further hinders scouring processes (Avila et al., 2010). In contrast, the 
model proposed by Howard et al. (2012) focused on the energy of the inflowing runoff, 
and the energy required to initiate the motion of deposited sediment and retrain solids 
into the water column. The fundamental differences between these two models 
determine the corresponding output condition matrices and the type of information 
which can be potentially used by practitioners.   

The condition matrices developed using Model One link the magnitude of scouring to 
both GP fullness level and the rainfall regime. Model One outputs indicate that a higher 
magnitude of scouring is associated with a higher GP fullness level, and with more 
intensive rainfall events. With a 10-minute rainfall input duration, Model One suggested 
the scour-induced TSS discharged from GP can be kept below 25 mg/L if the fullness 
level is maintained under 60 % (Figure 24). A further evaluation of the magnitude of 
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scouring for a set of projected rainfall conditions (5-minute duration time) on GPs with 
two different fullness levels (50 % and 95 %) indicates a stronger impact of changing 
rainfall regime (defined as more intensive rainfall events) on GPs with a higher fullness 
level (Figure 25A). With a GP fullness level of 50 % and 95 % representing a proactive 
GP maintenance frequency of once/year and a reactive maintenance strategy respectively, 
the result suggested a higher risk of scouring is associated with the latter maintenance 
regime. The potential application of Model One can be considered by the combination 
of the GP fullness data and weather forecast system to assist municipalities in developing 
a precautionary GP maintenance regime.  

The condition matrices developed based using Model Two emphasised the higher 
susceptibility of lighter and smaller sediments to scouring under more intensive rainfall 
events (Figure 24). Under the projected rainfall conditions, the magnitude of scouring 
for all tested sediment characteristics is predicted to be intensified (Figure 25B). The 
outputs of this model are of particular value with regard to the protection of the 
ecological status of the receiving water recipients. With hydrophobic pollutants 
preferentially associated with the finer particles (Langmuir, 1997) and the high mobility 
of finer, low-density particles, the impact of scouring and remobilisation processes on GP 
sediments represent a challenge to the maintenance of downstream waterbody ecological 
status. As Model Two takes into account GP dimensions, outputs of this model can 
potentially be incorporated into the dimensioning and designing stage of the GP system. 
Its implementation is, however, dependent on 1) the physicochemical properties of solids 
supplied within the targeted catchment; 2) the sensitivity of downstream water recipients. 

As models, both were developed based on a set of assumptions and simplifications, 
particularly with regard to GP design and an assumption of an inexhaustible supply of 
sediments. Whilst all models work within a set of boundaries, these assumptions and 
simplifications challenge the direct transferability of the results to sites outside of those 
for which they were developed. In terms of GP design, for example, the GPs included 
in the field work component of this thesis did not strictly align with the optimal design 
proposed by Lager et al. (1977). In particular, the distance between the road surface and 
GP outlet is determined by the depth of the main sewer pipe that the GP outlet is 
connected to rather than design hydraulic performance. Further, the entrance structure 
of GPs is not only limited to curb-opening but also includes covers with various grating 
slots typologies. The way in which different types of grating slots intercept inflow is likely 
to impact the energy of the inflowing water and hence influence the magnitude of in-
pot scouring processes. However, this aspect is not – as yet - well studied in the literature. 
Recent in-pot dynamic studies by Rietveld et al. (2020a) and Rietveld et al. (2020c) also 
emphasised the impact of relative position between the impinging inflow and GP outlet 
as a key factor influencing in-pot hydraulic conditions. This factor, however, was not 
included in either of the two models utilised here. In regard to the supply of sediment 
available for scouring, this is essentially determined by the availability of solids to be 
transported to GPs and the susceptibility of solids to being scoured. Both aspects are 
additionally related to the sources of solids within a catchment (determines solids 
characteristics), the number of antecedents dry days (influences sediment build-up), 
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catchment characteristics (slope and area), GP design and rainfall duration and intensity. 
These factors are then combined into dynamic conditions which makes it currently 
extremely challenging to directly conclude the validity of the assumed inexhaustible 
supply of sediments. 

5.3. Gully pots as sinks for pollutants 

GPs exhibit a marginal or negative treatment efficiency for dissolved metals (Morrison et 
al., 1988) and its runoff treatment function is mainly achieved by retaining pollutants 
associated with suspended solids. Prior to the examination of the mass of pollutants 
retained in each GP investigated, it is, therefore, useful to consider the retention of solids 
within GPs.   

When describing the retention efficacy of a GP, much of the work in the literature focus 
on wet weather processes with GP efficacy defined using Eqn. (16). 

η=(Cinfluent - Ceffluent)/Cinfluent·100 % (16) 
 Where η = wet weather retention efficacy; Cinfluent and Ceffluent = influent and effluent 
TSS concentrations, respectively, mg/L.  

The Ceffluent presented in Eqn. (16) can be further disassembled into the three processes 
displayed in Eqn. (17). 

Ceffluent=Cinfluent·�1-ωdynamic�+ Cscour+Cliquor·(1-� λi

t

i=1

) (17) 

Where ωdynamic = the dynamic sedimentation efficiency during wet weather; Cscour = the 
scour-induced TSS in the in-pot liquor, mg/L; Cliquor = the initial TSS in the in-pot 
standing liquor before a rainfall event starts, mg/L; λi = time-varied dilution factor for 
initial TSS in standing water.  

According to Eqn. (16) and (17), η is rarely a constant value as it is dependent on multiple 
factors, all of which are highly dynamic even during a single storm event. For example, 
depending on the GP design, in-pot conditions, catchment characteristics, solid sources 
and rainfall regimes, η can be expected to be highly variable within storms, between 
storm events and between sites. In particular, the sedimentation efficiency ωdynamic during 
the storm event is highlighted as a subject for further research. Turbulent hydraulic 
conditions do not favour a high level of sedimentation, particularly for fine-sized particles 
with the < 250 µm solids fraction reported to be easily transported into the sewer system 
in suspension (Jartun et al., 2008). However, the findings of the current work do not 
directly support this claim, as for, example, ca 20 % of GP solids in the road catchment 
were in the < 63 µm fraction. Such a discrepancy might be explained by the 
sedimentation process during dry weather where a more favourable hydraulic condition 
is provided. This hypothesis is given support by the significant correlation between 
antecedent dry days and in-pot sediments accumulation rate identified by Rietveld et al. 
(2020b). The transport of solids to GPs is not only restricted to wet weather either and - 
as discussed in Section 2.2.1 - wind-induced or mechanical-force-induced solids may also 
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enter and contribute to solids accumulation in the GP system. The occurrence of dry 
weather deposition was inferred by Butler et al. (1995) where monitored sediment depths 
exhibited an up to 10 cm increase over a period despite no storm event being recorded. 
Similar findings were also reported in a recent GP sediment bed depth monitoring work 
by Rietveld et al. (2020b). The mass of accumulated sediment in such longer-term studies 
can be expressed as presented in Eqn. (18): 

Maccumulation = Msedimentation– Mscour (18) 

Where Maccumulation = the total mass of solids retained in GP; Msedimentation = the mass of 
solids sedimented within a GP over an identified time period;  Mscour = the mass of solids 
scoured from GP over an identified time period. 

Whilst it is not yet possible to characterise the exact contribution of the individual 
process, a review of the literature can be used to indicate the relative magnitude of each 
process during the whole accumulation period. During the initial stage which starts on 
emptying of the GP, the magnitude of the sedimentation process outweighs the 
occurrence of scouring as a result of the depth of standing water effectively reducing the 
occurrence and magnitude of any interactions between inflowing runoff and the sediment 
bed. As a result, the sediment beds steadily grow. As sediment bed levels increase, the 
depth of in-pot standing water decreases, enhancing the opportunity for scouring to 
occur. During this stage, the magnitude of sedimentation processes still outweighs 
scouring and hence sediment beds continue to grow but at a slower rate. The sediment 
bed eventually reaches a critical level where the magnitude of scouring equals that of 
sedimentation, and the depth of the sediment beds is effectively stabilised. The time taken 
to reach a stabilisation status is reported to take < 6 months (Conradin, 1989) and 3 – 4 
months (Post et al., 2016). Occasional further reductions in sediment bed depth after 
storm events were also reported by Butler et al. (1995) and Rietveld et al. (2020b), 
suggesting that the scouring process may outweigh sedimentation under certain rainfall 
event conditions. In a study of sediment beds, Post et al. (2016) reported that 5 % of the 
300 monitored GPs exhibited a progressive silting up to the outlet level, suggesting long-
term sedimentation may also outweigh scouring in these GPs. Based on the above-
described stages for in-pot sediment accumulation, it is considered plausible that the 
sediment beds in the GPs investigated in this work, especially from the housing 
catchment, may have reached the stabilised status long before the sampling occasions. If 
this is the case, the normalised solids accumulation rates displayed in Table 20 would be 
an underestimation of field conditions. These findings also highlight the limitations of 
only emptying GPs to avoid flooding rather than maximising the performance in 
retaining solids and associated pollutants. The need for further research is also highlighted 
here to inform a better understanding and characterisation of critical sediment bed levels. 

In terms of the total mass of pollutants trapped in GPs (Table 21), despite the much longer 
accumulation period for housing catchment GPs, the total mass of all the pollutants (with 
the exception of Cd) is 1.5 – 8 times higher in road catchment GPs. This, however, 
should not be interpreted to mean that housing catchment GPs are less important than 
road catchment GPs as pollutant sinks. Instead, the identified difference in mass is related 
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to catchment differences in the abundance of solids supply, characteristics of supplied 
solids, catchment characteristics and GP design. Also, the elevated concentrations of 
metals and PAHs in the fine fraction of housing catchment GP sediments highlight the 
runoff quality control function of GPs, which otherwise would have been directly 
transferred to downstream water recipients.   

Additionally, it is worth noting that the pollutant loads presented in Table 21 may not 
be directly scalable to a larger urban catchment. For example, the influence of many other 
factors, such as other catchment types, street layouts (e.g., cross-section, roundabout and 
speed bump), seasons and varied GP design, have yet to be robustly considered. A further 
examination of the impacts of these factors on the retention of pollutants in GPs is needed 
to enable the runoff quality control function of GPs to be holistically evaluated.  

5.4. Impacts of hydraulic dredging for gully pots emptying 

This work also provides key insights into the nature and potential management needs of 
waste materials derived from the hydraulic dredging of GPs. Despite the process 
generating large volumes of dredged water with elevated contents of suspended solids, > 
90 % of metals and PAHs remain associated with the sediment phase (Figure 17). A higher 
proportion of pollutants in the sediment phase can be expected if a longer sedimentation 
time was provided before the supernatant waters were discharged. The remobilised 
pollutants in dredged waters are primarily associated with suspended materials with 
dissolved fractions accounting for less than < 0.42 % of the total pollutant loading derived 
from these seven GPs.     

Despite the relatively low contribution of dissolved pollutants to the total concentrations 
in dredged waters, their direct discharge into a piped system may contribute to acute and 
chronic impacts on downstream water recipients. The environmental implications of 
dredged water quality, however, are dependent on the fraction on which selected 
guidelines focus e.g. total or dissolved concentrations. For example, in terms of total 
concentrations, all investigated metals and 12 of the 16 investigated PAHs in dredged 
waters did not meet selected receiving water standards or were categorised as potentially 
causing chronic/acute impacts on water recipients (Figure 15, Figure 16). However, 
evaluation of dissolved metal concentrations with standards (only available for Cu, Ni, 
Pb and Zn; SwAM (2016)), indicates only Zn and Cu as posing a threat to water 
recipients. Dredged waters are rarely directly discharged to water recipients but primarily 
to a piped sewer system which may involve its dilution by other inflows. To avoid the 
exceedance of identified standards for dissolved fractions on the discharge of dredged 
waters evaluated in this work, a dilution factor of four is required. Whether this level of 
dilution will take place prior to discharge to a receiving water body is, however, 
dependent on i.e., the sewer pipe length between the dredged water releasing point and 
catchment outfall, as well as the pollution level of the waters that mix with the dredged 
waters etc. In contrast, comparing suspended solids concentrations with sediment quality 
standards (Norwegian EPA, 2016), Cu, Zn and 10 of the 16 investigated PAHs exceed 
the identified threshold values for causing potential chronic/acute ecological impacts 
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(Table 19). Considering the strong influence of dilution (e.g., water used for hydraulic 
dredging and when discharged water enters the water recipients) on the dissolved and 
total concentrations of pollutants in dredged waters, extra attention should focus on the 
pollutants associated with suspended solids. These suspended solids have high possibility 
of being mobilised throughout the sewer network and entering the water recipients.  

In the absence of clear legislation on how dredged waters shall be handled, the final 
decision on management options (if any) falls on the practitioners. In general, if reducing 
total pollutant loading on water recipients is a priority, treatment should target the 
removal of suspended materials from dredged waters. This can be achieved by 
sedimentation-based solutions including simple sedimentation tanks or constructed 
wetlands which was previously explored by Scholz et al. (2005). If the dredged waters 
are to be discharged to sensitive water bodies or to be reused for purposes where a higher 
quality standard is required, both the particulate and dissolved pollutants shall be 
addressed. This can be addressed by for example biofilters, rain gardens and lamella filters 
(Blecken, 2016).  

