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Abstract
Stormwater quality monitoring and control is a prerequisite for sustainable water resources management in 
urban areas. Stormwater monitoring programs are based on general water sampling guidance and, in the 
absence of standard procedures, employ various sampling and analytical methods. The aim of this thesis is to 
assess stormwater sampling methods and sample analyses with respect to the bias which may be introduced at 
different stages of the process of monitoring suspended solids and indicator bacteria. The focus was on the bias 
introduced by automated sampling methods and by analyses of suspended solids. Towards this end, suspended 
solids and four indicator bacteria (total coliforms, E. coli, enterococci and C. perfringens) concentrations were 
compared in stormwater samples in two urban catchments, which were collected manually or by automatic 
samplers. The impact of automatic samplers on E. coli concentrations in stormwater samples was further 
investigated by conducting a study of sampling line cross-contamination. The representativeness of suspended 
solids results obtained by the standard Total Suspended Solids (TSS) method was studied in urban bulk snow by 
assessing the accuracy of suspended solids recovery in snowmelt samples. TSS concentrations were compared 
to those obtained by other analytical procedures, including the Suspended Sediment Concentration (SSC) 
method and a newly introduced Multiple Filter Procedure (MFP). The MFP builds on the existing standard 
methods involving the filtration of whole water samples, but uses three filters with decreasing pore sizes to 
reduce filter clogging, and is designed to retain a broad range of solids, which is typical for stormwater. Finally, 
recognizing the affinity of indicator bacteria to suspended solids, both constituents were manually sampled in 
stormwater in four urban catchments during fall to assess their natural variation and correlation patterns 
between these contaminants.

The comparison of samples collected manually and by automatic samplers yielded large differences in 
suspended solids concentrations, especially in the lower concentration range (0-100 mg/L), whereas the 
agreement between the two types of samples was within the analytical uncertainty (±30%) for all the four 
indicator bacteria. During the laboratory study, E. coli concentrations in the first sample (following sudden 
bacteria concentration changes) were positively biased in automated samples due to the stormwater residue in 
the sampling line. When high E. coli concentrations were followed by low concentrations, the low 
concentrations were overestimated 10-20 times depending on the sampling line length (tested up to 5 m). The 
study findings should be helpful for improving field protocols for suspended solids and indicator bacteria 
sampling.

The standard TSS analytical method underestimated solids in urban snow packs, because of high amounts of 
settleable particles remaining in situ, rather than leaving with snowmelt. The comparison between analytical 
procedures, including TSS, SSC and MFP yielded highly varying results for stormwater samples. The methods 
using whole water-samples, rather than aliquots withdrawn from such samples, as done in the case of TSS, 
produced more accurate estimates of solids concentrations, with a fairly good precision. The precision of the 
newly proposed MFP was generally better than ±10% and its results were comparable to those of standard 
methods using whole water samples, but the new procedure was less laborious. Consequently, the MFP was 
recommended for use when the total mass of solids in stormwater runoff is needed.

The suspended solids and indicator bacteria concentrations in stormwater runoff varied from catchment to 
catchment and weak correlations were found between solids and bacteria, partly due to low concentrations of 
bacteria during the fall period. However, it was shown that the natural variation of the studied concentrations 
was affected by the sampling and the analytical method. Thus, the bias introduced during the stormwater quality 
monitoring process is relevant when assessing pollutant concentrations and the compliance of stormwater 
discharges with prescribed threshold values in the receiving waters.
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Sammanfattning
Kontroll av dagvattenkvaliteten är en förutsättning för att uppnå en hållbar hantering av vattenresurser i våra 
städer. Eftersom någon standardiserad provtagningsmetodik inte finns så används olika provtagnings- och 
analysmetoder från fall till fall, vilket försvårar jämförelse av data. Syftet med denna studie är att utvärdera hur 
erhållna resultat påverkas av vald metod vid provtagning och analys av suspenderat material och 
indikatorbakterier i dagvatten. Fokus har legat på att undersöka systematiska skillnader som kan uppkomma vid 
automatiserad provtagning samt från användandet av olika analysmetoder för bestämning av suspenderade 
ämnen. För detta ändamål provtogs dagvatten, manuellt och automatiserat, från två urbana avrinningsområden 
och analyserades med avseende på koncentrationer av suspenderade ämnen samt fyra indikatorbakterier (totala 
koliformer, E. coli, enterokocker och C. perfringens). Därutöver undersöktes hur automatisk provtagning kan 
påverka de uppmätta halterna av E. coli i dagvattenprover. Detta genom att utföra laboratorieförsök för att 
studera korskontaminering orsakad av provtagningsutrustningen. Tillförlitligheten och noggrannheten av 
standardmetoden för analys av suspenderat material (TSS) studerades genom smältning och analys av urban 
snö. TSS-metoden jämfördes med andra analysmetoder, inklusive SSC (suspended sediment concentration) 
samt en nyframtagen filtreringsmetod (MFP). MFP har utvecklats från befintliga standardmetoder som utgår
från filtrering av hela vattenprovet, men vid MFP används tre filter i serie med minskande porstorlek för att 
minska igensättning av filtret. Metoden är dessutom tillämpbar för prover som innehåller ett brett spektrum av 
partiklar vilket är kännetecknande för dagvatten. Slutligen provtogs, under en höstsäsong, dagvatten från fyra 
urbana avrinningsområden manuellt för att bedöma den naturliga variationen av suspenderade ämnen och 
indikatorbakterier samt undersöka eventuella korrelationsmönster mellan dessa föroreningar.

Jämförelsen av manuellt och automatiskt tagna prover gav stora skillnader i uppmätta koncentrationer av 
suspenderade ämnen, framför allt vid lägre koncentrationsnivåer (0-100 mg/L), medan skillnaden mellan de två 
provtagningssätten var inom den analytiska osäkerheten (±30%) för alla fyra indikatorbakterier. Från 
laboratoriestudien med automatiskt tagna prover sågs att vid plötsliga sänkningar av bakteriehalten var E. coli-
halterna i det första provet efter förändringen högre på grund av rester av dagvatten i provtagningsslangen. När 
höga E. coli-koncentrationer följdes av låga, uppmättes 10-20 gånger högre halter, beroende på 
provtagningsslangens längd (upp till 5 m testades). Resultaten från dessa undersökningar kan vara till hjälp för 
att utforma provtagningsprotokoll vid bestämning av suspenderat material och indikatorbakterier i dagvatten.

Standardmetoden för TSS underskattar innehållet av partiklar i urban snö, på grund av att en stor andel av 
partiklarna som är förhållandevis stora inte går att få i suspension utan ligger kvar på provtagningskärlets botten 
vid uttag av delprov. Jämförelsen av TSS, SSC och MFP-metoderna för haltbestämning av partiklar i 
dagvattenprover visade på mycket varierande resultat. Metoderna som använder hela provvolymen istället för 
delprover, vilket är fallet med TSS, gav noggrannare uppskattningar av partikelkoncentrationen, och dessutom 
med god precision. Precisionen för den nyutvecklade MFP-metoden var generellt bättre än ±10% relativ 
standardavvikelse och resultaten var jämförbara med de standardmetoder som använder hela vattenprover, men 
den nya metoden är mindre arbetskrävande. Följaktligen rekommenderas MFP när det krävs en uppskattning av 
den totala halten av partiklar i dagvatten.

Halterna av suspenderade ämnen och indikatorbakterier i dagvattenavrinning varierade från plats till plats men 
endast svaga korrelationer hittades mellan de studerade parametrarna. Detta antas delvis bero på att endast låga 
bakteriehalter förekom under den provtagna höstperioden. De uppmätta halterna påverkades även av vilken 
provtagnings- och analysmetod som användes. De felkällor som härrör från valet av metod kan således påverka 
tolkningen av resultaten och är därmed viktiga att ta hänsyn till vid bedömningen av föroreningshalter i 
dagvatten och eventuell påverkan på vattenkvaliteten i recipienten.
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1. Introduction
Stormwater runoff is currently one of the major concerns in urbanized areas with respect to 
the impairment of the receiving waters quality (Wanielista and Yousef, 1992; Butler and 
Davies, 2011). Stormwater solids are carriers of a broad range of pollutants including 
microorganisms, heavy metals, nutrients, polycyclic aromatic hydrocarbons and newly 
emerging substances, which are washed off from urban surfaces and carried in suspension by 
stormwater runoff. Since ambient surface water bodies serve not only as natural habitats for 
flora and fauna but are designated in urban areas for multipurpose uses, including bathing, 
fishing and drinking water extraction, the incoming stormwater causes environmental 
concerns and pathogenic microorganisms represent a threat to human health through direct 
exposure. Thus, the assessment of solids and microorganisms in stormwater is of highest 
priority and is usually carried out by field measurements of suspended solids and indicator 
bacteria (EC, 2000; USEPA, 1972; CCREM, 1987). In stormwater quality monitoring, the 
same tools are used as in surface waters and wastewater monitoring, and the same applies to 
sampling and use of analytical methods. However, because of special characteristics of 
stormwater, in terms of quantity and quality variations, potential sources of bias can be 
introduced during the monitoring process.

Figure 1. Stormwater outlet discharging untreated stormwater to Lake Storsjön, Middle 
Sweden

Even though several standard methods are available for suspended solids analysis in water 
samples, none of them was originally developed for the range of solids that characterizes 
stormwater (including snowmelt and stormwater runoff). For example, the widely used 
standard analytical methods for stormwater include the Total Suspended Solids (TSS) 
method developed for drinking water, surface and saline waters, and wastewater samples (EN 
872:2005), and the Suspended Sediment Concentration (SSC) method developed for water 
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and wastewater samples collected from open waters, including lakes, reservoirs, ponds, 
streams, as well as wastewater samples (ASTM, 2007). Since suspended solids in stormwater 
are highly variable with respect to particle sizes and concentrations, the use of different 
standard methods may yield different results in solids concentrations. Hence, the accuracy 
and representativeness of the available suspended solids procedures need to be further 
evaluated for applications in stormwater assessment.