The hydraulic dredging process may also impact the ambient oxidation-reduction 
condition, pH and electrical conductivities which further lead to changes in the 
fractionation distribution of metals associated with solids. Theoretically, for an 
undisturbed in-pot sediment bed, the bacterial activities and insufficient aeration would 
lead to reducing conditions (Morrison et al., 1988), favouring a potential release of metals 
bonded to fractionation III (Amorphous Fe/Mn oxides) and IV (Crystalline Fe oxides). 
However, despite the long-term accumulation period in all investigated GPs, these two 
fractionations account for a major proportion (20 % - 70.5 %) of the total (five-step) 
extracted metals as displayed in Figure 12. A high proportion of Fe-Mn fractionation in 
GP sediments for Cu, Zn and Pb was also reported by Duzgoren-Aydin et al. (2006) 
though a different sequential extraction method was adopted. The aeration of the 
sediment bed introduced by the injection of pressurised water could also potentially lead 
to the mobilisation of metals bonded to fractionation V (stable organic forms and 
sulphides). However, without knowing the pre-dredging sediment fractionation profile, 
it is unclear if the hypothesised metal mobilisation took place during the dredging 
operation. Compared with the GP sediments fractionation of organics-bonded metals 
reported by Duzgoren-Aydin et al. (2006), Zn and Pb occur in the same proportion in 
both studies. In contrast, a higher proportion of organics-bound Cu (40 % - 80 %) was 
reported by Duzgoren-Aydin et al. (2006) than the proportion of 40 % - 45 % reported 
in this work. In terms of the most weakly bonded metals to fractionation I (adsorbed and 
exchangeable metals and carbonates), this fraction still contributes an important 
proportion of the fractionation profiles for Cd, Ni, Pb and Zn (Figure 12) in this work. 
This finding is in line with the profile reported by Duzgoren-Aydin et al. (2006) as well 
as the fractionation profile reported for coarse (250 – 2000 µm) road deposited solids 
from another trafficked road in Luleå by Borris et al. (2016). Overall, as no GP sediment 
sample was taken prior to the hydraulic dredging process, the exact impact of hydraulic 
dredging on metal fractionations cannot be characterised at this stage and is highlighted 
as an area for further work.
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6. Conclusions 

This thesis has evaluated the magnitude of event-based gully pot sediment scouring events 
under current and potential future Swedish rainfall conditions, and examined the mass 
and physicochemical properties of accumulated gully pot sediments, contributing to the 
identification of the long-term performance of gully pots as pollutant sinks. Comparing 
data on the sediment physicochemical properties generated during this study with 
findings of earlier research on the same set of gully pots facilitated discussions on the 
impacts of changing anthropogenic activities on sediment pollutant loads. Based on the 
findings presented in this thesis, the following conclusions are drawn.  

The levels of scour-induced TSS in gully pot discharges predicted by both models showed 
a strong dependence on rainfall regimes. The condition matrices developed based on 
Model one outputs highlighted that proactively emptying gully pots with a sump fullness 
level maintained under 60 % would effectively reduce the risk of scouring under the 
current rainfall conditions with the TSS in discharge maintained below a threshold value 
of 25 mg/L. The condition matrices developed based on Model two outputs identify the 
relatively higher level of susceptibility of finer and lighter solids to scouring. An 
examination of the potential future rainfall conditions suggested gully pots without a 
routine maintenance regime would be most sensitive to intensified scouring events. 

A comparison of the mass and physicochemical properties of gully pots sediments during 
the 2005 and 2020 sampling occasions indicated that samples collected during the latter 
event exhibited up to an eight-fold increase in normalised solids accumulation rates, 
especially in road catchment gully pots. A significant temporal decrease in the median 
concentration of As and Pb was identified in nearly all size fractions in both catchments 
investigated. In contrast, a significant temporal increase in median concentrations of Cu 
(road catchment), Ni and Co (housing catchment), and Cr, Zn and Cd (both catchment 
but not statistically significant) were characterised in certain size fractions. For PAHs, a 
significant temporal reduction of PAH-H in the housing catchment as well as PAH-L 
(without statistical significance) and PAH-M in both catchments were identified. The 
change in the composition of PAHs contributing to total PAH concentrations suggested 
a major temporal shift with PAH-H being the dominant group in the 2020 sampling 
occasion. The use of two alternative diagnostic ratios indicated different trends with 
regard to the temporal shift in PAH sources. Factors driving the identified changes in 
metals and PAHs were identified to include changes in traffic-related winter road 
maintenance operations, regulatory measures and non-traffic sources, raising the potential 
for gully pot sediments to contribute to understanding the efficacy of wider catchment 
source control strategies. 

An examination of the total loads of pollutants in the investigated gully pots indicated 
that the mass of PAH-16 and Co, Cu and Zn retained in road catchment gully pots were 
approximately eight-and four times higher than that retained in the housing catchment 
gully pots, despite the accumulation time period being more than six-times longer in the 
latter catchment. The exception to this trend is for Cd for which the trend was reversed 
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(i.e. a slightly higher mass was determined in the housing catchment than in road 
catchment gully pots), indicating the contribution of non-traffic sources in total pollutant 
loads. The use of an eductor truck to empty gully pots (as implemented in this study) 
generates a volume of dredged water that then requires disposal. Analysis of the dredged 
water identified that > 80 % of the total mass of metals and PAHs remain associated with 
collected sediments. Of the 20 % of metals and PAHs remobilised into the dredged water 
component, > 99 % of metals and PAHs remain associated with suspended solids. A 
comparison with receiving waters guideline values indicates that the concentrations of 
certain dissolved and total metals, total PAHs and metals and PAHs determined in 
suspended solids may contribute to chronic/acute toxic impacts, challenge the 
achievement of good ecological status in receiving water bodies. The need for treatment 
of dredged waters e.g. to remove suspended materials prior to their discharge to piped 
systems or receiving waters is thus highlighted.  
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Highlights 
• Temporal change in total and contributing PAH concentrations identified in gully pots sediments; 
• Two diagnostic ratios indicate different trends in the temporal shift of major PAHs sources; 
• Gully pot sediments reflect changes in catchment-scale pollutant mitigation measures. 

 

Introduction 
Addressing diffuse pollution is identified as one of the major challenges in meeting the EU Water Framework 
Directive (2000), where urban runoff a key mechanism that transports diffuse pollution from various sources 
to surface waters. A common stage in the pathway from source to recipient is the transport of runoff through 
a gully pot (GP). However, whilst a ubiquitous urban drainage feature, relatively little is understood about in-
pot GP sediment behaviour and if the pollutant loads of accumulated sediments reflect catchment 
characteristics. As a contribution to testing this hypothesis, this paper compares the PAH concentration and 
composition of sediments accumulated in the same seven GPs over two distinct time periods – pre- 2005 
(reported in Karlsson and Viklander, 2008) and post-2018 - and investigates their relationship to catchment 
changes including traffic data and changes in environmental regulations over the same time periods.    
 

Methodology 
The GPs sampling and analysis procedures are as described in Karlsson and Viklander (2008). In brief, seven 
GPs were investigated in the city of Luleå, Sweden. Four GPs (R1 – R4) are located on an urban highway (9200 
vehicles/day (v/day)) and three (H2 – H4) are located in a residential area (325 v/day) on the outskirt of the 
city (detached houses with chimneys and private garages). The GP contributing areas are asphalt roads (both 
catchments), private gardens and roofs (housing catchment only). The time period since GPs were last 
emptied varied from two years (R1-R4) to 13 years for H2-H4. This compares to one year for R1, four-months 
for R2 – R4, and >25-years (1980-2005) for H1-H4 in the study by Karlsson and Viklander (2008). GPs were 
emptied using a hydraulic-dredging based eductor truck and contents immediately transferred to the 
laboratory where the truck was thoroughly cleaned after each GP emptying. The combination of extracted 
standing water (where present), sediment and injected water for hydraulic dredging (referred to henceforth 
as gully pot mixture) was collected in individual containers overlain with a layer of high-density polyethylene 
(HDPE) bag. Water samples were directly collected in dark-glass bottles and stored at 4°C prior to analyses. 
The remaining standing water was pumped out from each container to facilitate the collection of 
representative sediment sub-samples following the coning and quartering approach described in ASTM 
(1985). Sediment subsamples were stored at 4 °C prior to analyses. Water samples were filtered using 1.6 
µm pore size glass-fibre filters to collect suspended solids, and sediments were sieved to remove the ≥ 2 mm 
size fraction. Particulate and sediment samples were freeze-dried prior to the analyses for naphthalene 
(NAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FL), phenanthrene (PHE), anthracene (ANT), 
fluoranthene (FLA), pyrene (PYR), benzo(a)anthracene (BaA), chrysene (CHR), benzo(b)fluoranthene (BbF), 
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), dibenzo(a,h)anthracene (DahA), benzo(g,h,i)perylene 
(BghiP) and indeno(1,2,3-cd)pyrene (IcdP). The PAH concentration was determined by gas chromatography-
mass spectrometry (GC-MS), performed by the accredited laboratory ALS Scandinavia AB.  

mailto:haoyu.wei@ltu.se
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Results and discussion 
The median concentration of total 16 PAHs in GP sediments decreased by over 95 %; from 11.7 mg/kg for 
pre-2005 sediment samples (Karlsson and Viklander, 2008) to 0.45 mg/kg for post-2018 sediment samples 
(current study). Such a consistent reduction across all sites is thought to be associated with a range of changes 
in catchment activities, mainly concerning improved PAH emission reduction measures taken by local 
industries and the transition from decentralised heating to district heating (identified as the two major 
sources of PAH release in Sweden (Swedish Environmental Protection Agency, 2020a)). The efficacy of these 
measures to reduce PAH emissions is confirmed by Swedish Environmental Protection Agency (2020b), which 
reported a > 98 % reduction of total annual atmospheric PAH emissions during 2007 – 2020 for Luleå. Whilst 
traffic is an established source of PAHs, it is not considered to be a key factor in the reduction of total 
concentrations here as the traffic intensity for both catchments remained approximately the same over the 
time periods compared. Figure 1 displays the changes in the contribution of PAHs (by molecular-weight; MW) 
to total PAH concentrations for both suspended solids and sediment samples collected in comparison to the 
findings of Karlsson and Viklander (2008). Data shows that a major temporal transformation from the light 
PAHs (PAH-L) dominated profile exhibited in the pre-2005 samples to a heavy PAH (PAH-H) dominated profile 
for samples from post-2018. This change is a function of the decrease of PAH-L contents over time; from a 
median concentration of 6.775 mg/kg in pre-2005 samples to 0.0195 mg/kg, with over 70 % of post-2018 
sediment samples reported as below the LOQ of 0.015 mg/kg. A decrease of a similar magnitude is also 
identified for medium MW PAHs (PAH-M), with a > 95 % reduction in concentration when comparing pre-
2005 and post-2018 sediment samples. In contrast to these reductions, the median concentration of PAH-H 
exhibited an increase of over 20 % despite mitigating measures e.g. an EU ban on tyres containing highly 
aromatic (HA) oils since 2010. The continuous use of unworn HA-oils-containing tyres is considered the major 
contributor to the presence of PAH-H in post-2018 sediment samples, which has become a more dominant 
source (despite parity in traffic intensity) as emissions from industrial and residential sources have decreased. 
 

 
Figure 1. Percentage fraction patterns of PAH-L (NAP, ACY and ACE), PAH-M (FL, PHE, ANT, FLA and PYR) and PAH-H (B(a)A, CHR, BbF, 
BkF, BaP, DahA, BghiP and IcdP) are displayed for suspended solids and sediments samples from respective sampling occasions. 
Percentage fraction patterns of PAHs are benchmarked for three local industry-based atmospheric emission points (industrial-a-17, 
Industrial-b-17, and industrial-c-17) and Norway-based gully pots sediment samples reported in Leikanger and Roseth (2016). 
 
Two commonly adopted diagnostic ratios were applied to infer the potential sources of PAHs (Yunker et al., 
2002). Regarding the ratio of “FLA/(FLA + PYR)”, two distinct clusters formed relating to the pre-2005 and 
post-2018 samples sets (Figure 2), suggesting a temporal shift from “grass, wood & coal combustion” to 
“petroleum combustion” predominated source of PAHs. However, such a shift was not distinguished by the 
ratio of “IcdP/(IcdP + BghiP)”, where major sample sets from both sampling occasions fall into the “petroleum 
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combustion” category. However, this latter ratio has also been questioned for selecting a threshold ratio of 
0.5 to differentiate “petroleum” from ”grass, wood & coal-” combustion (Yunker et al., 2002). This study also 
supports the need for caution in applying this ratio as its use here would classify industrial activities that are 
coal-coke based as petroleum based.  
 

 
Figure 2. PAHs cross plots for sediment and suspended solids ratios of IcdP/(IcdP + BghiP) and FLA/(FLA + PYR) (additional data points: 
vehicle emission and birch wood burning (Hedberg et al., 2002), housing, road and industry 2005 (Karlsson and Viklander, 2008); 
industry a, b and c 2017 (Personal communication, April 21, 2021); Norway-16 (Leikanger and Roseth, 2016)). 
 

Conclusions and future work 
• Impacts of mitigation measures adopted by local industry and switch to centralised district heating 

reflected in GP sediment quality;  
• Use of the FLA/(FLA + PYR) diagnostic ratio suggested a temporal shift in the dominant source of 

PAHs but use of the IcdP/(IcdP + BghP) ratio was not consistent. More GP sediment samples are 
needed to further explore use of both diagnostic ratios; 

• GP sediment sampling has the potential to be a powerful tool in tracing, mapping and evaluating the 
source and fate of pollutants and the impact of mitigation measures applied.  
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Abstract
Diffuse pollution is recognised as a major challenge in achieving EU Water Framework Directive compliance, with urban 
runoff being a key pathway connecting various sources to receiving waters. Gully pots, as one of the ubiquitous urban drain-
age infrastructures, are placed at the inlets of piped drainage pipe network and actively drain runoff from urban catchment 
with suspended solids proportionally retained. The physiochemical properties of these retained solids reflect the activities 
within the catchment during the accumulation period. In this work, seven gully pots in two catchment types (highway and 
housing) in Luleå, Sweden were fully emptied and sediments analysed for total mass, particle size distribution and selected 
metal concentrations by six size fractions. The results of this sampling campaign are compared with the results of a 2005 
study of the same gully pots to identify changes in the physicochemical properties of sediments over time and examine 
whether changes identified can be linked to changes in wider catchment management practices. The results highlight the 
potential impacts of winter road maintenance operations (e.g. up to a 15-fold higher solids loading rate in road catchment 
gully pots), reaching a normalised solids accumulation rate of 0.176–0.819 kg  m2  year−1. An increase in tyre and road wear 
associated with winter road maintenance operations is also understood to contribute to the temporal increase of several met-
als including Cu, Zn, Co, Cr and V in the < 63-µm solids fraction in the road catchment gully pots. The concentrations of As 
and Pb decrease in all size fractions in both catchments, with the implementation of unleaded fuels (for Pb in housing catch-
ment only), End-of-Life Vehicle Directive (Directive 2000/53/EC) (for Pb in both catchments), and strengthened industrial 
emission reduction measures suggested as possible drivers. The high contamination load for Zn, Cu, Cd and Pb in < 63-µm 
sediments from low-traffic housing catchment also emphasised the necessity of tracing and restricting non-traffic-related 
metal sources. Further seasonal monitoring of gully pot sediments is recommended to fully follow up the development of 
metals loading in both catchments.

Keywords Sediment · Gully pot · Catchment management practices · Heavy metals · Solids accumulation rate · Particle 
size

Introduction

Mitigating diffuse pollution is identified in the EU Water 
Framework Directive (EU WFD 2000) as a measure to 
achieve good chemical and ecological status of water bod-
ies. This objective also aligns with several UN Sustainable 
Development Goals (SDGs) including SDGs 6 (Clean water 
and sanitation), 11 (Sustainable cities and communities) and 
14 (Life below water). Urban runoff is recognised as a major 
pathway for transporting diffuse pollutants from diverse 
sources to receiving waters (see Müller et al. (2020) for a 
comprehensive overview).

Approaches to mitigating urban diffuse pollution can 
be broadly categorised into two types: structural measures 
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(e.g. stormwater quality-control facilities) and non-struc-
tural policies and practices which target pollutants at 
sources (e.g. substitution; eco-labelling; street sweeping). 
Stormwater quality-control facilities are often regarded as 
an end-of-pipe solution and can be applied at different 
(sub-) catchment scales. Regional-scale solutions include 
larger storage systems, e.g. stormwater ponds that receive 
the runoff from a whole catchment of multiple land-use 
types. Local-scale solutions include swales, rain-gardens, 
green roofs and gully pots (GPs) which drain from a rela-
tively smaller area. Whilst end-of-pipe solutions have 
shown their efficacy in alleviating the adverse impacts of 
urban runoff quality on receiving waters, increasing atten-
tion is focusing on opportunities to mitigate the release of 
diffuse pollutants at sources as upstream, cost-effective 
policy-based control measures (Urbona 1998). However, 
the development of such source control policies requires 
a robust, comprehensive evidence base of, for example, 
inventory of diffuse pollutant sources and their release pat-
terns, mobilisation and behaviour in urban drainage sys-
tems (Holtz 2006). Successful examples to-date include 
phasing out Pb in gasoline (Viklander and Marsalek 2011) 
and concerted efforts in removing polychlorinated biphe-
nyls (PCBs) from Swedish buildings (Bernevi Rex 2019). 
However, approaches to fully evaluate the efficacy of these 
policies remain an open challenge.

Examples of directives addressing both point and dif-
fuse pollutions include the European Union Water Frame-
work Directive (EU WFD 2000); identifies substances for 
reduced emission (hazardous substances) and cessation 
(priority hazardous substances) to the environment), the 
EU Industrial Emissions Directive (IEF) (2010; enhanced 
requirements to reduce industrial emissions to air, soil 
and water) and the EU End-of-life Vehicles (ELV) Direc-
tive (2000; restricts the use of harmful substances). Whilst 
several studies have reported considerable decreases in the 
stocks of many substances within the urban technosphere 
e.g. Cd and Pb (Månsson et al. 2009), the impact of these 
broad-scale measures on urban diffuse pollution loads has 
yet to be robustly interrogated. This is of particular concern 
within a Swedish context, where soil and water systems are 
vulnerable to metal pollution due to the typically elevated 
levels of soil acidity, low levels of calcium and magnesium 
salts in inland surface waters and the low salinity of the sur-
rounding Baltic sea (Parkman et al. 1998). In comparison 
to water samples which provide only a ‘snapshot’ of pol-
lutant occurrence and concentrations, the analysis of sedi-
ments provides an opportunity to develop a time-integrated 
understanding of pollution at a site level (Birch et al. 2000). 
Building on the findings of an initial GPs study by Karls-
son and Viklander (2008), this study explores and evalu-
ates the temporal changes in selected metal concentrations 
associated with GPs sediments as a potential approach to 

evaluating the impact of mitigation measures applied at a 
catchment scale.

Materials and methods

Presentation of study sites

The eight GPs are located in two types of catchments in 
Luleå, Sweden. Four GPs (R1–R4) are located along a high-
way with an annual average daily traffic (AADT) of over 
10,000 vehicles/day (v/d), of which 8% are heavy goods 
vehicles. A further four GPs are located in a housing area 
(H1–H4) consisting of detached residences with chimneys 
(for wood-burning heating), private garages and gardens, 
with an AADT of less than 500 v/d (Swedish Transport 
Administration 2021).

Sampling procedures

The current sampling programme took place  21st–25th Sep-
tember 2020 (impossible to collect sediments from H1 as 
inadequate protection during road repaving works led to its 
infilling with asphalt). Full information on the dimensions, 
accumulation periods and contributing drainage areas of 
the seven GPs sampled is provided in Table 1. GPs inves-
tigated in this work have a volume of 80–104 L, which is 
similar to the UK design of 90 L (Butler and Memon 1999) 
and slightly larger than the Dutch design of 4–70 L (calcu-
lated using data from Post et al. (2016) and Rietveld et al. 
(2020b)). However, the Swedish, UK and Dutch designs are 
considerably smaller than the Swiss design of 250–450 L 
(Conradin 1989) and the Norwegian design of 790 L (Lind-
holm 2016).

The size of the directly connected area to each GP was 
determined by implementing a catchment delineation pro-
cess in ArcGIS software-based on aerial photography-based 
digital elevation data (resolution of 0.25 m) for Luleå, pro-
vided by Läntmateriet (2021). The catchment delineation 
process can be summarised into the following key steps. 
The first step involves assigning a drainage capacity to each 
GP in the study area by converting GP surface gratings into 
circular polygons with a diameter of 500 mm and assigning 
an elevation level of − 10 m relative to the terrain surface. 
The second step involves implementing a flow direction esti-
mation using the eight-direction flow approach proposed by 
Jenson and Domingue (1988), followed by the calculation 
of flow accumulation in each cell. The sub-catchment for 
each GP was then delineated by integrating step one and two 
outputs with GPs chosen as outlet points.

GPs were emptied by an eductor truck that employed 
hydraulic dredging to loosen the compacted sediment 
bed in combination with a vacuum pump to collect the 
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sediment–water mixture. After each GP was emptied, the 
collected mixture (consisting of GP sediments, in-GP stand-
ing water and dredging water) was placed in a container 
lined with a layer of new high-density polyethylene (HDPE) 
to avoid contact between sample and container. The eductor 
truck was thoroughly cleaned between GPs to avoid cross-
contamination between sites. The sediment–water mixture 
in each container was allowed to stand for 1 h before super-
natant water samples were collected from each container 
and stored at 4 °C prior to the analyses. The remaining water 
volume was decanted using a peristaltic pump, and the total 
collected water volume was recorded. The container and 
wet slurry were then weighed before sediment samples were 
taken using the conning and quartering procedures described 
in ASTM (1985).

Laboratory analyses

Laboratory analyses of water samples

Water samples were analysed for suspended solids (SS) and 
selected metals (As, Cd, Co, Cr, Cu, Ni, Pb, V and Zn) in 
both particulate and dissolved fractions (collected on and fil-
tered through 0.45-µm membrane filters, respectively). SS was 
determined using the multiple filter method (MFM) proposed 
by Nordqvist et al. (2011) where the sample is vacuum fil-
tered through three filters of decreasing pore sizes (25, 1.6 
and 0.45 µm). Filters were weighed after drying at 105 °C. 
For dissolved fractions, aqueous samples were digested with 
1 ml  HNO3 for every 100 ml sample and then analysed with 
sector field inductively coupled plasma mass spectrometry 

(ICP-SFMS) following SS-EN ISO 17294–2:2016 and US 
EPA Method 200.8:1994. For particulate fractions, samples 
were dried at 50 °C and digested before analysis with ICP-
SFMS following modified SS EN ISO 17294–1,2 and US EPA 
Method 200.8.

Laboratory analyses of sediment samples

Sediment samples were analysed to determine particle size 
distribution (PSD), dry mass fraction  (fd) and selected met-
als. Mass-based PSD analyses followed ISO 11277:2009, 
where sediment samples were first wet-sieved to 63 µm with 
the < 63-µm size fraction further analysed using laser diffrac-
tion. Dry mass fractions are reported as the ratio of sample dry 
mass (residue weight after drying at 105 °C for 20 h, with sedi-
ments held in a desiccator until a constant weight) by the sam-
ple wet weight. Selected metals contents were determined for 
the total fraction (≤ 2 mm) and for six size fractions (< 63 µm, 
63–125 µm, 125–250 µm, 250–500 µm, 500–1000 µm and 
1000–2000 µm). These size fractions were derived by first 
drying sediments at 50 °C, followed by their sieving through 
woven stainless steel wire cloth sieves of corresponding pore 
sizes. Metals were determined by ICP-SFMS following modi-
fied SS-EN ISO 17294–1,2 and US EPA Method 200.8:1994, 
after being digested with 5 ml 7 M nitric acid in a modified 
microwave oven. A lower reporting limit for metals (Table 2) 
is provided in this work due to the use of ICP-SFMS in the 
current work.

LoI was determined in identified size fractions following 
SS 028,113, where samples were dried at 105 °C for 20 h and 
thereafter in a muffle furnace at 550 °C for 2 h.

Table 1  Basic information for the seven gully pots sampled by Karlsson and Viklander (2008) and the current study

R1 R2 R3 R4 H2 H3 H4

Sediment accumulation time in current study (year) 2 2 2 2 13 13 13
Sediment accumulation time (year) reported by 

Karlsson and Viklander (2008)
1 0.3 0.3 0.3  > 25  > 25  > 25

Inner diameter (mm) 500
Inner surface area  (m2) 0.19625
Distance from road surface to the top of outlet (mm) 1770 1420 700 745 2000 2250 2010
Sand trap depth (mm) 530 480 500 525 450 410 450
Sand trap volume (L) 104 94 98 103 88 80 88
Sediment bed thickness (mm) 420 505 630 675 430 430 270
Volume of sediment bed (L) 82 99 124 132 84 84 53
Presence of in-pot standing liquor No
Total solids dry mass (kg) 145.1 125.4 139.3 137.0 168.2 53.5 61.9
Connected road surface area  (m2) 413 97 85 187 280 310 430
Connected roof surface area  (m2) / / / / 20 150 120
Directly connected impervious area  (m2) 413 97 85 187 300 460 550
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Laboratory analyses of winter road maintenance traction 
materials

Three types of typically applied traction grit materials for 
winter road maintenance in Luleå were also analysed to 
determine PSD. Identified as Material A (branded aggre-
gated sizes of 2–6 mm), Material B (branded aggregated 
sizes of 4–8 mm) and Material C (branded aggregated sizes 
of 0–6 mm), Material A and B are used on residential streets, 
pedestrian and bike paths (including the H2-H4 study area), 
whilst Material C is used on high trafficked roads (including 
the road catchment in this study where R1–R4 are located).

Data analysis

Contamination factor

Contamination factors (CF) for selected metals (As, Pb, Cd, 
Cr, Ni, Cu, Zn, V and Co) were calculated using local back-
ground soil concentration data (available for the < 63-µm 
fraction) reported by Andersson et al. (2014). CFs were cal-
culated using Eq. (1):

where CFcatchment-year = contamination factor; Cgully pot , metal 
concentration for GPs sediment samples (< 63 µm) from 
individual GP; B = local background concentration in local 
native soils (< 63 µm).

Solids accumulation rate normalised by accumulation 
period and drainage area

The GPs investigated in this work and other studies do not 
share the same accumulation time period or receive runoff 
from the same sized catchment areas. As both parameters 

(1)CFcatchment-year = Cgully pot/B

impact on the total mass of solid accumulated in GPs, the 
use of absolute values hinders the direct comparison of total 
solid dry mass between sites and studies. To address this, 
the total dry mass of solids in each investigated GP was nor-
malised by the accumulation period and drainage catchment 
area, expressed as per Eq. (2):

where I (kg/(year·m2)) = normalised solids accumulation rate 
in GP; SS (mg/L) = suspended solids; V (L) = volume of dis-
charged water; fd = dry fraction; Mwet (kg) = mass of wet sol-
ids; T (year) = length of accumulation period; A  (m2) = total 
effective connected area.

Statistical analyses

Anderson–Darling normality tests indicated a non-normal 
distribution of the dataset, and therefore non-parametric 
methods were used. Mood’s median tests (Minitab 19) were 
applied to examine the level of significance associated with 
(1) temporal changes of selected metals determined within 
the six sediment size fractions for each catchment type; and 
(2) impacts of catchment types on selected metal contents 
in sediments by size fractions for respective sampling occa-
sion. Spearman’s rank-order correlation tests (Minitab 19) 
were also applied to examine the significance of relation-
ships between selected metals in sediments by six size frac-
tions for the respective sampling occasion. The correlation 
is considered strong if correlation coefficient (ρ) > 0.6 and 
significant if p < 0.05.

Results

Particle size distribution

Gully pot sediments particle size distribution

The GP-specific PSD curves for the current study are pre-
sented in Fig. 1. Overall, the PSD curves exhibit a clear dif-
ference by catchment type (Fig. 1A). Sediments from road 
catchment GPs (R1–R4) present a d50 of < 500 µm, and the 
sediments of R2 and H2–H4 present a d50 of > 500 µm. In 
regard to < 2-mm sediments, sediments from R1–R4 also 
consist of a higher percentage (a mean of 19% by mass) 
of < 63-µm particles than those from H2–H4 where parti-
cles in this size range account for less than 10% (by mass) 
of total sediments. For both catchments, particles within 
the size range of 8–63 µm dominate the < 63-µm sediments 
(Fig. 1B).

(2)I = (SS ⋅ V + fd ⋅Mwet)∕(T ⋅ A)

Table 2  List of reporting limits for sediment metals in both studies

Reporting limit (mg/kg)

Metals Karlsson and Viklander 
(2008)

Current work

As 3 0.1
Cd 0.1 0.01
Co 0.1 0.03
Cr 0.2 0.1
Cu 0.3 0.3
Ni 0.2 0.08
Pb 1 0.1
V 0.2 0.2
Zn 1 1
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Traction grits particle size distribution

Figure 2 presents the PSD curves for the three types of trac-
tions grits that are used by the local municipality. Traction 
grits A, B and C exhibit a  d50 of 5000 µm, 6000 µm and 
650 µm.