Stormwater sampling can be done manually or by automatic samplers that are programmed 
to withdraw time- or flow-weighted water samples. The main difference between these two 
methods is the sample withdrawal; in automated sampling, samples are withdrawn through 
an intake and conveyed through a sampling line (tubing) to the bottles stored in automatic 
samplers, in manual sampling, samples are collected by filling sample bottles in situ. 
Automatic samplers are widely used for field assessment of stormwater quality, and in most 
cases, replace manual sampling, by reducing labour requirements and improving safety of 
field sampling.

The wide interest in automatic sampler use in the water quality assessment resulted in some
recent studies examining the reliability of sampling equipment in solids assessment, 
compared to manual sampling (Harmel et al., 2003; Guo, 2007). The main conclusion 
regarding solids was the undersampling of heavier particles by automated sampling, because 
of the lift height to be overcome during the sample withdrawal (Degroot and Gulliver, 2010; 
Roseen et al., 2011). When lifting stormwater with heavier particles, particle fall velocity 
may prevent them from reaching the elevated sampler bottles. On the other hand, the issues 
of bias in bacteria concentrations caused by automated sampling have not been addressed so 
far, even though the transport of stormwater between the intake and sample bottles may lead 
to sample cross-contamination by bacteria on inner sampler surfaces and in sampling line 
residuals. Hence, potential bias in indicator bacteria concentrations determined for automated 
samples needs to be further evaluated.

1.1. Study aim
Suspended solids and indicator bacteria are among the main water quality constituents to be 
addressed in the assessment of adverse effects of stormwater runoff on surface water quality 
and solids also adversely impact the operation and maintenance of storm drainage systems
(USEPA, 1983; Hvitved-Jacobsen and Yousef, 1991; Karlsson et al., 2010). Because of the 
lack of guidance, the sampling results for these two constituents can be biased by the 
methods used during different stages of the stormwater quality monitoring process. The 
overall aim of the studies presented in this thesis is to assess the potential bias introduced into 
the field assessment by the selected stormwater sampling methods and the related analytical 
methods. Specific studies focused on manual and automated sampling methods, and the 
analytical methods for suspended solids. The bias related to the sampling method was 
evaluated for suspended solids by comparing manual samples with samples withdrawn by 
automatic samplers. Furthermore, the bias related to the analytical methods was studied for 
suspended solids in stormwater samples. In the case of indicator bacteria, the bias related to 
the sampling method was evaluated by comparing the results obtained for manual and
automated samples, and addressing the sample cross-contamination in the sampling line.
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1.2. Thesis structure
This thesis is a compilation of the research results published in four appended scientific 
papers and referred to as Papers I to IV. The significance of the compiled research studies is 
introduced in the first chapter of the thesis, which outlines the importance of monitoring of 
suspended solids and indicator bacteria in stormwater. The second and third parts of the 
Introduction chapter present the study aim and the thesis structure, respectively. A broad 
picture of the past research on stormwater solids and indicator bacteria, with respect to 
sources, variation and monitoring, is given in the Background chapter. The third chapter 
describes the Methods applied in the field data collection, analysis and interpretation, 
including field and laboratory experimental procedures, data evaluation and interpretation. In 
the Results chapter the thesis findings are summarized for both suspended solids and 
indicator bacteria, with emphasis on biases in constituent concentrations due to sampling for 
solids and bacteria, and analytical methods for suspended solids determination. Also, natural 
variations in, and correlations between, the two constituents studied in four urban catchments
are presented. The Discussion of the results is summarized in the following chapter by 
comparing the thesis results with literature findings, by following the study objectives and 
emphasizing the practical implications for future stormwater quality monitoring and 
management programs. The last chapter comprises the study Conclusions as well as 
recommendations for future research.
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2. Background
Urban runoff is produced by two types of events: runoff of stormwater generated by rainfall 
and runoff of snowmelt induced by melting temperatures in the catchment with stored snow.
During and after rain storms and snowmelt events, stormwater runoff conveys a variety of 
pollutants in high concentrations originating from urban surfaces and draining directly into 
the nearby lakes, rivers and coastal waters (Brinkmann, 1985; Bertrand-Krajewski et al., 
1998; Lee and Bang, 2000). During warmer periods of the year, stormwater runoff may carry
high amounts of microorganisms and nutrients originating from catchment soils, vegetation, 
animal droppings and litter (Van Donsel et al., 1967; Gannon and Busse, 1989). During and 
following the winter period, urban snowmelt carries high amounts of solids and associated 
heavy metals and trace organic compounds originating from traffic, road salting and heating 
activities (Viklander, 1996; Westerlund et al., 2003; Björklund et al, 2011).

Figure 2. Snowmelt runoff from a road in Östersund, Sweden

In 2000 the European Water Framework Directive (WFD) was introduced by the EU with the 
goal of improving the water quality in the member states and reaching a good ecological and 
chemical status for all water bodies within the member states by 2015 (2000/60/EC). The 
requirements for a good ecological and chemical status of surface water bodies serving for 
multipurpose use are defined in the WFD that includes a number of individual directives and 
is designated for implementation into the member’s states legislation. Since at present time 
there is no particular stormwater management directive in the WFD, stormwater runoff is 
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addressed mostly as a source of diffuse pollution and its assessment is a prerequisite for 
securing receiving water quality in urban areas.

Suspended solids and indicator bacteria are two important contaminants addressed when 
assessing the surface water quality in water bodies designated for multipurpose use. The 
monitoring of suspended solids and indicator bacteria with reference to total coliforms, E. 
coli, enterococci, and C. perfringens, is implemented in the directives regulating the water 
quality in water bodies designated for drinking water extraction, the quality of drinking water 
intended for human consumption (75/440/EEC; 98/83/EC ;), and the water quality in bathing 
waters (76/160/EEC). Hence, the monitoring of suspended solids and indicator bacteria in 
stormwater is important for assessing the potential impacts of stormwater discharges on the 
receiving waters serving the aforementioned water uses.

2.1. Suspended solids in stormwater runoff
Stormwater suspended solids are of environmental concern because of their impacts on the 
aquatic environments and the operation of storm drainage systems (Cordone and Kelley, 
1961; Newcombe and Mcdonald, 1991; Wood and Armitage, 1997). The transported solids 
vary in size, specific gravity and chemical properties due to the origin and type of urban 
runoff. Thus, the impacts of the stormwater solids loads on the receiving waters depend on 
solids sources and characteristics.

2.1.1. Stormwater solids sources and characteristics
Urban stormwater solids are particles washed off pervious and impervious urban surfaces and 
transported in suspension by stormwater runoff. Furthermore, such solids are carriers of 
adsorbed pollutants, including heavy metals, nutrients and microorganisms and these 
pollutants further worsen the total impact on the receiving waters (Schillinger and Gannon, 
1985; Viklander, 1998; Vaze and Chiew, 2004; Jeng et al., 2005). The 
chemical/microorganism content of stormwater solids and its variations depend on the 
characteristics of contributing surface sources, with respect to the degree of development, 
land use types, human activities, sewer characteristics and rainfall characteristics (Brezonik 
and Stadelmann, 2002; Ghafouri and Swain, 2005; Tiefenthaler et al., 2011). According to 
Desai and Rifai (2010) and Tiefenthaler et al. (2011), highly developed catchments produce 
higher solids and associated contaminant loads than the less developed pervious catchments.
Furthermore, such loads vary in both time and space.

In cold climate, stormwater solids follow a typical pattern of high build-up during the winter 
season, followed by wash-off during snowmelt. In winter road maintenance, large amounts of 
solids (grit and salt) are applied to the roads and are retained in snow packs over several 
months, together with other materials originating from vehicle exhausts and material 
corrosion along roads and highways (Malmqvist, 1983). Thus in comparison to stormwater 
runoff induced by rainfall, snowmelt runoff carries large amounts of solids released during 
short periods of time into the receiving environment (Westerlund et al., 2003). Contaminants 
adsorbed to solids include heavy metals, bacteria, and trace organic compounds originating 
from anthropogenic activities, including local atmospheric deposition (Schillinger and 
Gannon, 1985; Hvitved-Jacobsen and Yousef, 1991; Viklander, 1998; Marsalek et al., 2008). 
Contaminant release and transport during snowmelt, which may be induced by solar radiation 
and salt (Viklander, 1997), is influenced by the available amount of pollutants and runoff 
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flow velocities (Oberts et al., 2000). Due to low flow velocities, snowmelt runoff carries 
small and dissolved particles during the first stage of the melting process, and larger particles 
with higher specific gravity are released and transported by snowmelt runoff whenever the 
weather conditions create higher transport energy induced by high intensity rain-on-snow 
events (Westerlund et al., 2003). Thus, snowmelt induced runoff carries high loads of 
suspended solids consisting of both small and large, heavy particles that cause diverse 
impacts on the receiving environment and the drainage system.

Figure 3. Snowmelt runoff in separate storm sewers, Östersund, Sweden

Stormwater solids and associated contaminant fluxes affect various processes in the water 
column. The physical impacts of solids on aquatic habitats include higher turbidity, 
influencing visibility and photosynthesis processes (Horner et al., 1994; Marsalek, 2003).
Further the impact of various contaminants transported by solids may lead to reduced oxygen 
levels, eutrophication and occurrence of toxic levels of heavy metals and trace organic 
substances affecting aquatic biota (U.S. EPA, 1993; Marsalek et al., 2003; Bilotta and 
Brazier, 2008). In drainage systems, large particles released from snowpacks can build up in 
and clog storm sewer systems due to low flow velocities, frozen pipes and solids chemistry 
impacting the operation of storm drainage management systems during snowmelt periods 
(Oberts, 2003; Lau and Stenstrom, 2005; Karlsson et al., 2010). Thus, accurate quantification 
of suspended solids is a key factor for the design and maintenance of stormwater 
management systems as well as for assessing stormwater impacts on the receiving 
environments.