Normalised solids accumulation rate

Figure  3 presents the normalised solids accumulation 
rates by GP and sampling occasions. Both sampling occa-
sions indicated a higher sediment accumulation rate in the 
road catchment than that of the housing catchment. Com-
pared to the previous sampling by Karlsson and Viklander 
(2008), the normalised solids accumulation rates for road 
catchment GPs for the 2020 sampling also witnessed an 
approximately eightfold increase, reaching a mean value of 
0.428 kg  m−2  year−1 compared to that of 0.058 kg  m−2  year−1 
for the 2005 sampling campaign. A similar level of increase 
of normalised solids accumulation rate is not reported for 
the housing catchment GPs. In both campaigns, the normal-
ised solids accumulation rate followed a similar pattern of 
R3 > R2 > R4 > R1.

Concentrations of selected metals by size fractions

Figure 4 presents the metal concentration per size fraction 
per metal for both the 2005 and 2020 sampling occasions. 
Median concentrations of Pb and As show a decrease in 
concentration between the occasions for all size fractions 

(p < 0.05) from the road catchment (except 125–250 µm 
and 500–1000 µm) and only the < 63 µm and 1–2-mm 
fractions in the housing catchment (Figs. S3 and S4). In 
contrast, concentrations of Cr, Cu, Zn, V and Co indicate 
an increase between the sampling occasions, especially 
for the < 250-µm sediment in both catchments (Fig. 4). 
However, a significant increase (p < 0.05) was only iden-
tified for the < 63-µm fraction from the road catchment and 
the 63–125-µm sediments from the housing catchment. 

Fig. 1  A: particle size distribu-
tion of gully pots sediments 
(63–2000 µm); B: particle 
size distribution of gully pots 
sediment < 63 µm by catchment 
types. Error bars represent the 
standard deviation of solids 
mass percentage for each size 
fraction

Fig. 2  Particle size distribu-
tion curves for three types of 
traction grits used by the local 
municipality

Fig. 3  Normalised solids accumulation rates in gully pots for respec-
tive sampling occasions
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Cd also exhibits an overall increase for both catchments 
(insufficient data for statistical analysis as over 50% of Cd 
concentration were below the reporting limit in Karlsson 
and Viklander (2008). In contrast, changes in Ni concen-
trations between sampling campaigns are not consistent 
between catchments, with a decreasing trend observed 
for road catchment sediments (at a significant level for 
the < 63 µm, 250–500 µm and 1–2-mm sediment fractions) 
and an increasing trend for housing catchment sediments 
(significant increase for the 63–125-µm sediment fraction).

Contamination factor

Contamination factors (CF) are used to quantify the mag-
nitude of soil/sediment contamination relative to values 
reported for local uncontaminated soil. Figure 5 presents 
CF for selected metals by catchment type and sampling 
occasions. Principally, GP sediments are classified as at 
least moderately contaminated (except for Co, Cr and V 
in selected housing catchment sediments which are clas-
sified as low), evidencing the impact of anthropogenic 

Fig. 4  Concentrations of As, Pb, Cd, Zn, Cr, Cu, Co, Ni and V by 
size fraction in gully pots sediments collected on two sampling occa-
sions. Bars denote the mean concentrations for metals of respective 

size fraction, catchment type and sampling occasion. Black dots 
denote the median concentrations. Error bars denote the standard 
deviations
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activities on the load of metals carried by sediments in 
both catchments during both campaigns.

CF for both Cu and Zn showed a clear increase in both 
catchments between the campaigns. For example, in the 
road catchment, the Zn CF more than doubled from a 
mean of 4.01 for the 2005 campaign to 9.39 in the latest 
sampling occasion (resulting in a classification of very 
high) and Cu increased from a mean CF of 3.92 in the 
2005 campaign to 5.46 in the 2020 sampling occasion. 
Though the CF of Zn and Cu did not exhibit an equiva-
lent level of increase in housing catchment sediments, an 
increase in CF was detected and sediments were classified 
as (or close to) a very high contamination level.

In terms of Cd, whilst the road catchment sediments 
increased from a mean value of 2.16 to 3.79 (a shift 
from a moderate to a considerable contamination level) 
between sampling campaigns, the trend in the housing 
catchment is less clear. This is exemplified with the Cd 
CFs of housing catchment sediments in the 2005 cam-
paign demonstrating significant levels of variation from 
moderate to very high levels. A similar pattern in Cd CFs 
is also shown in the 2020 sampling campaign, suggesting 
that activities at an individual housing (or plot level) have 
the potential to generate localised pollutant hotpots. A 
similar range in CF is also shown for Pb in the same 2005 
housing catchment GP sediments, supporting the potential 
for residential activities to impact at a localised scale. 
However, a similar range in Cd and Pb levels is not seen 
in the housing catchment 2020 data set or observed in the 
road catchment data set where, overall, Pb concentrations 
showed a decreasing CF over time.

Discussions

The presented physicochemical properties were not 
reported for sediments from a specific year/time point but 
represent the physicochemical characteristics of a time-
composite sediment sample of the entire sediment bed 
during the whole accumulation period prior to the sam-
pling occasion. The physicochemical composition of GP 
sediments is a function of the activities which take place 
in the catchment between GP emptying campaigns. The 
following sections consider GP sediment composition data 
in relation to catchment activities with a focus on traffic 
and related winter road maintenance operations, regulatory 
changes and the influence of non-traffic sources.

Impacts of traffic and related winter road 
maintenance operations

Compared with the PSD of GP sediments derived from 
the 2020 sampling campaign (Fig. 1), those collected by 
Karlsson and Viklander (2008) did not exhibit a clear 
catchment-type-dependent pattern (Fig. 6) though a con-
sistently higher traffic volume (and proportion of heavy 
goods vehicles) are reported for the road catchment (rela-
tive to the housing catchment) during both sampling cam-
paigns (Swedish Transport Administration, 2021).

Comparing the PSD curves from both sampling cam-
paigns, a threefold higher mass percentage of < 63-µm 
sediments fraction was reported in road catchment GPs in 
comparison with the previous sampling occasion (Figs. 1 

Fig. 5  Contamination factors 
(CF) for gully pot sediment 
samples (< 63 µm) by catch-
ment types and sampling 
occasions (dashed lines refer 
to CF categories developed by 
Hakanson (1980))
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and 6). The identified PSD pattern change is not related 
to the traffic volume as (noted above) the reported AADT 
did not exhibit a major change over the past two decades in 
either catchment (Luleå municipality, pers. com). Instead, 
winter road maintenance operations (e.g. spreading of trac-
tion grits, snow ploughing and the mandatory requirement 
to equip vehicles with studded tyres) may be a contributing 
factor to the higher identified mass fraction of < 63-µm 
size fraction sediments, given that the sediment accumula-
tion period for 2005 (R2–R4) sampling campaign did not 
include a winter-spring season. Winter road maintenance 
operations intensify levels of tyre and road wears (Lind-
gren 1996), but also introduce further abrasion opportu-
nities between tyre studs and traction grits leading to an 
increased generation of fine particles (Viklander 1998). 
Whilst winter road maintenance activities are also under-
taken in the housing catchment, their contribution to the 
generation of fine particles is not of the same magnitude as 
in the road catchment, due to a lower AADT, less frequent 
snow ploughing (less road surface abrasions) and the use 
of larger-sized traction grits (traction grit A and B is used 
in housing catchments; C is used for the road catchment) 
(Fig. 2).

Both the 2005 and 2020 sampling campaigns indicate 
higher normalised solid accumulation rates in the road 
catchment in comparison to the housing catchment (Fig. 3). 
Such a feature aligns with the fact that more intensive traf-
fic activities (both higher AADT and a higher proportion of 
heavy vehicles) in the road catchment give rise to a higher 
solids supply from a range of sources including fuel combus-
tion and brake, tyre and road wear (e.g. Boulter et al. 2006; 
Klein et al. 2021). The release of wear-derived particulates 
is also expected to be further enhanced by winter road safety 
measures (Carlsson et al. 1995; Boulter et al. 2006), which 
may also contribute to the increase in solids loading rates in 
road catchment GPs in the 2020 sampling campaign which 
included the winter season (Fig. 3). For example, the munic-
ipality reports that during a normal winter ca. 16,000 tons of 
traction grits are applied within the city of which only 25% 

are typically collected during the late-spring street sweep-
ing practices. With GPs being potentially one of the recep-
tors for traction grits, the fact that GP sampling campaigns 
including winter season have three times the normalised 
solids accumulation rates in comparison to a GP sampling 
campaign that did not include a winter season indicates both 
a spatial and temporal relationship between GP contents and 
their local environment. Over recent decades, more frequent 
freeze–thaw cycles in Sweden have been reported (Nilsson 
et al. 2021), and such a tendency is projected to intensify 
under climate changes (Sarady and Sahlin 2016), leading 
to a possible increased use of traction materials to address 
winter road safety issues. This might additionally contribute 
to an even higher solids loading rates in GP system unless a 
more efficient traction grits collection technique is adopted. 
Compared to the solids loading rates reported in the litera-
ture (Table 3), the values reported for the road catchment 
GPs of this study are much higher (though within the same 
order of magnitude) as those previously reported for the 
same catchment (Karlsson and Viklander 2008).

Besides the catchment differences related to the avail-
ability of solids being supplied to the investigated GPs, 
the differences in the GP designs may also contribute to 
the varied solids accumulation rates between sites. GPs in 
the road catchment have generally deeper sumps compared 
with those of housing catchment GPs (Table 1). Such a 
difference may result in a higher retention efficiency in 
road catchment GPs, as was suggested by both Lager et al. 
(1977) and Rietveld et al. (2020a). Also, the GPs in the 
housing catchment have higher distances from the road 
surface to the top of outlet compared with that of road 
catchment GPs (Table 1), resulting in a potentially higher 
kinetic energy of the impinging runoff induced by grav-
ity. The higher energy head of the inflow runoff may also 
inhibit retention efficiency. However, due to the sample 
size and scope of this work, no further evaluation of this 
hypothesis could be undertaken within the current study.

As described in Sect.  2.4.2, the normalised solids 
accumulation rates presented in this work do not assume 

Fig. 6  Particle size distribu-
tion of sediment (63–2000 µm) 
reported by Karlsson and 
Viklander (2008). The R1 gully 
pot was emptied twice in the 
work by Karlsson and Viklander 
(2008), where R1a represents 
sediments accumulated over 
5 years and R1b represents sedi-
ments accumulated in 1 year
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a constant sediments accumulation behaviour over the 
monitored time-frames, but instead account for differences 
in accumulation time periods and catchment sizes. The 
achievement of a hypothetically constant sediments accu-
mulation rate would require a steady solids supply to the 
drainage catchment, stationary transport of solids to GPs in 
both wet and dry weathers and uniform solids retention effi-
ciency, all of which are thought unlikely given the inherent 
variability of processes within am urban catchment. This is 
demonstrated by the results presented by Post et al. (2016), 
where sediment bed levels in 95% of 300 monitored GPs 
already stabilised after 4–5 months of the 15-month moni-
toring period. This finding is potentially attributed to the 
decreasing retention efficiency by the raising sediment bed 
levels (Post et al. 2016) and the intensified scouring pro-
cesses by the decreasing standing water depth (Avila 2008) 
with the stabilised sediment beds being an indication of an 
equilibrium status of both in-pot processes.

Based on the findings of Post et al. (2016), it is also plau-
sible to suspect that sediment beds of the housing catchment 
GPs had reached an equilibrium status long before both sam-
pling occasions, and hence normalising the solids dry mass 
by the entire accumulation period would effectively be an 
under-estimation of field conditions. However, even if the 
accumulation period for the housing catchment GPs is short-
ened to 2 years (i.e. the same as the road catchment GPs), the 
mean normalised solids accumulation rate for housing catch-
ment GPs remains almost four times lower than that of road 
catchment GPs, suggesting the observed difference by catch-
ment is not entirely due to the time-induced bias but also 
other factors including above mentioned solid source dif-
ferences and GP designs. This still highlights the necessity 
of GPs emptying in maintaining their treatment functions 
rather than simply targeting GPs from filling completely and 
further causing flooding issues, noting that sediment beds 
in only 5% of the 300 monitored GPs by Post et al. (2016) 
reached the outlet level over the 15-month time-frame. 
Further, blocked GPs do not necessarily lead to flooding 

as adjacent GPs—if well-functioning—would reduce the 
exposure to such risks as suggested (Post et al. 2016).

With regard to changes in metal concentrations (Fig. 4), 
the limited changes in AADT over the past two decades in 
either catchment (Luleå municipality, per. Com) contributes 
to the evidence base that traffic is only one source of metals 
within the catchments. A further (and less well understood) 
source of metals is traffic-related winter road maintenance 
operations which—by definition—have a seasonal impact on 
GP processes. As discussed above, similar types of winter 
road maintenance operations are applied in both catchments 
(though at differing intensities of e.g. application frequency) 
and are likely to affect the metal loading associated with 
sediments retained in GPs. For example, just as the applica-
tion of traction materials exacerbates the wear and tear of 
tyres, tyre studs and the road surface (Carlsson et al. 1995), 
these type and amount of metals associated with GP sedi-
ments are also influenced. Metals that characterise brake 
and tyre wear such as Cu and Zn (McKenzie et al. 2009) 
are significantly increased in the < 63-µm fraction of the 
road catchment in the 2020 campaign, with the observed 
strong correlation between Cu–Zn (ρ = 1, p < 0.0005) indi-
cating they derive from a common source. The impacts of 
winter road maintenance operations are also indicated by 
the strong correlations for Zn–V (ρ = 0.857, p = 0.014), sus-
pended solids; ρ = 0.964, p < 0.0005 for < 63-µm fraction) 
and Zn-Co (ρ = 1, p < 0.0005 for < 63-µm fraction) in sam-
ples from the 2020 sampling, which are attributed to both 
the wear of V–Co-alloyed steel studs and/or the abrasion of 
V-containing asphalt (Johansson et al. 2009). However, a 
similarly strong correlation was not observed in sediments 
from the previous sampling event for the same size fraction 
again understood to be a function of the shorter accumula-
tion time-frame which did not include a winter season.

A further factor to consider is the impacts of traction grits 
themselves on GP sediment metal concentrations. The con-
centrations of Pb, Cd, Zn, Cu, Cr, Co, V and Ni in unused 
traction grits applied to the Luleå catchment (Gavrić et al. 

Table 3  Reported time-averaged 
solids loading rate in literatures 
and the current study

Key: 1 & 2: Nylon nets with a minimum pore size of 63 µm and 50 µm (for respective study) were placed 
at the inlets of GPs to capture inflowing solids

Catchment type Solids loading rate (kg/
(m2 year))

Measurement method Reference

Residential 0.009–0.043 Fully emptying GPs Current study
Trafficked road 0.176–0.819
Highway 0.001168–0.04015 1Nylon net at inlet Ellis and Harrop (1984)
Trafficked road and 

residential
0.086–0.093 Fully emptying GPs Grottker (1990)

Residential 0.004–0.014 Fully emptying GPs Karlsson and Viklander (2008)
Trafficked road 0.011–0.118
Residential 0.00186–0.1095 2Nylon net at inlet Rietveld et al. (2021)
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2021) are presented together with GP sediment total metal 
concentrations (Fig. S5). This indicates that traction gits 
contain elevated levels of a range of metals which could 
contribute to elevated metal concentrations and—for metals 
which report a relatively lower grit concentration—effec-
tively ‘dilute’ concentrations of, e.g. Pb, Cd, Zn and Co. 
However, the exact quantification of the above enhancing/
diluting impacts requires a fuller understanding of fractions 
GP sediments composed of traction grits.

The impact of grit materials on GP sediments from the 
housing catchment is less clear, due to the lack of metals 
data for traction grits used in the 2005 study but also the fact 
that grit materials (4–8 mm) used in the housing catchment 
are of a larger size fraction than those analysed (i.e. < 2 mm) 
for the determination of total metal concentrations. However, 
the presence of metals in road grits at concentrations higher 
than those reported in GPs sediments suggests that abraded 
grit particles may contribute to concentrations of Cr, Co, V 
and Ni (Fig. S5). With the total concentration of these met-
als being much higher in grit B than grit C, the abraded grit 
particles might also mask differences by catchment types.

The concentrations of Zn for < 63-µm sediments of the 
road catchment GPs in this study are at the same magni-
tude as the mean concentration of 395 mg/kg reported in 
Pitt (1985) for GP sediments of the same size fraction but 
more than three times lower than the mean concentration of 
954 mg/kg reported for < 62.5-µm sediments by Birch and 
Scollen (2003), where the investigated GPs received runoff 
from streets with a traffic volume of up to 73,177 vehicles/
day. In the same referred study, a mean Cu concentration of 
181 mg/kg was reported for < 62.5-µm sediments, which was 
more than twice higher of that reported for < 63-µm sedi-
ments from road catchment GPs of the latest sampling occa-
sion, indicating the influence of catchment specific sources 
on GP sediment quality.

Impacts of regulatory changes

Whilst AADT remained relatively constant between sam-
pling periods, a range of regulatory measures directly affect-
ing catchment activities were implemented. For example, 
legislation requiring the removal of Pb additives from gaso-
line (Ordinance in SFS1985:838) was implemented in Janu-
ary 1995. This regulatory measure is particularly relevant 
to the decreases in Pb CFs in the housing catchment sedi-
ments between the two sampling occasions (Fig. 5) where 
the GP sediments from the housing catchment collected by 
Karlsson and Viklander (2008) had an accumulation period 
of over 25 years and could include sediments derived from 
pre-ban on Pb additives in fuel. However, decreasing Pb 
in road catchment sediments must have another explana-
tion as the sediment accumulation of the previous sam-
pling occasion commenced post-2005. The decrease of Pb 

in road catchment sediments could be attributed to further 
regulatory measures such as the ban on the use of Pb wheel 
weights and requirements to limit the contents of both Pb 
and Cd in brake linings. The initial implementation of this 
measure in Sweden began in 2003 (Swedish Ordinance 
(2003: 208)) as part of the implementation of the EU ELV 
Directive (2000) at a national level. The efficacy of the 
above measures was highlighted in SEPA (2021a) which 
reported a > 99% decrease in Pb emissions from the trans-
port sector since 1990 (national wide). For Luleå alone, the 
annual total Pb air emissions from the transport sector were 
decreased by > 98% from 2.637 tons in 1990 to 0.0416 tons 
in 2018 (SEPA 2021b). The Pb concentrations for the finest 
(< 63 µm) GP sediments from both sampling occasions are 
considerably lower than the reported mean concentration of 
780 mg/kg for < 62.5-µm GP sediments by Birch and Scol-
len (2003) and mean concentration of 1170 and 1970 mg/
kg (two catchments) reported for < 63-µm GP sediments by 
Pitt (1985). Such a discrepancy is attributed to (1) sampling 
works of both referred studies were carried out by the full 
ban on leaded fuels and (2) large traffic difference among 
studies.

Though the implementation of the EU ELV Directive 
(2000) also limited the contents of Cd in automobiles, it 
only led to a marginal reduction in emissions from the Swed-
ish transport sector. According to the SEPA (2021a), the 
emissions of Cd from road traffic have been almost stable 
since 1990, accounting for less than 1% (5 kg/year/Sweden) 
of the total annual Cd emissions in 2019. Compared with 
the 2005 sampling occasion, the mean Cd concentrations 
of the < 63-µm sediments from the road catchment GPs col-
lected in 2020 showed a marginal increase from 0.166 mg/
kg (n = 2) to 0.1895 mg/kg (n = 4).

Impacts of non‑traffic sources

In addition to the direct traffic-related sources, atmospheric 
deposition also contributes metals to the urban drainage sys-
tem (e.g. Davis et al. 2001; Sabin et al. 2005; Gunawardena 
et al. 2013). The term atmospheric deposition refers to both 
short and long-distance transport processes though no defini-
tive definition of either term has yet been agreed upon. In 
regard to the ‘short distance transport’, a direct example can 
be given by, e.g. Meland et al. (2010) where the enrich-
ment of metals in the tunnel inner surface wash water was 
attributed to sources including combustions, brake, tire and 
road wear. This work emphasised the emissions from traf-
fic activities did not necessarily directly accumulate on the 
ground but could be further transported to and deposited 
elsewhere. In terms of long-range atmospheric transport 
processes, several metals such as Pb, As and Cd are docu-
mented as transported by such processes but further descrip-
tors of relevant processes etc. are not given (Johansson and 
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Tyler 2001). Hence, the current understanding of the relative 
importance of contributing sources (i.e. local traffic vs short/
long-range transport processes) is limited. This knowledge 
gap has implications for both source tracking (challenge of 
linking pollutants to potential release sites) and the devel-
opment of programmes of measures (focused on achieving 
good ecological status). Despite the identified challenges, 
the dataset derived from the both sampling occasions still 
suggested a potential link between the changes in the non-
traffic sources and identified temporal changes of metal con-
tents in GP sediments.

Pb for example, followed by the implementation of e.g. 
the ban on Pb in fuel and the ELV Vehicles Directive, the 
contribution of this sector to the total annual atmospheric 
Pb emission in Luleå has seen a considerable decrease from 
65.7% in 1990 to 6.4% in 2019 (SEPA 2021b). The emis-
sion reduction from the traffic sector led to the increasing 
proportion of atmospheric emissions from the industry and 
energy sector, reaching 68.5% of total annual atmospheric 
emission in Luleå in 2019 (SEPA 2021b). To proceed with 
improving the urban environment, great efforts have also 
been implemented in industries through e.g. improving 
purification equipment and reducing the use of fossil fuels. 
Such measures successfully contributed to an 86% and 32% 
reduction of industrial atmospheric Pb emission in Luleå 
during 1990–2019 and 2005–2019 (SEPA 2021b), which 
also acted as an additional driving factor for the decreasing 
Pb concentrations in GP sediments. A strong and significant 
correlation for As–Pb (ρ = 0.964, p < 0.0005) was identified 
for suspended solids of the 2020 sampling occasion, sug-
gesting a potential common source for both metals. Though 
commonly reported as a traffic-related pollutants released 
through the fossil fuel combustion process (Ozaki et al. 
2004; Shi et al. 2012), the contribution of As from the traffic 
sector in the urban catchment is considered minor accord-
ing to SEPA (2008) with an estimation made that 50% of 
the As loading in urban streets originated from long-range 
transport processes. Referring to the emission record over 
the years 1990–2019, the traffic sector has never been identi-
fied as a major contributor (< 3% of total annual atmospheric 
As emission in Luleå). Instead, emissions from the local 
industry (72–41% of annual emissions during 1990–2019) 
as well as electricity and heating production (24–55% from 
1990 to 2019) are reported to be more important sources of 
As in the urban catchment (SEPA 2021b). Similar to Pb, 
the augmented atmospheric emission control by the local 
industries reduced the annual atmospheric As emission by 
over 70% during 1990–2019, one of the dominant drivers for 
the reported > 50% total annual atmospheric As emission in 
Luleå during the same period (SEPA 2021b).

Cd is another metal that exhibits a strong and significant 
correlation (ρ > 0.6, p < 0.05) with Pb in suspended solids and 
sediment samples supporting earlier studies of roadside soil 

samples (Hjortenkrans et al. 2006) and swale soil samples 
(Gavrić et al. 2021). The common sources for Pb–Cd include 
fuel combustion and brake linings (McKenzie et al. 2009). 
Despite a considerably higher AADT in the road catchment 
(than the housing catchment), no significant difference in sedi-
ment Cd concentrations by catchments was detected for either 
sampling occasion. This agrees with the findings by Hjorten-
krans et al. (2006) and Pun et al. (2019), where varied driving 
habits in association with street layouts were identified as a 
more important factor for the Cd emission than AADT. Of 
the road-catchment GPs, R2–R4 are located along a straight-
driving road without needing of varying driving behaviours 
(braking, acceleration and deceleration). Even though R1 
drains from a bus station where frequent ‘stop and go’ takes 
place, the sediment Cd concentration from R1 is at the same 
magnitude as the sediment Cd concentrations from other road 
catchment GPs. The annual atmospheric Cd emission from the 
domestic traffic sector (35.1 g/year; accounts for 0.14% of total 
atmospheric emissions in Luleå 2019) (SEPA 2021b) is much 
lower than that reported for Cd emissions to air from local 
industries (23.2 kg/year). On the contrary to the downtrend 
emission of Pb and As from local industries, the industrial 
emission of Cd displayed a sharp increase (> 1600%) during 
2015–2019 due to e.g. expansion of the industry, which may 
have contributed to the overall elevated concentrations in both 
catchments (Fig. 4).

It is also worth mentioning the housing-catchment spe-
cific activities which may have additionally contributed 
to pollutants loading. For example, street car washing by 
local households may discharge loads of organic (e.g. poly-
cyclic aromatic hydrocarbons and aliphatic) and inorganic 
(e.g. metals) pollutants to the urban drainage system in the 
catchment (Hedenmark and Alkeblad 2016). A survey made 
in this housing area in September 2007 showed that street 
car washing was still much more preferred to car washing 
at designated facilities (Olofsson 2009). However, results 
of the same survey also identified that households tried 
to eliminate the negative impacts on the environment by 
washing their cars in their private garden so that wash water 
would infiltrate into the soil, rather than draining the wash 
wastewater directly into GPs. Another potential source of 
metals in the housing catchment comes from the building 
materials such as painted wood façades (source of Zn, Cu, 
Pb and Cd; Davis et al. (2001)) as well as cement tile (V and 
Cr) and bitumen felt (Pb, Zn and Cu) roofing (Andersson-
Wikström 2015).

Conclusions

This study evaluated sediments collected from the gully 
pots during two sampling campaigns with a time inter-
val of 15 years. The sediments derived from these two 
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sampling occasions represented varying accumulation 
periods with data used to evaluate changes in normalised 
solids accumulation rates, particle size distributions and 
selected metals concentrations. Results are discussed in 
relation to changes within the catchment structural and 
non-structural activities. Results suggest that:

• Winter road maintenance operations e.g. applying trac-
tion grits and the compulsory use of studded tyres may 
contribute up to a 15-times higher solids loading rate 
(0.176–0.819 kg  m−2  year−1) in road catchment gully 
pots of the latest sampling occasion than the previous 
one. These measures are also likely to have contributed 
to the higher mass fraction of < 63-µm particles in road 
catchment (mean of 19%) in comparison to the housing 
catchment (mean of 8.5%).

• Concentrations of As and Pb concentrations decrease 
in all particle size fractions in both catchments, with 
the implementation of the ELV Directive (Directive 
2000/53/EC) (for Pb only) and strengthened industrial 
emission reduction measures (both As and Pb) imple-
mented by local industries over the evaluated period 
suggested as possible factors in this change. Likewise, 
the relative increase in local industrial Cd emissions 
could contribute to the increase in Cd sediment con-
centrations in both catchments.

• A temporal increase of Cu, Zn, Co, Cr and V is 
observed, especially fine solids in both catchments. The 
increase in the road catchment concentrations is con-
sidered a function of winter road maintenance opera-
tions whilst the source of the temporal increase in the 
housing catchment remains unclear.

• CFs estimated for < 63-µm fraction indicate that the 
impact of anthropogenic activities can be identified at 
a GP level. The fact that there are high CFs for Zn, Cu 
and Cd in both catchments and Pb (housing catchment 
only) highlights that traffic is not the only source of 
metals.