2.1.2. The monitoring of suspended solids in stormwater runoff
The stormwater quality assessment consists of field sampling and laboratory sample analysis.
Two sampling methods can be used in studies of suspended solids and associated pollutants, 
manual sampling and automated sampling done by samplers installed in the field. The main 
difference between these two methods consists in the withdrawal of water samples by a 
sampler tubing (sampling line) transporting the sample from the sampling point to the 
automatic sampler, whereas in manual sampling, the samples are withdrawn directly by 
dipping sampling bottles into the flow. The automated sampling method requires a greater 
initial investment in equipment purchase, but offers lower work-load during the collection of 
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samples, without such limitations as those imposed on manual sampling by the need to 
dispatch the staff to the sampling sites in inclement weather and regardless of the time of the 
day. Thus, the choice between the automated and manual sampling is mostly addressed as an 
issue of economic efficiency, field safety, and practicality. Since automatic samplers are 
widely used in the field, several studies dealt with the representativeness of suspended solids 
concentrations withdrawn by automatic samplers (Harmel et al., 2003; Roseen et al., 2011). 
Studies showed that the automated sampling method had an impact on the estimation of total 
solids loads due to the presence of heavier and coarse particles in the sampled media that 
cannot be lifted through the sampling line (Clark et al., 2009; Degroot and Gulliver, 2010). 
Thus exclusion of particles with fast settling velocities can lead to an underestimation of the 
true value of total solids loads conveyed by the sampled media. Biases occur due to the 
sampling lift height, sampler intake position and orientation, and turbulence properties of the 
sampled stormwater flow (uniform or non-uniform distribution of pollutants in the water 
column due to fully mixed or not mixed conditions). Some of the systematic errors can be 
minimized by collecting depth-width integrated samples, instead of single point samples, and 
the integrated samples may yield solids concentrations within ± 20% of the actual solids 
levels (Horowitz et al., 1992). However, most of the past field studies and sampling guidance 
documents addressed the sampling of natural waters, like lakes and streams (USGS, 1999; 
Harmel et al., 2003). Because of the lack of guidance for designing stormwater sampling 
programs, automated sampling related biases in the highly varying stormwater runoff flows 
are poorly known and need to be further addressed.

The other part of the stormwater solids monitoring is the sample processing in the laboratory. 
Standard analytical methods for determination of solids vary (mostly in sample pre-
processing) according to the constituent measured. The most common method for measuring 
solids in stormwater samples is the European standard Total Suspended Solids (TSS) method 
EN 872:2005, which has been originally developed for determining suspended solids 
concentrations in wastewater samples. The TSS method is based on the extraction of sub-
sample aliquots (around 100 mL) that are considered representative for the whole sample. 
After withdrawal, the aliquots are filtered using a common filtration apparatus and solids are 
retained on a standard (pre-weighed) filter, which is then dried and weighed to determine the 
TSS mass. The TSS method captures solids within some particle size range, which is 
typically described as 1.5 (or 1.6) 2 mm, because of screening out large particles 
(>2mm) during sample preparation and the use of standard filters with specific pore sizes.
The prerequisite for representative aliquots is a well-mixed water sample, with solids in 
suspension. Since stormwater solids occur in different forms, varying in size, shape, structure 
and specific gravity, the homogeneity of a water sample is difficult to maintain during the 
entire sample preparation process. Specifically, snowmelt runoff contains high amounts of 
large and heavy particles that tend to remain on the sample container bottom even though the 
whole sample is continuously stirred (Westerlund, 2003). Thus during the extraction of sub-
sample aliquots coarser solids can be missed and, consequently, are not considered in further 
sample processing.
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Figure 4. A snowmelt runoff sample (in the left flask) compared to baseflow samples (right 
flask) before filtration

The other widely used standardized method is the Suspended Sediment Concentration (SSC) 
method that has been developed to determine suspended solids concentrations in natural
water and wastewater samples. The SSC method includes three different operational 
procedures, evaporation, filtration, and wet-sieving-filtration; their choice depending on the 
initial concentration of sediment in the samples analysed. The evaporation procedure is used 
for water samples with solids that readily settle by gravity (also called settleable solids), the 
filtration procedure is used for samples containing clay and sand concentrations of less than 
approximately 200 ppm and 10,000 ppm, respectively, and the wet-sieving-filtration is used 
for samples containing both, sand-size particles and silt and clay size particles. The main 
difference between the TSS and SSC method is that in SSC whole samples are analysed and 
solid concentrations are determined by extracting all the solid material from the sample
(ASTM, 2007). This way, material losses of coarser and heavy particles are prevented.
Furthermore the partitioning between sand-size and finer material in water samples can be 
determined by the SSC but not by the TSS method. Whereas TSS analysis of water samples 
is a particularly useful tool for estimating the impact of suspended solids and associated 
contaminants on water column processes, SSC would appear more useful in assessing the 
deposits of solids in sewers pipes or Best Management Practices (BMPs), with adverse 
impacts on sewer clogging and proper operation of urban drainage systems.

Both TSS and SSC measure suspended solids in water gravimetrically; other, non-
gravimetric methods of measuring solids in water samples are also available, but their use is 
generally limited to the estimation of optical properties of water/solids suspensions and the 
particle sizes. The latter methods are used for measuring the turbidity or clarity of water by 
light absorption or transmission (APHA, 2005). Finally, other, non-standard procedures 
include the electrical particle counter analysis (Lewis and Hargesheimer, 1992) and the 
particle size analysis by laser diffraction (McCave et al., 1986), both these methods are 
mainly used for particle size-distribution analysis in water samples.

Some earlier studies compared the solids concentrations obtained with different gravimetric 
methods. Gray et al. (2000) and Clark and Siu (2008) showed that the TSS method gave a 
noticeably lower concentration than SSC, because of solids under-sampling when 
withdrawing sample aliquots. Westerlund (2003) reported that the load of solids in the urban 
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snowmelt runoff, estimated as a product of flow-weighted TSS concentrations and the 
snowmelt volume, was noticeably lower than the initially measured total solids load in the 
snowpack, because large amounts of heavy particles in snow were not transported away by 
snowmelt. Furthermore, the presence of large amounts of heavier particles in snowmelt 
contributed to underestimation of solids by aliquot withdrawals. Thus, large variations in
solids concentrations, and particle sizes and densities, may result in difficulties when 
applying the standard TSS and SSC methods to markedly different sampled media, such as 
natural waters, stormwater, snowmelt or wastewater.

Although the TSS method related bias can be minimized by analysing whole water samples 
according to the SSC method the standardized use of only one filter can lead to further 
difficulties due to filter clogging by the high amount of particles (Morrison and Benoit, 
2001). The filtration procedure is slowed down by filter clogging and the use of a single filter 
may contribute to more systematic errors due to, among others, material losses. Thus, the 
analysis of suspended solids in stormwater samples, including the choices and applications of 
standard methods, deserves further study.

2.2. Indicator bacteria in stormwater runoff
Pathogenic microorganisms transported by stormwater runoff are known for their adverse 
effects on bathing and drinking water quality, and ultimately, human health. Living 
microorganisms transported by stormwater runoff consist of natural or human borne bacteria, 
viruses and parasites, threaten human health and contribute to the impairment of fresh water 
resources designated for recreational use, fishing and drinking water supply (Haile et al.,
1999; Marsalek and Rochfort, 2004; Lampard et al., 2012). To ensure the high quality of 
fresh water resources different strains of indicator bacteria are used as surrogates in 
stormwater runoff monitoring to estimate the fluxes of pathogens transported into the 
receiving waters by stormwater runoff (Berg and Metcalf, 1978).

2.2.1. Indicator bacteria sources and characteristics
Stormwater runoff represents a diffuse source of micro-organisms originating from the 
natural environment (soil, water) and animal faeces originating from wildlife, farming 
activities and organic waste (Olyphant et al., 2003; Jeng et al., 2005; Coulliette and Noble,
2008; Rowny and Stewart, 2012). The content and variation of stormwater microorganisms is 
catchment specific, green catchments contribute higher counts of coliform bacteria 
originating from soil and vegetation (Desai and Rifai, 2010; Tiefenthaler et al., 2011),
whereas stormwater runoff from more developed catchments yields higher faecal bacteria 
counts due to the presence of debris, human activities and animal faeces (Brezonik and 
Stadelmann, 2002; Ghafouri and Swain, 2005).

The indicator bacteria strains used widely in regulations concerning raw and finished 
drinking water and recreational waters are total coliforms, E. coli, enterococci and C. 
perfringens (75/440/EEC; 76/160/EEC; 98/83/EC). Indicator bacteria are non-conservative 
stormwater contaminants, with highly varying concentrations, caused by their survival, die 
off or even regrowth in the water phase. Some of these processes are closely related to the 
transport of suspended solids carrying bacteria (Marsalek and Rochfort, 2004). Hence, the 
use of different bacteria strains allows a more robust estimation of faecal pollution fluxes into
the receiving waters. Total coliforms consist of natural and faecal bacteria, including E. coli,
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which is highly dependent on ambient conditions, like temperature, moisture, and sun 
radiation (Van Donsel et al., 1967; McFeters and Stuart, 1972). Thus, the simultaneous 
assessment of microbiological contamination not just by E. coli, but also by more persistent 
indicator strains, like enterococci and C. perfringens, allows the detection of faecal pollution 
even if E. coli is found in low to not detectable concentrations. Since faecal contamination of 
the receiving waters by stormwater runoff directly impacts the receiving water uses (e.g., 
recreational uses and water supply sources), the quantification of such contamination is of 
great importance in urban water management. 

2.2.2. The monitoring of indicator bacteria in stormwater runoff
The assessment of indicator bacteria in stormwater runoff is done by manual or automated 
collection of samples (introduced in section 2.1.2) and their analysis in the laboratory. For 
operational reasons discussed in section 2.1.2, automated collection of samples is generally 
preferred in studies of indicator bacteria (Hathaway and Hunt, 2011; McCarthy et al., 2012).
In automated sampling, samples come in contact with the internal sampler plumbing parts 
(i.e., the sample intake, sampling line and the sample distributor discharging samples into 
sample bottles), thus there is a higher risk of sample contamination than when manually 
collecting samples in sample bottles. Furthermore, even though the automatic samplers are 
usually cleaned between sampling events, samplers are dispatched to, and kept in the field for 
longer periods of times increasing the risk of contaminant build-up in the sampling 
equipment. It was documented that indicator bacteria counts and their variation in water 
samples are influenced by ambient climatic conditions, holding times (Van Donsel et al., 
1967; McFeters and Stuart, 1972) and the availability of other water constituents like solids 
and nutrients (Schillinger and Gannon, 1985; Jeng et al., 2005). However, biases in indicator 
bacteria concentrations introduced by the sampling line have not been investigated in the 
past.