By design, gully pot sediments reflect activities at a local 
catchment scale. However, the results of this study also 
suggest that GP pollutant concentrations may also be influ-
enced by long-range transport processes. Hence, changes in 
GP sediment pollutant concentrations may also be used to 
evaluate the impact of wider catchment management prac-
tices. Further monitoring with an extension of the pollutants 
analysis list is therefore recommended not only to follow up 
the metals loading changes in both catchments but also to 
provide a basis for future identification of temporal changes 
to other pollutants of emerging concerns.
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Fig. S 1 Heat map for Mood’s median tests to detect if median metal concentrations by six size fractions statistically differ (p 
< 0.05) between sampling campaigns. This heat map is for sediment samples from road catchment only. Cells in dark green 
indicate a statistically significant temporal decrease of concentrations and cells in light green indicate an insignificant temporal 
decrease. Cells in dark red indicate a statistically significant increase of concentrations and cells in light red indicate an 
insignificant temporal decrease 
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Fig. S 2 Heat map for Mood’s median tests to detect if metal median concentrations by six size fractions statistically differ (p 
< 0.05) temporally. This heat map is for sediment samples from housing catchment only. Cells in dark green indicate a 
statistically significant temporal decrease of concentrations and cells in light green indicate an insignificant temporal decrease. 
Cells in dark red indicate a statistically significant increase of concentrations and cells in light red indicate an insignificant 
temporal decrease 
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Fig. S 3 Heat map for Mood's median tests to detect if median metal concentrations by six size fractions statistically differ by 
catchment types. This heat map is for sediment samples collected by Karlsson and Viklander (2008). Blue-shaded cells indicate 
significantly higher concentrations in road catchment 
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Fig. S 4 Heat map for Mood's median tests to detect if metal median concentrations by six size fractions statistically differ by 
catchment types. This heat map is for sediment samples collected for the current study. Blue-shaded cells indicate significantly 
higher concentrations in road catchment and red-shaded cells indicate significantly higher concentrations in housing catchment
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A B S T R A C T   

Gully pots actively trap sediments transported by urban runoff to prevent in-pipe blockages and surface flooding. 
However, due to poor maintenance (resulting in sediment build-up) and increasingly extreme wet weather 
events, the scour of previously-deposited sediments from gully pots is identified as a potential contributor to EU 
Water Framework Directive failure. While basal sediment scour deterministic models have been developed and 
validated using laboratory and field gully pot data sets, the ability of these models to predict behaviour at sites 
other than those for which they were established has not been addressed. Nor has the impact of future rainfall 
predictions on the role of gully pots as sediment sources been systematically examined. As a contribution to 
addressing these knowledge gaps, the performance of two gully pot basal sediment scour models of distinct 
complexity levels are evaluated under current and future rainfall conditions. The output from Model One sug-
gests that the scour-induced total suspended solids in gully pot discharge can be kept well below 25 mg/L if the 
gully pot fullness level is maintained at under 60%. Results identify the opportunity to incorporate the actual/ 
targeted ecological status of recipients in scheduling gully pot maintenance operations and that proactive gully 
pots maintenance will reduce the impacts of increased rainfall intensity/duration on the magnitude of sediment 
scour. Results from Model Two suggest that fine sediments are particularly susceptible to in-pot scour. For 
example, sediment with a specific gravity of 1.1 and diameter of >63 μm accounts for 50% of scour-induced total 
suspended solids in gully pot discharge. The effluent suspended solids concentrations predicted by the two 
models differ by up to two orders of magnitude. However, without further empirical field data pertaining to their 
respective competences/applications, neither model could be discounted at this stage. For example, the use of 
Model One is more appropriate in the establishment of gully pot maintenance schedules, with Model Two more 
suited to the dimensioning of gully pots based on performance requirements. This application, however, relies on 
the development and adoption of a more stringent regulation on gully pots discharge.   

1. Introduction 

In contrast to point source pollution, which has been the subject of 
legislation for several decades, the need to address diffuse pollution was 
not widely recognised until the 1970s (Campbell et al., 2005). Yet, its 
associated negative impacts such as nutrient enrichment and sediment 
contamination are now acknowledged as major threats to the receiving 
water ecosystem health. For example, the EU Water Framework Direc-
tive (EU, WFD, 2000) specifically identifies the need to control diffuse 
pollution under Article 10 and Article 11 (h). Further, Annex II 1.4 
identifies urban areas as a major source of diffuse pollution, which is 
then mobilised by rainfall and transported to receiving water bodies as 

urban runoff. 
Total particulate matter is a key contaminant in urban runoff. A 

variety of terms (e.g. total suspended solids (TSS), suspended solids, 
suspended solids concentration and suspended particulate matter) are 
used in the literatures to refer to particulate matter, reflecting variations 
in context and method. For consistency and simplicity, the term total 
suspended solids (TSS) is used within this study with the filter pore size 
included in brackets (where reported). As well as having a direct impact 
on receiving water ecology e.g. blocking fish gills, TSS also constitutes a 
sink for hydrophobic substances. Several studies report that the majority 
of diffuse urban pollutants are associated with the particulate phase (e. 
g., Westerlund and Viklander 2006; Karlsson 2009) with sediment 
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transport processes contributing to the movement of pollutants through 
the urban drainage system. However, adsorbed pollutants may also 
subsequently be released from sediments and re-enter overlying waters 
as a result of remobilisation during extreme rainfall events which may, 
for example, alter redox conditions (Lundy et al., 2017). Increases in 
precipitation extremes predicted as a result of climate change (IPCC, 
2013), also brings a higher probability of sediments scour events, in 
terms of both scour frequency and mass discharged. 

Gully pots with sand traps are a conventional urban runoff quality 
control system. The original purpose of such infrastructures was to 
prevent large debris and floatables (e.g. litter and flora) from entering 
and blocking the piped sewer system. With the increasing recognition of 
the impacts of diffuse urban pollution, the role of gully pots in providing 
additional functions, such as minimising the pollutant loadings on re-
cipients, is of increasing interest to stormwater managers. However, 
despite the ubiquitous use of gully pots, their efficacy in trapping sedi-
ments (especially fine sediments) has long been questioned. Not only 
poor sediment trap efficiency but also the potential for the scour of 
previously-deposited gully pot sediments, is a concern for municipalities 
if regular maintenance cannot be performed. This has been demon-
strated in both laboratory-based and field studies. For example, an 
artificial gully pot flushing test (at a flow rate of 16 L/s, equivalent to a 
local heavy rainfall event), resulted in 1% (by weight) basal sediment 
scour (Sartor and Boyd, 1972). Despite this relatively small proportion, 
the chemical analysis of sediment (from multiple gully pots within the 
studied catchment) suggested discharge of even this mass would 
represent a significant threat to receiving water quality. A field study in 
Stockholm, Sweden, reported elevated effluent (in comparison to 
influent) TSS concentrations (1.6 μm) in >50% of monitored rainfall 
events (Bennerstedt 2005). A long-term gully pot sediment bed moni-
toring study by Rietveld et al. (2020) reported episodic increasing and 
decreasing gully pot sediment bed depths after rainfall events, which 
was attributed to the episodic occurrence of sediment scour. In addition, 
investigations of gully pot sediments reported toxic effects associated 
with the release of previously bound metals into solution, indicating a 
potential risk to receiving water ecology (Morrison et al., 1988; Karlsson 
2009). Whilst such studies highlight the value of routine gully pot 
maintenance programmes, infrequent – or even an absence of - gully pot 
emptying maintenance has been identified in many studies. For 
example, Ræstad (2014) reported that only 1500 out of 30,000 
(equating to 5%) gully pots were emptied annually by Oslo municipality, 
Norway. 

Previous research in this field focussed on characterising the 
magnitude of gully pot sediment scour events, using site-specific data to 
develop deterministic models which predict re-suspended sediment 
concentrations. Based on their underpinning assumptions, these models 
can be categorized into two types as follows. 

Initial models typically conceptualised a gully pot as a complete 
stirred-tank reactor (CSTR), e.g. Fletcher (1981), Wada et al. (1987), 
Butler and Memon (1999), Deletic et al. (2000). The output (presented 
as a predicted effluent TSS) consists of a combination of uncaptured 
inflow sediments, scoured basal sediments, and ‘in-pot’ sediments which 
have remained in suspension from previous rainfall events. However, 
the failure of such models to fully simulate in-pot erosion processes 
during extreme rainfall events was identified by Deletic et al. (2000). 

Alternatives to the original simplified gully pot as a CSTR concept 
were proposed by Avila (2008) and Howard et al. (2012), who estab-
lished predictive models through the identification of factors which 
dominate the basal sediment scour process. Despite similar starting 
points, two completely different models (i.e. different parameters and 
levels of complexity) were established. The model developed by Avila 
(2008) is a simple low-data requirement model based on two variates. In 
contrast, the model put forward by Howard et al. (2012) is more com-
plex with data on seven variates required. 

Whilst both models claim to adequately predict basal sediment scour 
induced TSS, a limitation with both (and indeed the other models 

described so far) is that - to-date - their performance has not been tested 
at alternative sites. To better understand the transferability of developed 
models (i.e. how well do their respective predictions of scoured loads at 
further sites correspond), this study undertakes a critical review of 
available gully pot models and assesses the performance of gully pot 
sediment scour models developed by Avila (2008) and Howard et al. 
(2012). Both models are applied to the same field data set under both 
current and a series of potential future rainfall conditions. Results are 
then used to develop a series of condition matrices to predict conditions 
under which basal sediment scour will occur and to examine the effects 
of changes in extreme rainfall intensities on the magnitude of sediment 
scour events. The practical applications of both models in informing and 
optimising gully pot maintenance regimes in relation to stakeholder 
priorities are discussed and areas for further work are identified. 

2. Material and methods 

2.1. Study site 

A well-characterised sub-catchment in Luleå, Sweden, is adopted as a 
pseudo-site (i.e. field data previously collected from this site was used 
within the models) for the evaluation of gully pot sediment scour under 
current conditions. This catchment is rectangular with a total surface 
area of 540 m2 (72 m long x 7.5 m width), consisting of a two-lane road 
(total width = 6 m) with a crossfall of 2.6% and a grassed area (width =
1.5 m). The gully pot located within the catchment receives runoff from 
both the carriageway and the grassed area. No new field measurements 
were made for this study. 

2.2. Model description 

The two basal sediment scour models for gully pots selected and 
evaluated in this study are described below. 

2.2.1. Model One 
Avila (2008) proposed two regression models for gully pot scour; one 

for gully pots with a pipe entry and one for gully pots with a curb entry. 
Since the latter inlet type is more commonly employed within a Euro-
pean context, the regression model for gully pots with a curb entry is 
chosen for this study. This regression model has two functions for the 
outflow; the first applies to the first 5 min and the second to the sub-
sequent 5–20 min time interval, as written below: 

0 − 5 min: C=(670)2
∗H− 3.32∗Q(0.92H− 0.15) (1)  

5 − 25 min: C=(115)2
∗H3∗[ln(H)]

− 15
∗Q(1.6H− 0.19) (2)  

Where C, the TSS in the effluent, mg/L; H, the overlying water depth 
(depth of water above the sediment bed surface), cm; Q, the runoff 
inflow rate, L/s. 

2.2.2. Model two 
The Howard et al. (2012) model is a regression model for the 

washout of single-sized sediments in gully pots using the following 
equations: 

C=
(

8.3 * 10− 6
/(

P
/

F2
j

)
+ 4.7 * 10− 4e− 3.18P/F2

j

)
*ρwSG

/
(SG − 1) (3)  

P
/

F2
j = UshgD2

/
ū2

j Q (4)  

F2
j =U2

j

/

gD (5)  

Where C, the effluent TSS concentration, mg/L; P, the Péclet number 
adopted to express the ratio of convective particle transport by settling 
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to transport by turbulent diffusion; Fj, Froude number of the influent jet 
velocity, defined by equation (5); ρw, the density of gully pot standing 
liquor, kg/m3; SG, the specific gravity of sediment particles; Us, sedi-
ment settling velocity, m/s; h, the gully pot sand trap depth, m; g, the 
gravitational acceleration, 9.81 m/s2; D, the inner diameter of gully pot, 
m; ūj, mean inflow jet velocity, m/s; Q, runoff inflow rate, L/s. To 
facilitate the comparison between models, the predicted TSS for each 
sediment characterisation (i.e. its size and specific gravity) were sum-
med. Both models assume an unlimited supply of basal sediments 
available for scour during each simulated event without assuming that it 
will all be scoured. 

2.3. Model inputs 

The two models have distinct requirements for input data, with two 
variates for Model One (overlying water depth and runoff inflow rate) 
and seven variates for Model Two (inflow rate, mean inflow jet velocity, 
sediment settling velocity, gully pot sand trap depth, gully pot diameter, 
sediment specific gravity and the density of in-gully pot standing liquor). 
To facilitate model comparison, both models were applied to the same 
field data set. Model inputs were divided into three categories: rainfall 
event characterisation, sediment and in-pot liquor characterisation, and 
gully pot conditions. Approaches to benchmarking each model param-
eter are outlined in the following sections. 

2.3.1. Rainfall event characterisation under current rainfall conditions 
Flow input conditions (i.e. runoff inflow rate and mean inflow jet 

velocity) are a function of precipitation and catchment characteristics. 
To evaluate the magnitude of sediment scour under different rainfall 
regimes associated with current rainfall conditions, rainfall events of 
different intensities and duration times were simulated and the corre-
sponding inflow rates calculated via the rational method (Eq. (6)): 

Q=ϕiA (6)  

Where Q stands for inflow rate, L/s; ϕ stands for runoff coefficient; i 
stands for rainfall intensity, L/(s∙ha); A stands for drainage area, ha. 

Rainfall data adopted in this study is derived from the national 
Intensity-Duration-Frequency (IDF) curve developed by Dahlström 
(2010). This national IDF curve is recommended for use in the design 
and dimensioning of urban drainage system by all Swedish municipal-
ities (Swedish Water 2016). 18 rainfall events (see Table S1 for rainfall 
intensity and duration) with nine return periods (3-month, 6-month, 
1-year, 2-year, 5-year, 10-year, 20-year, 50-year, and 100-year), and 
two duration times (5 min, 10 min) were simulated. The 5 min duration 
time is based on a typical gutter flow velocity of 0.5 m/s (Swedish Water 
2016), with a resulting concentration-time of 5 min. The selection of 10 
min duration time is based on the Swedish stormwater design standard 
for a 10-year return period recommended by Swedish Traffic Agency 
(2008). Regarding identifying rainfall coefficients, the corresponding 
runoff coefficients for the road carriageway and grassed area are set at 
0.9 and 0.25, respectively (Butler and Davies 2017). 

2.3.2. Sediment and in-pot liquor characterisation 
Sediment settling velocity was calculated for twelve different parti-

cle characterisations across three sediment diameters (ds) (63 μm, 110 
μm and 160 μm) and four specific gravity (SG) values (1.1, 1.6, 2.35 and 
2.65). 

The inputs of sediment settling velocity were determined by Eq. (7) 
and Eq. (8) developed by Cheng (1997). 

Us =

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

25 + 1.2d2
*

√

− 5
)1.5

*ν
/

ds (7)  

d* =
(
g(ρs − ρw)

/
ρν2) ˆ(1 / 3)*ds (8)  

Where V, the settling velocity of a sediment particle, m/s; d*, a dimen-
sionless parameter; v, the kinematic viscosity of the fluid, m2/s; ds, the 
sediment particle diameter, m; ρs, the density of particles, kg/m3; ρ, the 
density of standing liquor in gully pot, kg/m3; g, the gravitational ac-
celeration, m/s2. At an environmental temperature of 15 ◦C, the corre-
sponding kinematic viscosity and density are 1.1386*10− 6 m2/s and 
999.1 kg/m3 respectively (Schmidt and Grigull 1989). 