Due to their non-conservative character, indicator bacteria are likely to survive and grow in 
the sampling equipment depending on ambient temperatures and moisture on internal 
plumbing walls, including the sampling line. Even though the automatic samplers use air 
purge cycles to clear the sampling line of water left from the previous sample withdrawal, 
some bacteria are likely to remain attached to the tube wall in water residuals in the sampling 
line. Thus, bacteria concentrations can be biased not only by sample holding times, but also 
by sample cross-contamination in the sampler, and this issue needs to be further investigated.

Bacteria samples withdrawn by automatic samplers and stored in sampling bottles are 
generally processed in the same way as manual samples. Sample bottles are kept in coolers 
during the sampling event to reduce microbial activity, expediently transported to the 
laboratory, and ideally analysed within six hours, or no longer than within 12 hours. 
Depending on the standard method used, the indicator bacteria sample preparation involves 
the mixing of the sample and subsequent extraction of multiple sub-samples or aliquots for 
further filtration or tube fermentation (ISO 7899-1:1984; ISO 8199:1988; ISO 6222:1988; 
ISO 9308-1:1990a; ISO 9308-2:1990b). Subsamples are then processed by membrane 
filtration or tube fermentation and incubated for a predefined time before bacteria can be 
counted and quantified. Thus the quantification of bacteria in water samples is based on 
multiple aliquots that are withdrawn from the same sample and are representative of the 
whole sample.
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2.3. Association between suspended solids and indicator bacteria in 
stormwater runoff
Suspended solids are carriers of various stormwater constituents, including indicator bacteria 
(Schillinger and Gannon, 1985; Jeng et al., 2005). This was also noted in several studies 
reporting increased concentrations of suspended solids and indicator bacteria in the receiving 
waters during and after wet weather (Gannon and Busse, 1989; Dutka and Marsalek, 1993; 
Jeng et al., 2005; Salmore et al., 2006; Coulliette and Noble, 2008). In related studies, 
significant correlations between suspended solids and indicator microorganism 
concentrations were found during wet weather flows (Olyphant et al., 2003; Jeng et al., 2005; 
Coulliette and Noble, 2008). Indicator bacteria transported by suspended solids survive 
longer than in the free water phase, because of their increased protection from ambient 
conditions and the availability of nutrients associated with solids. Thus solids represent a 
protective buffer for indicator bacteria, and hence the samples collected for indicator bacteria
monitoring should be also analysed for suspended solids. Consequently, some bias in 
automated solids sampling may cause bias in bacterial concentrations as well. More 
specifically, the undersampling of particles by automatic samplers may involve the 
undersampling of the attached bacteria as well, and the underestimation of solids by the TSS 
analysis can lead to a misinterpretation of correlations between solids and bacteria in the 
stormwater samples.

Accurate estimation of both suspended solids and indicator bacteria may have implications 
for the assessment of surface water quality impairment, and concerning the former 
constituent, also for the maintenance of drainage facilities. Thus, representative and reliable 
stormwater monitoring is prerequisite for effective urban water management. Furthermore, 
stormwater sampling has to support the goals of the sampling program, by proper choices of 
the sampling locations, sampling equipment and its installation, sampling procedures, sample 
handling and laboratory analyses.
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3. Methods
Laboratory and field research was conducted to assess the potential sampling bias in 
suspended solids and indicator bacteria concentrations in stormwater, and the bias in 
stormwater solids concentration measurements with various analytical methods. Sampling 
sites and procedures, analytical methods, laboratory bacteria cross-contamination 
experiments, and statistical methods are described in this Chapter.

3.1. Sampling sites
The field studies addressing manual vs. automated sampling of suspended solids and 
indicator bacteria (Paper I) and local variations of indicator bacteria in stormwater runoff 
(Paper IV) were conducted in four central urban catchments in the City of Östersund,
Sweden. Östersund is located in the central part of Sweden, at latitude 63° 11’ N and 
longitude 14° 30’ E, and at elevations varying between 300-380 m above sea level.

Figure 5. Location map: (i) The City of Östersund located in Central Sweden (left panel), and 
(ii) Four study catchments in the City centre, with the sampling sites indicated by yellow 

squares

The study catchments were situated in the vicinity of the drinking water plant (two to the 
south and two to the north) and recreational beach areas, drained by separate storm sewers 
with outfalls discharging into Lake Storsjön, the fifth largest lake in Sweden (area 464 km2). 
The lake is a source for drinking water supply for about 50,000 inhabitants (16-17 million 
L/d) and also serves for recreational purposes. The four study catchments, further described 
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in Table 1, vary in size, land use, and imperviousness, and represent typical residential,
residential-green and downtown catchments found in Swedish urban areas.

Table 1. Test catchments and sampling sites characteristics

Catchment type Area (ha) Imperviousness (%) Baseflow

Residential 20 50 Yes

Residential-Green 20 35 No

Downtown large 40 60 No

Downtown small 5 80 Yes

3.2. Field and laboratory sampling procedures
The local variation of suspended solids and indicator bacteria was assessed in the field at four 
selected study sites (Paper IV). In two of the selected sites sampling methods were compared 
for both suspended solids and indicator bacteria by simultaneous manual and automated 
sampling of stormwater runoff (Paper I). Furthermore two laboratory studies of suspended 
solids were conducted; in the first one, assessing the recovery of suspended solids in urban 
snowpacks (Paper II) and in the second one, comparing three solids measurement procedures 
(analytical methods) for synthetic stormwater samples (Paper III). Finally, a laboratory study 
of sample cross-contamination in automatic samplers was conducted for indicator bacteria 
(Paper I).

3.2.1. Manual and automated sampling in the field
Stormwater samples were collected at a single storm sewer manhole, located close to the 
drainage outlet, in each catchment to assess indicator bacteria and solids. Manual sampling 
was performed simultaneously in all the four catchments during three storm events in 
September and October, 2012, and in two of these catchments, three more events were 
sampled additionally to compare manual and automated sampling results (Table 2). 
Stormwater runoff samples were collected during the entire rain events whenever 2 mm or 
more rainfall occurred. This depth was determined as the minimum rainfall needed to 
produce simultaneous runoff in all the four catchments, after a certain dry period allowing for 
pollutant build-up (min. 3 days). The rain events sampled, varied between 2.8 and 6 mm of 
total rainfall occurring after dry periods varying between 4 and 14 days. Rainfall and air 
temperature were monitored during sampling events with a tipping bucket rain gauge (type 
MJK) and a temperature logger (type Tinytag Plus2). Both instruments were installed in the 
city centre and recorded data in one minute intervals.
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Table 2. Characteristics of the rain events monitored in the Östersund City centre

Event
Average

temperature 
(C°)

Antecedent dry 
days

Total rainfall 
(mm)

Average rain intensity 
(mm/h)

Rain duration
(h)

14.09.2012 9.5 14 3.2 3.2 1

26.09.2012 7.5 9 2.8 0.4 7

04.10.2012 10.5 6 6 4 1.5

09.05.2013* 8 4 5.6 0.6 9

03.06.2013* 10 11 9.4 1.6 6

13.06.2013* 12 6 11.2 0.7 16

*Samples were collected in only two catchments for manual/automated sampling comparisons

All four sampling sites were equipped with area-velocity flow meters (type ISCO 2150) to 
allow flow weighted sampling. Discrete water samples were collected manually at these 
sampling points by dipping 2 L polypropylene bottles directly in stormwater flow, and 
rinsing the bottles before each sample withdrawal with distilled water.

Two study sites, the residential and the downtown large site, were selected for comparison of 
manual and automated sampling. At these sites, simultaneous samples were collected 
manually and by automatic samplers at approximately the same sampling points during six 
storm events, occurring between September 2012 and June 2013, and were analysed for TSS
and indicator bacteria. The sampling line lengths of automatic samplers, measured from the 
sampler intake to the sample bottle, varied from 3.75 to 5.5 m, and the corresponding lift 
heights were 3-4 m.

Figure 6. Automatic sampler (ISCO) and a manual sampling bottle at one of the sampling 
points

3.2.2. Mass balance estimation of solids in urban snowpacks
The total amount of suspended solids in polluted urban snowpacks was estimated by TSS 
measurements in snowmelt during controlled lysimeter experiments (Paper II). In total three 
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experiments were conducted, a small scale experiment comprising nine 30-litre lysimeters, 
an intermediate-scale experiment with a 310 kg snowpack, and a large-scale experiment with 
a 113,000 kg snowpack. For all the three lysimeter experiments, suspended solids were 
measured in the initial snowpack by TSS analysis of snow-subsamples taken from the initial 
snowpack. Snowmelt outflow from the lysimeters was measured continuously for all the 
setups, and the suspended solids content of the snowmelt runoff was measured by the TSS 
method. After all snow melted, the residual solids remaining on the lysimeter bottom were
weighed.

3.2.3. Comparison of analytical procedures for suspended solids

The standard analytical methods for suspended solids measurement in water samples were 
investigated by comparing the TSS and SSC methods to a newly proposed operational 
procedure, the Multiple Filter Procedure (MFP), developed for expedient analysis of solids in 
stormwater samples (Paper III). Stormwater samples were mimicked by mixing the sediment 
collected from storm sewer catch basins with water and adjusting solids concentrations (200-
8,000 mg/L) and particle sizes (0.063 – 4.0 mm) to a broad range typical for urban snowmelt 
and stormwater samples. After completing sample preparation, 5 samples of each 
concentration were analysed by the two standard methods and the newly introduced MFP.

3.2.4. Indicator bacteria cross-contamination in automatic samplers
A sample cross-contamination study of indicator bacteria in automatic samplers was
conducted in the laboratory (Paper I). The experiment was designed to mimic indicator 
bacteria sampling in stormwater runoff by automatic samplers. For that purpose, synthetic 
stormwater samples were prepared by mixing de-chlorinated tap water with stormwater 
sediment (120-160 mg/L) and adding cultured E. coli bacteria to the mixture. Two mixtures, 
one with low (102 CFU/100 mL) and one with high (104 CFU/100 mL) E. coli levels were
prepared and sampled by three automatic samplers representing three sampling replicates, 
first with a 1.5 m short tubing (sampling line) and then with a 5 m long tubing. Both mixtures 
with low and high E. coli concentrations contained the same amount of stormwater solids for 
two reasons: to mimic the typical composition of stormwater runoff and to minimize particle 
abundance related bias in bacteria concentrations. The bacteria strain used was pre-cultivated 
E. coli from freeze-dried culture vials obtained from the Swedish National Food Agency and 
used as reference material for water analysis control purposes (SLV-084). First high and then 
low concentrations were sampled by the three automatic samplers, through the short 
sampling line, and then the whole experiment was repeated with the long sampling line. 
Before installing the long sampling line, the entire sampling line was cleaned with 70% 
ethanol and rinsed with distilled water. In total 6 samples were collected for each 
concentration and sampling line length, per replicate (Fig.7). The three automatic samplers 
were used as replicates allowing the simultaneous sampling of the same source in triplicate. 
By switching from sampling the source with high bacteria levels to that with low levels, it 
was possible to assess the potential sample cross-contamination in automatic samplers, when 
E. coli concentrations change suddenly from high to low levels, for two sampling line 
lengths.
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Figure 7. Three automatic samplers which were used to collect sample replicates first for 
high and then low E. coli concentrations, with short and long sampling lines

3.3. Sample analyses

3.3.2. Analytical methods for suspended solids 
Stormwater samples collected during the studies presented in Papers I to IV were analysed by 
the standard TSS method (EN 872:2005). TSS involves aliquot withdrawals from the water 
sample and aliquot filtration with a specified glass microfiber filter (Whatman GF/A glass 
microfibre filter, with an average filter pore size of 1.6 μm). The filter residue is dried at 
105°C ± 2°C for at least 60 minutes and weighed to determine the residue mass on the filter. 
The lower limit of the total suspended solids determination is about 2 mg/L, but no upper 
limit is specified.

Furthermore, the stormwater samples were also analysed by the slightly modified SSC 
method (ASTM D 3977-97, 2007) and the new Multiple Filter Procedure (MFP) designed for 
stormwater solids analysis. The SSC method is used to determine sediment concentrations in 
wastewater and natural waters collected from lakes, reservoirs, ponds, streams, and other 
water bodies, by analysing whole samples. Thus the principal difference between the TSS 
and SSC methods is analysis of the whole sample volume in the latter case, instead of 
analysing just sample aliquots. The standard SSC method includes three different operational 
procedures, evaporation, filtration, and wet-sieving-filtration, their choice depending on the 
initial concentration of sediment in the samples measured. In the present study all whole 
stormwater samples were weighed and then filtered through a glass microfibre filter 
(Whatman GF/A) with a pore size of 1.6 μm using porcelain or borosilicate glass crucibles 
with fitted glass bases. The crucibles and sediment were then dried and weighed. The filter 
pore size (1.6 μm) used in this study slightly deviated from the size prescribed in the standard 
method (1.5 μm) to facilitate the comparison of results with those produced by the TSS 
method using the same filter pore size (1.6 μm).

The MFP was developed for expedient determination of solids concentrations in urban runoff 
and snowmelt by vacuum assisted filtration of whole samples through a battery of three 
filters, arranged in a series with decreasing pore sizes: 25, 1.6 and 0.45 μm. The procedure 
eliminates the shortcomings of TSS method applications, by working with whole samples, 
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and compared to the SSC methods, it accelerates the separation of solids from water by using 
multiple filters with decreasing pore sizes and even collects the smallest particles in the range 
0.45 μm D 1.6 μm. Furthermore, the descending filter pore size arrangement reduces 
filter clogging, particularly for the 0.45 μm pore filter. After finishing vacuum filtration, 
filters were dried at 105°C ± 2°C and the mass of the residues on the filters was determined 
by weighing using the same equipment as specified before.

Figure 8. The MFP procedure setup with three filters of descending pore sizes

3.3.3. Analytical methods for indicator bacteria
Stormwater samples were preserved in cooling boxes at <5°C to stabilize bacteria 
concentrations and analysed within 6-12 h of sample collection. Four indicator bacteria 
groups were selected for the study of spatial variation of stormwater quality, total coliforms, 
E. coli, enterococci, and C. perfringens. Bacteria samples were analysed using the standard 
membrane-filtration method (ISO 8199:2005) at a local, accredited laboratory. The detection 
range for indicator bacteria in stormwater samples was 10-300,000 CFU/100 mL with 35% 
uncertainty for total coliforms and E. coli. The same detection ranges and a measurement 
uncertainty of 30% applied to enterococci, whereas a lower detection limit for C. perfringens
was 1 CFU/100 mL, with a 50% uncertainty.

3.4. Data analysis
The agreement between the results produced by different methods applied to the same 
sampled media was statistically evaluated for both sampling and analytical procedures. In 
Paper IV the limits of agreement (LoA) between the standard methods and the new procedure 
for suspended solids analysis were assessed according to Bland and Altman (1986; 2007). 
The same statistical procedure was applied to the suspended solids data presented in Paper III
by evaluating the agreement between the results of manual and automated sampling. The 
LoA statistical method was adopted from the medical field, for which it was developed with 
the goal of assessing the degree of agreement between the standard and new methods, 
throughout the range of measured values. Thus, the LoA method is more powerful than the 
comparison of means (i.e., of standard and new method data sets) and indicates not just the 
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overall degree of agreement between the methods, given by the comparison of means, but 
also such an agreement for different solids concentration ranges.

A mass balance equation was applied in suspended solids quantification in snow packs
presented in Paper I, assuming that the initial mass of solids should equal the mass of 
suspended solids leaving the snowpack with the snowmelt flow plus the mass of solids 
residue left on the bottom of lysimeters at the end of snowmelt.

The cross-contamination of indicator bacteria concentrations between samples presented in 
Paper III was assessed by using two concentration range bands, defined for low and high 
concentrations. The upper and lower limits of the concentration range bands were defined by 
the expected concentration variation and analytical uncertainties due to laboratory analysis. 
The values transgressing the confidence interval band were considered as valid indicators of 
cross-contamination.
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4. Results
In the following chapter the main findings of the licentiate studies are presented, with 
emphasis on the sources of bias in measurements of stormwater solids and indicator bacteria.

4.1. Suspended solids concentrations in stormwater runoff and snowmelt
The results presented in this section are based on the findings reported in Papers I - III and 
focus on bias in suspended solids concentrations introduced by two sampling methods and 
the standard TSS analytical method. In the first study TSS concentrations in stormwater 
samples collected manually and by automatic samplers were compared. For brevity, the two 
types of samples are further referred to as manual and automated samples, respectively. In 
the second study the mass balance of solids in urban snowpacks was estimated by 
considering TSS and sediment in urban snow, in snowmelt runoff and the sediment residue
remaining in-situ after snow melted away. In the third study solids concentrations in 
synthetic stormwater samples, with known quantities of solids, were measured by three 
methods, the TSS, SSC and the newly proposed MFP. The results of such measurements 
were compared and statistically evaluated.

4.1.1. Comparison of TSS in manual and automated samples (Paper I)
In total 180 stormwater samples were collected (90 manual + 90 automated) at two study 
sites, situated in the residential and in the large downtown catchment, respectively. When 
comparing the whole data sets (N=90), the mean concentration in manual samples was 113 
mg/L TSS (± 125), whereas the mean concentration in automated samples was 101 mg/L 
TSS (± 102). Thus, manual sampling produced slightly higher TSS concentrations, but such a 
difference was not statistically significant. Furthermore, the differences between TSS 
concentrations produced by the two sampling methods were plotted vs. means of TSS manual 
and automated sample concentrations to estimate the limits of agreement between the two 
methods (Fig. 9). For this purpose, the whole data set was stratified into three concentration 
classes (0-50, 50-100 and 100-600 mg/L), with each class containing about the same number 
of data points. The agreement between the TSS in manual and automated samples ranged 
between -40% and +60%; thus TSS concentrations measured by one sampling method were 
estimated to be between 40% smaller and 60% greater than the TSS concentrations measured 
by the other sampling method, with manual samples yielding slightly higher TSS 
concentrations (mean bias). The largest bias between the two methods was shown for TSS 
concentrations between 0 and 100 mg/L; the highest TSS concentrations (100 < TSS < 600
mg/L) yielded much smaller bias.
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Figure 9. Limits of agreement between TSS concentrations in manual and automated samples
plotted as mean differences between the measurements by the two methods for all 

concentration classes

The data in Fig. 9 indicate that in the low concentration range (C < 50 mg/L), the difference
between solids concentrations measured in manual and automated samples can be significant,
with manual samples yielding higher values, and such differences gradually decrease with 
increasing solids concentrations (C > 50 mg/L). From the collected data it is not possible to 
state which type of samples was biased; for more insight, one would need to determine 
particle size distributions and assess whether, e.g., automatic sampling underestimated larger 
solids.