2.3.3. Gully pot conditions 
Table 1 summarises gully pot input conditions. Since both models 

utilised the ‘gully pot optimal design’ (Lager et al., 1977), the gully pot 
design with an effective volume of 0.1 m3 was used in this study. 

Inflow jet velocity is a function of inlet structure design. For 
simplification, the inlet structure for the gully pot is assumed to be an 
ideal curb opening. The Manning equation can thus be applied as fol-
lows: 

Q=(0.377 / n) * S1.67
X * S0.5*T2.67 (9)  

Where Q, runoff flow rate, L/s; n, Manning’s value; Sx, crossfall; S, 
longitudinal slop; T, top width of water spread, m. 

Accordingly, the average inflow jet velocity (uj, m/s) was estimated 
as: 

uj =Q
/ (

T2SX * 0.5
)

(10) 

Ten overlying water depths (expressed as a percentage of overlying 
water depth to gully pot sand trap depth as follows: 5%, 10%, 20%, 30%, 
40%, 50%, 60%, 70%, 80%, and 90%) were evaluated. These inputted 
overlying water depths represent gully pot maintenance conditions with 
corresponding sediment fullness levels of 95%, 90%, 80%, 70%, 60%, 
50%, 40%, 30%, 20%, and 10% of the gully pot sand trap depth are 
based on the assumption that the standing water in the gully pot reaches 
the outlet level when sediment scour takes place. 

2.3.4. Future scenarios 
Precipitation data for future rainfall conditions were based on six 

projected climate scenarios (see Table 2) with three future time horizons 
(2011–2040, 2041–2070, and 2071–2100) under two sets of Represen-
tative greenhouse gas emissions and Concentration Pathways (i.e. rcp 

Table 1 
Overview of benchmarked gully pot input parameters.  

Gully Pot Dimension Inlet Overlying water depth  
(% of sand trap depth) 

Gully pot diameter [mm] 500 Road crossfall: 2.6% 
Road longitudinal slope: 2.0% 
Road surface Manning coefficient: 0.013 

5% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 

Gully pot sand trap depth [mm] 500 
Top of gully pot to top of outlet [mm] 187.5 
Maximum sand trap volume [L] 100  
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4.5 and rcp 8.5) as described in IPCC (2013). The future rainfall con-
ditions were predicted using Swedish Meteorological and Hydrological 
Institute (SMHI)’s regional climate model RCA4 linked to eight further 
global climate scenario models (DHI Sweden, 2018). The inclusion of all 
eight global climate scenario models yielded maximum, median and 
minimum rainfall intensity values for each scenario (see Table 2). 

The precipitation data for future rainfall conditions is available at a 
resolution of 50 km by 50 km cells, leading to the selection of Piteå 
(located 40 km from the study site) for use in this study (Table S2, for 
rainfall data). For the downscaled climate models, rainfall intensity data 
was only available for 5-min duration time events. 

Simulations of future rainfall conditions with Model One only 
considered a gully pot fullness of 50% and 95%, representing two 
different gully pot maintenance schedules. Currently, a common strat-
egy of emptying gully pots at least once per year was recommended 
(Lager et al., 1977; Lindholm 2015). Such a maintenance frequency 
corresponds to emptying gully pots when they are approximately 50% 
full (Leikanger and Roseth 2016). By contrast, simulating gully pots with 
95% fullness level represents emptying gully pots in a reactive manner 
(i.e. when gully pot blockage-induced flooding occurs). Application of 
the simulated future rainfall conditions to Model Two included 
comparing their impact on three particle size dimensions (63 μm, 110 
μm and 160 μm) with an assumed sediment specific gravity of 2.35 (as 
identified by Butler et al., 1992). To facilitate comparison with current 
rainfall conditions, results for future rainfall conditions were presented 
as percentage change relative to that predicted under current rainfall 
conditions. 

2.4. Condition matrices 

For Model One, all possible combinations of 18 rainfall events under 
current climate conditions in relation to ten overlying water depths (i.e. 
a total of 180 scenarios) were evaluated. Likewise, for Model Two, all 
possible combinations of 18 rainfall events, and 12 sediment settling 
velocities, in total 216 conditions, were evaluated. 

2.5. Guideline values for effluent suspended solids concentration 

In the absence of specific water quality standards or guidelines for 
gully pot discharges, TSS guideline values for receiving waters were 
reviewed as a way to benchmark gully pot effluent water quality (see 
Table 3). 

3. Results and discussion 

3.1. Outputs from Model One 

3.1.1. Scour-induced effluent TSS in relation to gully pot fullness levels 
Fig. 1 presents the predicted scour-induced effluent TSS at different 

gully pot fullness levels (ranging from 95% to 10%) for the 0-5-min and 
subsequent 5–20 min outflows respectively. As could be envisaged, 
higher gully pot fullness level leads to an increasing TSS discharge 
concentration, ranging from a maximum of 152,539 mg/L (95% full-
ness) to a minimum of 4.6 mg/L (10% fullness; see Fig. 1). Sharp drops in 
predicted TSS are also noticed with decreasing fullness levels with, for 
example, a more than an eightfold drop of TSS occurring when the 
fullness level falls from 95% to 90%. Declines of a similar magnitude can 
also be found as the fullness level falls from 90% to 80% and from 80% 
to 70%, indicating that emptying gully pots when <40% full would 
achieve an effluent TSS concentration of less than the 25 mg/L guideline 
value. 

The simulation result is represented by two time steps (0–5 min and 
the subsequent 5–20 min). A conspicuous feature when comparing the 
simulated TSS by these two steps is that - when the gully pot fullness 
level falls in between 80% and 50% - the TSS discharge concentration 
predicted during the first time step is greater than that for associated 
with the latter stage. However, when gully pot fullness level is ≥ 90% or 
≤40%, an inverse relationship is displayed. The behaviour of a higher 
TSS during the initial stage was also reported (Butler and Karunaratne 
1995; Butler and Memon 1999). Butler and Karunaratne (1995) sug-
gested the development of a graded bed could potentially lead to the 
observed behaviour. This mechanism involves the transport of runoff 
through the sediment bed surface, with the associated turbulence 
re-sorting particles to develop a ‘graded bed’, whereby particles become 
ordered in a way that, given sufficient time, leads to the development of 
a sediment bed surface which offers the least resistance to a horizontal 
current. This ‘graded bed’ thus inhibits further erosion, though the 
occurrence of this proposed mechanism has yet to be validated. In 
contrast, Avila (2008) suggested that this same phenomenon could be a 
result of a coupling effect between the development of ‘armouring layer’ 
and the depth of ‘overlying waters’. According to this study, the devel-
opment of an armouring layer (a function of elevated kinetic energy 
associated with the inflow scour of fine sediments leaving a layer of 
larger particulates on the bed surface which can prevent further basal 
sediments entrainment) inhibits the scour process. In addition to the 

Table 2 
Simulated future scenarios.   

Rainfall  
Return Period 

Duration Time Simulated Period Representative  
Concentration Pathway 

Gully Pot Fullness Sediment Dimension [μm] Sediment Specific Gravity 

Model One 10-year 
100-year 

5 min 2011–2040 
2041–2070 
2071–2100 

rcp 4.5 
rcp 8.5 

50%, 95% / / 
Model Two / 63/110/160 2.35  

Table 3 
Summarised TSS guideline values for discharges into nature recipients.  

Authority Name of Standard Adopted 
year 

Guideline value 
[mg/L] 

Reference 

European Union 2006/44/EC Freshwater Fisheries Directive (EU FFD) 2006a 25 European Union Freshwater 
Fisheries Directive et al. (2006) 

Gothenburg City Environment 
Management Group 

Environmental management guidelines and guideline values for 
discharges of polluted water to recipients and stormwater system 

2013 25 Gothenburg City Environment 
Management Group (2013) 

- – 1992 10 Quinn et al. (1992) b  

a Since European Union Water Framework EU Water Framework Directive, 2000/60/EC does not include guideline value for TSS (0.45 μm), the already-repealed 
2006/44/EC Fish Directive is thus displayed here as a surrogate. 

b Identified as an effect-based standard for comparison within this study. A TSS (pore size unspecified) of ≥10 mg/L in natural streams was reported to result in a 
40% reduction in algal biomass. 
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formation of this ‘armouring layer’, increasing ‘overlying water depth’ 
also inhibits erosion by dampening the associated kinetic energy of the 
plunging inflow containing “entrapped air” (Avila 2008). 

However, neither suggested mechanism fully explains the results 
seen when the gully pot is extremely full (95% and 90% full) or falls 
below a 40% fullness level i.e. higher TSS during the latter 5–20 min 

time interval. The current results also contradict the findings of Avila 
(2008) which reported that the modelled TSS for the latter 20-min was 
usually 40%–80% lower than that for the first 5 min. A possible expla-
nation for this apparent contradiction could be the extreme conditions in 
the current study i.e. large inflow rate (max flow rate of 80 L/s for 
simulations compared with 10 L/s in Avila (2008)), and the shallower 

Fig. 1. Model One: effluent TSS by gully pot fullness levels, for both the first 5-min and subsequent 20-min outflows respectively. The displayed rainfall events are of 
10-year return period with a duration time of 10-min. The guideline value of 25 mg/L by EU Freshwater Fisheries Directive (EU FFD) is also displayed here as 
a benchmark. 

Fig. 2. Condition matrices for rainfall events with 10-min duration time under current rainfall conditions. Component A and component B present effluent TSS 
concentration during 0-5-min and 5-25-min respectively. 
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overlying water depth in this study (minimum overlying water depth of 
5% for simulations compared with 9% in Avila (2008)). Under such 
extreme conditions, 5-min may not be sufficient time for the formation 
of either an ‘armouring layer’ or a ‘graded layer’. The high residual ki-
netic energy due to the large volume inflow, or the shallow overlying 
water depth as a limited potential to dampen the inflow kinetic energy, 
resulting in a comparatively greater level of turbulence in such sce-
narios. However, further empirical research is required to confirm this 
hypothesis. 

3.1.2. Synthesised condition matrices based on Model One predictions 
Based on the output of Model One, Fig. 2 presents a set of condition 

matrices pertaining to a range of return periods and gully pot fullness 
levels which enable the combination of circumstances under which TSS 
guideline values are expected to be exceeded in gully pot discharge flows 
to be identified. In keeping with the Swedish stormwater design stan-
dard, these condition matrices were based on rainfall events with 10 min 
duration time. 

A key use of the above data is for timing of gully pot maintenance 
operations to reduce scour-induced sediment outflow TSS. The condition 
matrices imply a deterioration in effluent quality due to the sediment 
scour when the gully pot reaches a comparatively high fullness level i.e. 
60 %. These matrices can therefore be used for planning of gully pot 
maintenance schedules from the perspective of local water body 

priorities. For example, if a greater importance is attached to the 
receiving water quality (i.e. an emphasis placed on low TSS discharges), 
the maintenance operations should be conducted more frequently to 
minimise the chronic negative impact on recipients due to gully pot 
sediment scour. However, under a no maintenance scenario, even a 
marginal rainfall event of a 3-month return period could exceed relevant 
guideline TSS values when gully pots reach 60% fullness. 

The Model One well connects the scour-induced TSS discharge with 
the fullness level of gully pots and hence the implementation of this 
model can potentially inform and facilitate municipalities’ precaution-
ary approach to the maintenance of gully pots and how this could be 
enhanced by integrating maintenance scheduling with weather forecast 
systems. 

3.1.3. Sensitivity to changes in the climatic input 
Percentage change of scour-induced effluent TSS for future climate 

scenarios (relative to the current climate) is presented in Fig. 3 for gully 
pot fullness levels of 50% and 95%, respectively. Overall, the magnitude 
of effluent TSS is expected to show an overall increase towards the end of 
the 21st century due to the increasing rainfall intensities projected for 
future periods. 

Although the percentage changes for gully pots with 50% and 95% 
fullness levels show a similar trend across climate scenarios, simulations 
for the latter conditions generally display a higher percentage change 

Fig. 3. Relationship between different future climate scenarios and percentage change of effluent suspended solids concentration (relative to current climate), 
assuming a gully pot fullness level of 50% (A) and 95% (B) respectively. As the rainfall intensities for each future climate scenario were given as max, median and min 
values, the simulation results are also presented here as max, median and min values correspondingly. 
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than those reported for the former conditions (see Fig. 3). Therefore, 
regarding sediment scour, gully pots emptied reactively are predicted to 
be a greater concern under future rainfall conditions in comparison to 
gully pots emptied proactively. This indicates that a more stringent gully 
pot maintenance strategy is needed to address the increasing magnitude 
of sediment scour under future climates. 

3.2. Outputs from model two 

3.2.1. Effluent suspended solids concentration in relation to rainfall return 
periods 

Unlike Model One, Model Two does not consider gully pot fullness. 
Fig. 4 (A) exhibits the modelled scour-induced effluent TSS for nine 
rainfall return periods ranging from 3-months to a 100-year event, with 
an event duration time of 10-min. The modelled effluent TSS exhibits a 
positive relationship with rainfall return periods. Results indicate that, 
even during a rainfall event of 10 min and a return period of 3-months, 
the predicted TSS concentrations in the discharge will exceed the 
guideline value of 25 mg/L. However, the assumption on which this 

model is based (an unlimited supply of basal sediments with a range of 
characteristics) is unlikely to be satisfied in the field and therefore re-
sults should be treated with caution. For example, Fig. 4 (B) presents the 
percentage of each particulate type (in terms of particulate size and 
gravity) contributing to the total effluent TSS, for a simulated event with 
10-year return period, and 10-min duration time. Particulates with an 
SG of 1.1 and d of 63 μm account for nearly 50% of total effluent TSS, 
corresponding to a value of approximately 6000 mg/L. However, par-
ticulates with a specific gravity of 1.1 account for a relatively low pro-
portion of particulates found in gully pots. Therefore, simply adding up 
TSS for all particulate characterisations may lead to an overestimation of 
the magnitude of sediment scour. 