4.1.2. Mass balance of solids in urban snowpacks (Paper II)
In all the three experiments, performed at different scales, the total mass of solids dispersed 
in urban snowpacks was estimated by determining TSS in snow-subsamples from the pack 
and comparing it to the TSS mass transported by the snowmelt plus the mass of the sediment 
residue remaining after melting (Table 3). The total masses of solids in the three original 
snowpacks (before melting) were estimated by the TSS analysis of snow-subsamples as
0.131, 0.620 and 71 kg, for the small, intermediate and large scale experimental setups, 
respectively. The total masses of solids transported by snowmelt from the site, plus the 
masses of residue in situ were determined as 0.551, 3.085 and 1873.4 kg, for the three scales, 
respectively. Thus the solids mass estimated by the TSS method in the initial snowpack 
represented only 23%, 18% and 4% of the total mass of solids measured during and after 
snowmelt in the small, intermediate and large-scale lysimeters. Hence, the major proportion 
of solids dispersed in the snowpack was not represented by smaller particles captured by TSS 
measurements. Furthermore the TSS masses transported by snowmelt were just 0.004, 0.021 
and 3.4 kg, for the three scales, respectively, and hence less than 1% of the total solids mass 
in the original snowpack was transported in suspension by snowmelt runoff. The dominating 
fraction of solids remained on the bottom of the melting pack as an in-situ residual.
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Table 3. Solids masses in the original urban snowpack, snowmelt, and solids residual 
remaining on-site, for small, intermediate and large-scale experimental setups

Small1 Intermediate Large

TSS mass estimated in the original snowpack (kg) 0.131 0.620 71

TSS mass transported off-site by snowmelt (kg) 0.004 0.021 3.4

Residual sediment mass on the pack bottom (kg) 0.547 3.064 1870

Total solids mass (TSS + sediment) (kg) 0.551 3.085 1873.4

1 Average of 9 lysimeters

From the results in Table 3 one can infer that solids in urban snow represent a spectrum of 
particles of greatly varying sizes, with only a small fraction of such particles being captured 
by sampling the initial snowpack and snowmelt flow from the site. Almost the entire mass of 
solids in the snowpack stays on site in the (coarser) solids residual.

4.1.3. Comparison of suspended solids measurements (Paper III)
Synthetic stormwater samples with known solids concentrations were prepared by adding 
known masses of solids to a preselected volume of water and then subject to analysis by two 
standard analytical methods, TSS and SSC, and the new MFP procedure. Two nominal high 
solids concentrations, 4000 and 8000 mg/L, were measured in five replicates by all the three 
procedures. The agreement between the initial (calculated) concentrations (IC) (i.e., IC = the 
pre-weighed mass divided by the sample volume) and the measured concentrations (MC) 
were described by means and min.-max. values of the five replicates for the two nominal 
concentrations of 4000 and 8000 mg/L, respectively (Table 4). The coefficient of variation 
(CV [%]) was calculated for the five replicates to compare the variability of initial and 
measured concentrations for the different procedures. The solids recovery rate measured by 
the standard SSC method and the newly introduced MFP was over 90% of the initial 
concentrations. The standard TSS method yielded just 10% recovery rates for solids at both 
concentration levels. The coefficient of variation (CV [%]) was similar for the initial and 
measured concentrations, for all the methods and concentrations listed.

Table 4. Particle concentrations and coefficients of variation (CV) for initial (IC) and 
measured (MC) concentrations. The concentrations in the table are means estimated from 5 

replicates for each concentration level and the method of analysis.

Method          SSC          MFP         TSS

4000 mg/L IC MC IC MC IC MC

Mean ± CV(%) 3974±9.1 3578±9.3 3622±31 3606±31 3601±6.7 409±7.5

Min-max 3594-4455 3578-4458 1915-4624 1884-4620 3401-3876 384-459

8000 mg/L

Mean ± CV (%) 6696±8.0 6650±8.1 8967±9.8 8937±10 8655±8.8 830±12

Min-max 6109-7493 6053-7436 7582-9865 7561-9889 7778-9691 738-970
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Furthermore the limits of agreement between the standard SSC method and the newly 
introduced MFP concentrations were estimated by comparing the differences in recovery 
percentages between procedures for a various values of solids concentrations (200-8000 
mg/L). The recovery percentage of solids was between 95-100% for the two procedures. The 
limits of agreement were between -4 and +5% between the two procedures, higher recovery 
percentages yielding smaller differences between methods (Fig. 10).

Figure 10. (SSC-B)-(MFP) differences of paired observations vs. pair observation averages 
between SSC-B and MFP with 95% limits of agreement between procedures summarized for 

all samples

The results obtained in this study indicate that, for the conditions studied, the new MFP 
yields comparable results to those obtained with the SSC method, both methods produced 
much better recovery of solids than the TSS method, and MFP appears to be quicker than the 
SSC method. Further testing of MFP for different ranges and types of suspended solids is 
needed to promote the procedure acceptance.

4.2. Concentrations of indicator bacteria in stormwater runoff
The results presented in this section are based on Paper I. Two studies were conducted to 
assess the potential bias in indicator bacteria concentrations introduced by automatic 
samplers. In the first one, indicator bacteria concentrations in stormwater runoff sampled 
manually and automatically were compared at two study sites, and in the second study the 
impact of residuals in the automatic sampler line on bacterial cross-contamination of 
sequential samples was investigated.

4.2.1. Comparison of indicator bacteria in manual and automated samples
Indicator bacteria were simultaneously sampled by manual and automated sampling methods 
at the same sampling site. Geometrical means, standard deviations and relative differences in 
bacteria concentrations were calculated for both types of samples and summarized in Table 5.
All four indicator bacteria concentrations were comparable between the two methods, 
yielding 85-95% agreement between manual and automated samples. Total coliform 
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concentrations were slightly higher in automated samples, whereas the three other indicator 
bacteria were slightly higher in manual samples.

Table 5. Indicator bacteria concentrations in manual and automated samples summarized for 
the residential and the large downtown catchments sites

Measured Constituent Auto ± SD Manual ± SD Aut./Man.

No. of Samples

(Manual + Auto)

T. coliforms 13700±16357 13000±17800 1.05 99+99

E. coli 3120±6512 3438±6955 0.91 99+99

Enterococci 7907±14039 8382±13005 0.94 99+99

C. perfringens 170±87 199±100 0.85 99+99

The relative differences between the two sampling methods were further analysed for 
individual paired samples. Automated samples deviating by more than 90% from their paired 
manual samples were selected for further study and the trend in consecutive samples was
examined by regression. The regression coefficient was calculated between the automated 
samples deviating by more than 90% from the manual ones, and from the consecutive 
automated samples. A positive regression trend was observed for total coliforms, E. coli and 
C. perfringens. Thus automated sample concentrations differing by more than 90% from 
those collected manually had an impact on consecutive samples, indicating that extreme 
concentration deviations in automatic samples exerted a positive bias on subsequent sample
concentrations.

4.2.1. Indicator bacteria cross-contamination in automatic samplers

Following on the preceding study finding (i.e., propagation of large positive bias into the 
consecutive samples), an experiment for investigating sample cross-contamination in 
automatic samplers was conducted in the laboratory. For this purpose, two mixtures of 
bacteria (E. coli) in water were prepared, with low and high bacterial levels. Concentration 
interval bands were defined for both, low and high E. coli mixtures, consisting of an upper 
and lower confidence limit of the known concentration ranges with the measured minimum-
maximum concentrations and a 30% analytical uncertainty typical for E. coli. To address 
cross-contamination of samples in the sampling line, high and low E. coli concentrations 
were sampled subsequently by three automatic samplers, first with short, 1.5 m lines and then 
with long, 5 m lines. The results are summarized as means with min/max concentrations of 
the three automatic sampler replicates, for both line lengths, in Fig. 11. The data in Fig. 11 
indicate that, for both lengths, in the first sample, after switching from sampling high bacteria 
level mixture (104 CFU/100 mL) to the low bacteria level mixture (102 CFU/100 mL), E. 
coli (low) concentrations were overestimated almost 10 times and the observed reading was 
outside of the low level confidence band. This exceedance was more pronounced for the 
longer sampling line (5 m), where E. coli (low) concentrations were overestimated almost 20 
times.
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Figure 11. High and low E. coli concentration means, with min./ max. concentrations 
(CFU/100 mL), for samples collected by three automatic samplers with short (1.5 m) and 

long (5 m) sampling lines 

Thus, when bacteria (E. coli) concentrations in stormwater suddenly drop, water residuals in 
the sampling line tend to cross-contaminate the first consecutive sample and produce higher-
than-sampled E. coli concentrations. This tendency became stronger for a longer sampling 
line and was observed even when the sampling line was purged with compressed air between 
the consecutive sample withdrawals.

4.3. Suspended solids and indicator bacteria variation in manual samples
The results presented in this section are based on the findings reported in Paper IV. The first 
part of the study focused on the local variation of the selected stormwater constituents at four 
sampling sites, the second part consisted of correlation analyses between the selected 
stormwater constituents.

4.3.1. Local variation of suspended solids and indicator bacteria
Stormwater runoff was monitored for TSS, total coliforms, E. coli, enterococci and C. 
perfringens in four urban catchments during three storm events. On average 15 samples were 
collected per event at each of the four study sites. The arithmetic means, standard deviation 
and min/max concentrations were calculated for all the stormwater constituents (Table 5). 
Among the four catchments, TSS mean concentrations were the highest in the large central 
catchment and the lowest in the green catchment, with mean values of 87 and 41 mg/L, 
respectively. Total coliform means were comparable in all the catchments, with the 
differences indicated in Table 6, not being statistically significant. However, E. coli and 
enterococci means in the large central catchment clearly exceeded the means observed at the 
other three sites and indicated some bacterial sources in this catchment. Finally, C. 
perfringens mean concentrations were comparable in all four catchments, varying from 130
to 240 CFU/100 mL, with the large central and green recreational catchment yielding slightly 
higher concentrations.
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Table 6. Site-specific statistics for the four indicator bacteria strains studied (CFU/100 mL)

Green Mean St. Dev. Max. Min.

TSS 41 30 147 8

T. coliforms 19 104 31 060 140 000 1 000

E. coli 400 349 1 050 10

Int. Enterocci 2 519 2 029 9 000 310

C. perfringens 214 231 550 24

Residential

TSS 57 69 238 3

T. coliforms 12 522 14 245 55 000 80

E. coli 292 238 910 20

Int. Enterocci 2 988 2 474 10 000 540

C. perfringens 130 75 220 6

Downtown large

TSS 87 65 281 21

T. coliforms 18 059 25 922 110 000 1 000

E. coli 6 185 7 661 23 000 530

Int. Enterocci 19 176 16 938 60 000 2 000

C. perfringens 239 88 400 95

Downtown small

TSS 58 37 170 4

T. coliforms 6 966 16 314 80 000 50

E. coli 847 1 621 8 000 30

Int. Enterocci 2 302 6 089 30 000 120

C. perfringens 210 93 400 45

Observed concentrations of TSS in the four catchment studied were rather low, with mean 
values (41-87 mg/L) representing the lower part of the literature value spectrum. This may 
have affected the concentrations of indicator bacteria, which are usually correlated with TSS 
concentrations.

4.3.2. Suspended solids and indicator bacteria correlation in stormwater samples
The linear relationship between TSS and the four indicator bacteria strains was evaluated 
using the Pearson correlation coefficient at a 95% confidence interval (Table 7). The green 
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catchment yielded a strong positive relationship between TSS, total coliforms and E. coli. In 
the more developed catchments no significant relationships were found between TSS and 
bacteria. In the large central catchment significant relationships were observed between E. 
coli and total coliforms whereas results from the small central site indicated a nearly perfect 
linear relationship between total coliforms and enterococci. The residential catchment 
yielded significant correlations between different indicator bacteria, as enterococci - total 
coliforms, enterococci - E. coli, and E. coli - C. perfringens.

Table 7. Pearson correlation with p-values (in italics) between TSS, total coliforms (TC), E. 
coli (EC), enterococci (IE) and C. perfringens (CP) showing strong relationships (bolded 

font) at 95% C.I.

Green Residential Downtown large Downtown small

TSS TC EC IE TSS TC EC IE TSS TC EC IE TSS TC EC IE

TC 0,85 0,34 0,35 0,19

0,00 0,07 0,17 0,39

EC 0,61 0,46 0,32 0,34 0,40 0,70 0,24 -0,02

0,00 0,02 0,09 0,07 0,11 0,00 0,28 0,92

IE 0,07 -0,17 0,44 0,35 0,49 0,47 0,16 0,45 0,60 0,16 0,97 -0,10

0,72 0,41 0,02 0,06 0,01 0,01 0,54 0,07 0,01 0,46 0,00 0,66

CP 0,04 -0,22 0,29 0,37 0,17 0,14 0,57 0,32 0,38 0,06 -0,25 0,04 0,40 -0,15 0,00 -0,11

0,84 0,28 0,14 0,06 0,37 0,45 0,00 0,09 0,14 0,83 0,34 0,87 0,06 0,50 0,99 0,63
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5. Discussion
The presentation of results in the preceding chapter indicated that field measurements of 
concentrations of solids and indicator bacteria in stormwater, and laboratory measurements 
of indicator bacteria concentrations, were subject to various biases introduced by sampling 
and analytical techniques. Such biases are discussed in sections 5.1 and 5.2, and this 
discussion is supplemented by examination of correlation between suspended solids and 
bacteria, recognizing that bias in solids measurements may bias measurements of bacteria 
attached to those solids.

5.1. Bias in suspended solids concentrations measured in stormwater 
Marsalek (1975) discussed the sources in bias in stormwater sampling and identified the top 
three sources as (a) the depth of sample withdrawal in non-homogenous media, (b) capability 
of the sampler to collect solids, and (c) sample cross-contamination. The same classification 
of bias sources can be used here for manual and automated sampling. Stormwater sampling is 
clearly dominated by automated sampling for reasons explained in Chapter 2, but there may 
be cases where large numbers of sampling sites and short duration of the sampling program 
favour manual sampling. Turning the attention to manual sampling first, such sampling is 
affected by the location of the sampling point (within the flow cross-section), the speed of 
filling the sampling bottle and whether each sample is collected in a new bottle (this 
eliminates the risk of contamination), or a single bottle is used to withdraw samples. For 
automated sampling, the concerns are similar, with respect to the sampling point, the 
sampling velocity (the same as the speed of bottle filling), and the risk of cross-
contamination by withdrawing consecutive samples through the same sampling line.

When comparing suspended solids in manual and automated samples, whole data set 
statistics is generally used by comparing whole set concentration means and in that case, no 
statistically significant differences were reported for surface waters and wastewater (USGS, 
1999; Larrarte and Pons, 2011) and the same finding was confirmed in this study for 
stormwater. However, without statistical significance testing, Harmel et al. (2010) noted 
higher solids concentrations in manual stormwater samples, than in automated samples, 
which could be explained by differences in the sampling process. Firstly, the sampling points 
for both methods must somewhat differ, and at sites with solids concentration gradients, in 
horizontal and/or vertical directions, this will yield different results (Selbig et al., 2012). 
Secondly, manual sample withdrawal may “oversample” solids, if the sampling bottle is 
immersed in stormwater longer than necessary, because solids will be entering the bottle due 
to inertia. Thirdly, automatic samplers may “undersample” because of sampler inability to lift 
particles with different fall velocities at the same speed (particle fall velocity is acting against 
the particle lift in the sampling line) (Marsalek, 1975). It should be noted, however, that these 
influences also depend on suspended particle characteristics; for very fine stormwater 
particles (5-30 μm) of density similar to, or smaller than, sand, these sources of bias may be 
insignificant, but are likely to be more important for larger particles of higher density 
(Marsalek, 1975) occurring e.g. in urban snow samples (Westerlund et al., 2011).

Differences between manual and automated samples were better discerned by pair-wise 
comparisons of individual sample pairs, and ranged from -40% to +60% (Fig. 9), with 
slightly higher concentrations in manual samples (Paper I). Recognizing that the standard 
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TSS analytical method implies an analytical uncertainty of ±30% (SS-EN 872:2005), the 
sampling method related bias exceeds the expected error of suspended solids concentrations. 
After stratifying the whole data set according to the magnitude of TSS concentrations, the 
largest bias caused by the sampling method was noted for TSS concentrations from 1 to 100 
mg/L, but much better agreement between the two methods was found for higher 
concentrations (100 < C < 570 mg/L) (Fig. 9).

Large differences between TSS sample pairs may be explained by the properties of the 
automated sampling installation (lift height, sampling line length), and also by the analytical 
method used. Selbig et al. (2012) reported large differences in measured TSS concentrations 
in automated sampling with a fixed point intake (on the pipe bottom) and a depth-integrated 
intake with 3 to 4 intake ports along the vertical. The fixed point intake yielded 
overestimated suspended sediment content in the sampled stormwater due to the higher 
concentrations of solids and the prevalent presence of coarser particles near the bottom
(Marsalek, 1975). Such differences were lower when sampling stormwater with higher solids 
concentrations, because of reduced density stratification. Similar bias would apply to manual 
sampling, which also uses a single fixed point intake near the bottom.

Thus, the findings discussed in this section suggest that the representativeness of automated 
stormwater samples in the field can be improved by taking the following steps: (a) Selecting 
a sampling site with good flow mixing (i.e., reduced suspended solids gradients in vertical 
and horizontal directions), (b) minimizing the sample lift by placing the sampler at the lowest 
safe height above the sampling point, (c) adjusting sampling velocities to mimic those of the 
sampled flow, (d) orienting the intake against the flow direction (Marsalek, 1975), and (e) 
maintaining the same intake position over extended studies.

The presence of coarse heavy particles creates difficulties in field sampling and laboratory 
analysis of such samples by the TSS method. The first challenge was encountered in a field 
study of melting of urban snow (Paper II). Although this snow contained high amounts of 
solids, snowmelt did not have sufficient transport capacity to carry those particles away and 
since 99% of solids was not released with snowmelt but remained in situ. Consequently, the 
TSS analysis of snowmelt runoff underestimated the initial (prior to melting) mass of solids 
in snow. Furthermore, the standard TSS method underestimated TSS concentrations in 
laboratory samples, because high settling velocity of heavier particles led to their exclusion 
during aliquots withdrawals applied in the TSS method (Paper II), as reported earlier by Gray 
et al. (2000) and Clark and Siu (2008). Thus, estimates of solids loads in urban snow 
deposits, without considering settleable solids, may lead to significant underestimation of 
solids loads in snow and snowmelt. Potential consequences include underestimating the costs 
of street cleaning/sweeping and the risk of sewer pipe clogging by such solids, and formation 
of coarse solids deposits in receiving waters. The challenges arising from using the TSS 
method to assess solids loads containing fair amounts of settleable solids can be mitigated by 
using the methods using whole samples, e.g., the SSC (suspended sediment concentration) 
methods (ASTM, 2007).

In a search for an effective analysis of solids in samples with fast settling solids, a 
comparative study of three analytical methods, TSS (EN 872:2005), SSC (ASTM D 3977-97, 
2007) and MFP (Paper III), was undertaken. When working with the TSS method, it was 
observed, that when preparing for aliquot withdrawal, large heavy particles did not become 
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suspended even when stirring the sample, but remained on the bottom of the laboratory 
sample container (Paper III). Thus coarser particles were excluded in the TSS analysis, the 
method yielding much lower solids concentrations compared to the SSC method, regardless 
of the initial solids content in stormwater samples. Similar findings were reported by Gray et 
al. (2000) for natural water samples, and by Guo (2007) and Clark and Siu (2008) for 
suspensions of sand and silica in water.

In our comparative study, suspended solids concentrations in water samples containing 
stormwater solids in the range 100-400 mg/L were found to be biased severely by the TSS 
method, underestimating the actual concentrations by more than 50% due to coarse particles 
not included in the quantification of total suspended solids analysis. However, analyses of 
those samples by the SSC and the newly introduced MFP were in good agreement with the 
actual solids content in stormwater samples (Paper III). Both procedures consisted of the 
filtration of whole water samples and hence material losses due to aliquot withdrawal were 
avoided. Furthermore a good agreement (in the range from -4 to +5%) was found between 
the SSC and MFP (Fig. 2) when comparing suspended solids recovery by these two 
procedures. 