3.2.2. Synthesised condition matrices based on model two predictions 
Instead of presenting outputs as a sum of all particulate character-

isations, Fig. 5 presents the condition matrices by rainfall return periods 
and respective sediment characterisation based on simulations in Model 
Two. Sediments with relatively lower specific gravity and smaller 
diameter are more susceptible to scour. This is a concern from a water 

Fig. 4. Model Two, A: effluent SS concentration by nine rainfall return periods with a duration time of 10-min, in relation to a guideline value of 25 mg/L by EU 
Freshwater Fisheries Directive (EU FFD). B: Percentage of each sediment characterisation contributing to the total effluent suspended solids concentration, for a 
modelled event (10-year return period, 10-min duration time). 
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quality point of view, as finer sediments adsorb a proportionally higher 
pollutant loading (Lee et al., 1997), and their relatively greater mobility 
poses a threat to recipients. Irrespective of the original design function 
of gully pots (i.e. capturing of large debris), several studies e.g. Grottker 
(1990) and Karlsson (2009) reported that particles < 100 μm could 
account for up to 15% (by weight) of total sediments. A more recent 
study by Adler (2020) reported approximately 50% (by weight) of gully 
pots sediment were sized < 100 μm. Considering the number of gully 
pots in urban catchments, the availability of fine sediment for scour 
should not be overlooked. 

The Model Two condition matrices indicate a coherent relationship 
between rainfall return periods and sediment characterisations (i.e. the 
greater susceptibility of lighter and smaller sediment to more intensive 
rainfall events). Condition matrices can therefore be utilised to inform 
measures to target the reduction of gully pot scour-induced sediments. 
However, in practice this application would be highly dependent on: a) 
whether regulators target specific urban pollutants, b) The under-
standing of interactions between targeted pollutants and sediments is 
sufficient to inform practice. However, as the distribution of urban 
pollutants typically shows a site-specific feature, the application of the 
proposed condition matrices should also be based on site characteristics 
as opposed to a solely holistic approach. 

3.2.3. Sensitivity to changes in the climatic input 
In Fig. 6, the percentage changes in scour-induced effluent TSS 

relating to three sediment sizes are plotted in relation to six future 
climate scenarios for a rainfall event with a 10-year return period and 
100-year return period, respectively. The increasing rainfall intensities 
for short-time extreme events projected for future climate scenarios will 
enlarge the expected magnitude of effluent TSS of all three particle sizes. 

The magnitude of scour-induced effluent TSS exhibited different 
sensitivities to future climate scenarios in relation to the return period. 

Simulations of rainfall events with a 10-year return period and 5 min 
duration time principally exhibited a higher percentage change than 
simulations using a 100-year return period and 5 min duration time 
rainfall events. Variations in relation to different particle sizes were also 
were noted. For example, up to twice the amount of <110 μm-particles 
(specific gravity of 2.35) are expected to be scoured during a 10-year 
return period and 5 min duration time rainfall event under the 
“2071–2100 rcp 8.5” scenario, relative to that of current rainfall con-
ditions. Whilst, the percentage change for <63 μm-particles exhibited a 
comparatively smaller change (up to 50%) during a 10-year return 
period and 5 min duration time rainfall event for the same future climate 
scenario. 

3.3. Comparisons between Model One and model two 

Applying both models to the same dataset yielded markedly different 
results with the minimum and maximum values generated by Model One 
exceeding those generated by Model Two by two orders of magnitude. 
Such noticeable differences (summarised in Table 4) in outputs from 
these two models originate from their distinct identification of con-
trolling factors within a scour process. For example, Avila (2008) 
empirically identified the significance of overlying water depth and 
inflow rate and concluded that (though both factors are inherent in the 
proposed regression model) particle size in combination with specific 
gravity was a relatively less important factors. By contrast, Howard et al. 
(2012) empirically identified the energy consumed to overcome sedi-
ment settling and the energy introduced by plunging water as key in-
dicators of scour rate. Consequently, the differing bases for model 
development lead to the divergent outputs of these two models. Another 
factor which may contribute to the differences in output is the initial 
basal sediment conditions established for the respective physical ex-
periments from which these two models were established. In contrast to 

Fig. 5. Model Two condition matrices for rainfall events with 5-min (A) and 10-min (B) duration time under current rainfall conditions.  
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the heterogeneous sediment composites adopted by Avila (2008), 
Howard et al. (2012) adopted sediment composites with a single size 
range. Hence, the ‘armouring layer’ effect may not be included in model 
two. 

Comparison of the condition matrices developed from each model 
(see Figs. 2 and 5), indicate two distinct potential applications on 
adoption by practitioners. Model One highlights the role of gully pot 
fullness level in sediment scour processes, and can inform the magnitude 
of scour under different gully pot maintenance conditions. Model Two, 
by contrast, emphasises the characterisation (i.e. particle size and spe-
cific gravity) of sediments which can potentially be adopted at the gully 
pot dimensioning stage. The utility of both models, however, relies on 
the development of regulations on gully pots discharges. 

3.4. Challenges and future 

Whilst the role of models is valuable for understanding and quanti-
fying gully pot sediment scour, this study shows limitations for their 
application by practitioners. The following sections summarise the key 
challenges faced and ways in which these could be addressed in future 
studies. 

3.4.1. Role of particulate characteristics and supply 
One of the main assumptions for Model Twooncerns the SG values 

allocated to sediment particles. The SG allocated to gully pot basal 
sediments in most studies is a value of approximately 2.65 (e.g., Butler 
and Karunaratne 1995; Howard et al., 2012), equivalent to the specific 
gravity of quartz. Research undertaken by Avila (2008) identified min-
imum and maximum SGs of 1.5 and 2.5 respectively, for gully pot basal 
sediments. An empirical study by Butler et al. (1992) identified the SG of 
sediments in urban runoff as ranging from 1.89 to 2.78 (mean 2.35), 
without a clear correlation between SG and sediment size. Another 
empirical study by Karamalegos et al. (2005) suggested that the SG of 
particles in urban runoff ranges from 1.1 to 2.65, with the majority of 
values ranging from 1.4 to 1.8. In this study, four SG values were 
selected to cover the range of values identified in the literature. 

The second assumption concerns the estimation of sediment settling 
velocity. Using the equation proposed by Cheng (1997), both the par-
ticle SG and particle size are required. However, the size range reported 
for in-pot deposited sediments varies considerably within the literatures 
(see in Table 5), with a strong site-by-site attribute. In this study, the 
conclusion from a study by Butler and Memon (1999) (that only 

Fig. 6. Relationship between different 
future climate scenarios and percentage 
change of effluent suspended solids concen-
tration (relative to current climate) by par-
ticle sizes, for rainfall of 10-year return 
period (A) and 100-year return period (B) 
respectively. Sediments are assumed with a 
specific gravity of 2.35. As the rainfall in-
tensities for each future climate scenario 
were given as max, median and min values, 
the simulation results are also presented 
here as max, median and min values 
correspondingly.   

Table 4 
Summarised predicted min and max effluent TSS from two models, for rainfall 
event of 10-year return period and 10 min duration time.   

Min effluent TSS [mg/L] Max effluent TSS [mg/L] 

Model One 3.8 163123 
Model Two 0.014 (SG = 2.65, ds = 160 μm) 5893 (SG = 1.1, ds = 63 μm)  

Table 5 
Concluded gully pot basal sediment size characterisations from literatures.   

d10 [μm] d50 [μm] d90 [μm] 

Pratt et al. (1987) 120 200 / 
Grottker (1990) 80 1000+ / 
Deletic et al. (2000) (Site 1) 120 3000 8000 
Deletic et al. (2000) (Site 2) 80 200 4000 
Karlsson (2009) 63 / /  
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sediment ≤ 160 μm has the potential of being scoured) was used. 
However, this finding was developed based on the sediment settling 
velocity, which is a simplification of the scour process. The in-pot 
sediment scour involves a wide range of interacting processes 
including shear stress and high momentum transfer in any direction 
(Avila 2008). Accordingly, in future work, a more detailed approach 
should be developed to determine a particle’s potential of being scoured. 

Both Model One and Model Two assume an unlimited supply of basal 
sediment irrespective of the sediment characterisation, as a widely 
accepted simplification for modelling. The concept of basal sediment 
exhaustion was defined as an “unavailability of suitable material for 
release” by Fletcher (1981) with this definition revised by Butler and 
Karunaratne (1995) to “the size of material on the bed surface is suitable 
for release”, and “how the particles are arranged on the bed surface is 
suitable for release”. The corresponding mechanisms e.g. ‘armouring 
layer’ by Avila (2008) and Butler and Karunaratne’s (1995) ‘graded bed’ 
illustrated these two definitions, respectively. In either case, the pro-
cesses can lead to an inhibition of scour indicating that there is no 
available suitable material for release at a certain time point, given a 
critical condition. 

3.4.2. Model structure 
Both models were established through a set of full-scale physical 

experiments in which the tested gully pot followed the ‘optimal gully pot 
design’ put forward by Lager et al. (1977). This optimal design was put 
forward as achieving the best sediment trap efficiency at the lowest 
manufacturing cost. To avoid the potential unfitness, the tested gully pot 
in this study was therefore assumed as have an ‘optimal gully pot 
design’. 

The second intrinsic limitation concerns the simplified inlet structure 
of gully pots. The physical experiments where these two models were 
established either adopted a curb-opening or a pipe entry as an inlet to 
the tested gully pot. Nevertheless, the curb-opening and pipe entry inlet 
structure only account for a small fraction of all the existing inlet de-
signs. More regularly, inlet designs such as grated inlet of various con-
figurations are found in Europe. Whether these two developed models 
are capable of handling gully pot of various inlet structures awaits 
further investigations as well. 

3.5. Future perspective 

In terms of managing the potential risks associated with gully pot 
basal sediment scour, the absence of legislation/guidelines makes it 
difficult to gain the attention of stormwater managers already struggling 
to address, for example, EU WFD compliance requirements. However, 
data on the scour-induced TSS discharged from gully pots under current 
and future scenarios suggest that the impact of the simultaneous 
discharge of multiple gully pots should not be overlooked. The available 
recommended/guideline values provided by i.e. the EU FFD and 
regionally (e.g. Gothenburg city) were established to reduce ecological 
impacts on recipient ecosystems. However, research by Bilotta et al. 
(2012) reported that the mean background TSS (0.7 μm) (without 
specifying the weather conditions when background TSS were gathered) 
in more than 78% of studied recipients is < 12.5 mg/L. This suggests 
that the current guideline value of 25 mg/L may not be sufficiently 
stringent, and could lead to a deteriorating ecosystem. 

A guideline value for recipient TSS has been absent at a European 
directive level since the repeal of EU FFD. In comparison with the 
increasingly stringent water quality standards for many other pollutants, 
the omission of suspended solids from the EU WFD is surprising. A 
fitness check of the 20-year-old EU WFD is currently on-going, and it is 
highly recommended that any future revisions should include a TSS 
standard for receiving water bodies. Meanwhile, the development of a 
new protocol which includes the effluent TSS as one of the performance 
criteria for gully pots should be considered. 

4. Conclusions and recommendations 

The increasingly frequent wet weather extremes, combined with lack 
of routine maintenance of gully pots, are expected to intensify the scour 
of previously-deposited sediments. Depending on catchment conditions, 
these scoured sediments may carry a substantial pollutant load, and thus 
pose a risk to receiving water ecology, contributing to EU WFD failure. 
Two models developed to quantify sediment scour were critically tested 
under a wide range of scenarios including current and potential future 
rainfall conditions. 

Simulations with both models consistently exhibited a positive cor-
relation between the scour rate and rainfall return periods, confirming 
the role of rainfall intensity in scour processes. Outputs from both 
models were not consistent despite the same set of inputs. Additional 
field measurements are needed to validate/reject either scour-induced 
effluent TSS prediction model, with differences in model outputs 
attributed to their differing respective competences. Model One pri-
marily drew on gully pot fullness level in determining the scour rate. In 
contrast, Model Two focused on the role of particle characteristics (i.e. 
SG and diameter) in predicting scouring behaviour. Simulations with 
Model One suggested a critical condition (fullness level of 60%) for gully 
pot maintenance as the risk of scour is expected to be substantially 
lowered under this fullness level. This is especially important as the 
reactive maintenance of gully pots is predicted to be more affected under 
potential future rainfall conditions. Model Two, in comparison, can 
inform the dimensioning gully pots to increase resistance against the 
scour of sediments of certain characterisations. The strategic priorities of 
local authorities, as well as regulatory drivers of regulations and prac-
titioners’ priorities, can hence inform model selection. Above all, the 
conservation objectives of the recipient water bodies can play a decisive 
role in evidencing the need for optimising the gully pot maintenance 
regime. 

Given the identified limitations in this study, the applicability of both 
models to gully pots which do not conform the ‘optimal design’ needs to 
be further investigated. Further, the development of a new protocol for 
gully pot performance evaluation which includes the assessment of 
effluent suspended solids concentration is recommended. 
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Supplementary material 
Table S1. Inputted rainfall data for the current climate. 

Return Period Duration time [min]  Rainfall Intensity [mm/h] 

3 month 
5 30 
10 22.2 

6 month 
5 38.4 
10 28.2 

1 year 
5 48 
10 35.4 

2 year 
5 61.2 
10 45 

5 year 
5 82.8 
10 61.2 

10 year 
5 104.4 
10 76.8 

20 year 
5 130.8 
10 96.6 

50 year 
5 177.6 
10 131.4 

100 year 
5 223.2 
10 165.6 

 

Table S2. Inputted rainfall data for future climate scenarios.   

Return 
Period 

Concentration 
Pathway Time period Max rainfall Intensity 

[µm/s] 
Medium rainfall Intensity 
[µm/s] 

Min rainfall Intensity 
[µm/s] 

10-
year 

rcp 4.5 

2011 - 2040 32.7524 31.9495 29.882 

2041 - 2070 34.0413 32.4681 31.1026 

2071 - 2100 34.5537 32.9574 31.3194 

rcp 8.5 

2011 - 2040 33.275 30.9477 30.2965 

2041 - 2070 34.947 32.114 30.9487 

2071 - 2100 38.9288 35.6161 32.8968 

100-
year 

rcp 4.5 

2011 - 2040 70.5629 68.8332 64.3788 

2041 - 2070 73.3398 69.9504 67.0085 

2071 - 2100 74.4437 71.0045 67.4756 

rcp 8.5 

2011 - 2040 71.6889 66.6748 65.2719 

2041 - 2070 75.291 69.1875 66.677 

2071 - 2100 83.8696 76.7325 70.8739 
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