MFP was developed for stormwater samples containing a broad range of solids and employs 
filtration of stormwater samples with a filtration apparatus consisting of three filters with 
decreasing pore sizes (25, 1.6 and 0.45 μm). The application of three filters instead of one 
prescribed by the SSC method (1.5 μm) was motivated by the need to avoid filter clogging 
by high solids concentrations in snowmelt samples on one hand and by the need to retain 
small particles passing through the mesh size of 1.5 μm on the other hand. Thus clogging 
related issues reported e.g. by Morrison and Benoit (2001) can be minimized by sample pre-
filtration with a mesh size of 25 μm. The third filter with the smallest mesh size used by MFP 
retains the small particles ranging in size from 0.45 to 1.5 μm. Hence, the MFP facilitates 
fast processing of samples and high capture of solids, which may be important in 
environmental studies.

SSC and MFP yielded similar recoveries of solids from synthetic stormwater samples, but the 
advantage of MFP in capturing particles below 1.5 μm could not be demonstrated, because 
the synthetic stormwater did not contain such particles. However, rainfall induced 
stormwater runoff may contain high amounts of small particles, which would not be captured 
by the standard filter used by SSC (1.6 μm), but could be environmentally important 
(Nordqvist, 2010).

The underestimation of total solids loads in both rainfall and snowmelt induced runoff has 
potentially adverse consequences for storm drainage system maintenance due to the risk of 
sewer pipe clogging and coarse solids deposits in receiving waters. It may also interfere with 
assessing the compliance with receiving water quality regulations, which may be defined by 
threshold values for solids concentrations. Such regulations prescribe that suspended solids 
levels induced by effluent discharges should not exceed the background levels by more than 
10-25 mg/L, depending on flow characteristics and the duration of exposure (Government of 
British Columbia, 2001). However, such assessments may suffer from biased sampling and 
biased measurements of suspended solids concentrations.
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5.2. Bias in indicator bacteria concentrations
The comparison of indicator bacteria concentrations in manual and automated samples 
yielded comparable results in the field (Paper I). However, in automated sampling of 
bacteria, there are concerns for possible sample cross-contamination (Marsalek, 1975), 
particularly if there are large and sudden variations in bacteria counts. Hathaway and Hunt 
(2011) and McCarthy et al. (2012) reported E. coli concentrations in stormwater varying 
between 102 to 104-105 CFU/100 mL during individual storm events. Higher concentrations 
were reported during initial runoff (due to first flush), compared to the later phases of runoff. 
Thus, when bacteria levels drop, the consecutive samples with lower bacteria concentrations 
may be contaminated by the sampling line residue originating from the earlier samples with 
higher bacteria levels. Furthermore, the volume of such residuals increased with the length of 
the sampling line, effectively doubling in the 5 m line compared to the 1.5 m line. Even 
though these residuals were not removed by automatic line purging between sample 
withdrawals, they could be removed by line flushing with purified water between sample 
withdrawals, which is an option available in the ISCO 6712 sampler. However, the use of 
this option during storm event sampling is impractical. Hence, to minimize bacteria cross-
contamination in automatic samplers, it is recommended to apply sampling line purging of 
good intensity and duration, and to use minimum length vertically aligned (avoiding pockets, 
which retain water) sampling lines in field installation of automatic samplers. The sample 
cross-contamination is practically eliminated in manual sampling, when each sample is 
collected in a new pre-cleaned bottle, which is then transported to the laboratory for analysis.

Indicator bacteria were sampled manually at four study sites and the bacteria concentrations 
varied between study sites (Paper IV). E. coli and enterococci concentrations were the 
highest at the downtown study sites (Table 6), which is in agreement with the earlier studies 
of E. coli reporting that the variability of these two strains in stormwater runoff was 
influenced by the catchment size, drainage conveyance type (open channels, or piped) and 
land use, with more developed, downtown catchments yielding higher concentrations 
(McCarthy et al., 2007; McCarthy et al., 2012). Hence, the results reported here (Paper IV) 
for a cold climate confirm the same effect of land use on E. coli and enterococci
concentrations as that in the warm climate reported by McCarthy et al.(2007) and McCarthy 
et al.(2012). Although total coliforms and C. perfringens followed the same trend as the other 
two indicators, their catchment (and land use) related variability was found to be lower 
compared to E. coli and enterococci. Total coliforms and C. perfringens can be of both 
natural and faecal origin, released by wildlife (particularly birds), pets, and litter and survive 
well in the ambient environment. These two strains are omnipresent in soils and drainage 
systems and that might explain the lower impact of catchment characteristics and sampling 
methods on observed concentrations of these two strains.

In stormwater microbiological quality monitoring and microbial source tracking, E. coli and 
enterococci appear to be better indicators of microbiological pollution than the ubiquitous 
total coliforms and C. perfringens. E. coli concentrations reported in Paper IV were generally 
10 times lower during fall compared to previous reports (Desai and Rifai, 2010; Hathaway et 
al., 2010). This may be explained by the considerably lower average temperatures in the 
study area during this period of the year (6 °C compared to 18 °C average fall temperatures 
in the US studies) and the survival pattern of these bacteria that is much more affected by 
ambient temperature, land cover and sun exposure in comparison to other more resistant 
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strains, like enterococci (McFeters et al., 1974). In general, E. coli varied in the range from 
102 to 2x104 CFU/100 mL, with the low values corresponding to the fall season.

5.3. Correlation of suspended solids and indicator bacteria in stormwater 
runoff
Recognizing that solids act as vectors of bacteria, it was of interest to examine correlation 
between TSS and the four indicator bacteria strains studied, at all four study sites (Paper IV). 
Only the less developed green catchment site yielded a strong positive relationship between 
TSS, total coliforms and E. coli. Correlations between TSS and indicator bacteria were not 
found in other, more developed catchments. Olyphant et al. (2003) and Jeng et al. (2005) 
reported strong relationships between TSS and indicator bacteria in more developed 
downtown catchments as well. However, correlations between TSS and indicator bacteria 
were found in the receiving waters, close to stormwater outlets or along the lake shore, where 
solids and bacteria concentrations are characterized by smaller variation patterns than in 
stormwater runoff. Although the storm events sampled and reported in Paper IV were small 
to moderate, with low rainfall intensities, the poor correlation in more developed catchments 
might be partly explained by the underestimation of stormwater solids in storm runoff, 
because of solids under-estimation by the TSS analysis (Gray et al., 2000; Clark and Siu, 
2008). In other words, the bias introduced by the TSS method might impact the solids-
bacteria correlation in more developed catchments, whose runoff is characterized by higher 
amounts of solid particles. Another significant contributing factor might be the low bacteria 
concentrations during fall. Total coliforms including E. coli consist of natural and faecal 
bacteria that are highly dependent on ambient temperature, available nutrients and sun 
radiation (Van Donsel et al., 1967; McFeters and Stuart, 1972). Thus, it is recommended to 
supplement E. coli assessments by additional assessments of more persistent indicator 
strains, like enterococci and C. perfringens. However, for the full understanding of the site-
specific patterns of stormwater solids and indicator bacteria, more extensive studies with 
more storm events with higher rainfall/runoff intensities, occurring during different seasons, 
would need to be studied.
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6. Conclusions
The results of studies presented in this licentiate thesis can be used to draw the following 
conclusions:

Sampling and analysis of stormwater solids
Differences between TSS concentrations in manual and automated samples, collected at the 
same site in a storm sewer, can be larger than 50%. The highest differences were found for 
concentrations between 1 and 100 mg/L; for higher concentrations (100-570 mg/L), the 
differences were smaller.
In laboratory analyses of stormwater solids by various methods, the TSS method 
underestimated concentrations of solids in stormwater samples with significant presence of 
settleable solids, because such solids may be missed when withdrawing subsample aliquots 
for TSS analysis. This problem was encountered in characterization of total solids loads in 
urban snow, which contained large quantities of settleable solids remaining in situ, rather 
than being transported away with snowmelt runoff.

Underestimation of stormwater solids by the TSS method can be avoided by using other 
analytical methods, for example one of the SSC methods, or the newly proposed MFP 
procedure. In comparative testing of the SSC and MFP performed on synthetic stormwater 
samples with known solids concentrations, both methods produced accurate estimations of 
solids concentrations in stormwater samples, with closely comparable results. The MFP uses 
three filters with successively decreasing pore sizes (25, 1.5 and 0.45 μm), instead of only 
one filter (1.5 μm) used in the SSC method. Advantages of the MFP include minimization of 
filter clogging by high solids concentrations (e.g., in snowmelt samples) and retention of very 
small particles passing through the 1.5 μm filter, but retained by the 0.45 μm filter. However, 
further testing and research of MFP is needed to test its applicability on actual stormwater 
samples containing large amounts of fine particles from various sources.

Field sampling of indicator bacteria in stormwater
Mean concentrations of four strains of indicator bacteria (T. coliform, E. coli, Enterococci
and C. perfringens) were obtained at two sites by manual and automated sampling. In view 
of large variations in sampled values, the differences among mean concentrations in 
automated and manual samples were not statistically significant and were described by mean 
values of the ratio Maut/Mman of 1.05, 0.91, 0.94 and 0.85, for T. coliform, E. coli,
Enterococci and C. perfringens, respectively. For individual pairs of automated and manual 
samples, the differences in concentrations could exceed 90%, and their further investigation 
suggested that high concentrations in automated samples may have positively biased bacteria 
concentrations in subsequent automated samples. This led to further studies of possible 
sample cross-contamination in automated samplers. Laboratory study of sample cross-
contamination indicated that when high E. coli concentrations (104/100 mL) in synthetic 
stormwater were followed by low concentrations (102/100 mL), the first low concentration 
sample was positively biased by water residuals in the sampling line. The measurement of 
such residuals indicated that they depended on the sampling line, with the 5 m line producing 
residuals twice as large as the 1.5 m line. Proper installations of automatic samplers (at cross-
sections with good flow mixing, a minimum lift and short tubing) should help minimize the 
above biases.
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Abstract A comparative study of indicator bacteria
concentrations obtained by laboratory analysis of grab
samples of storm water, which were collected manually
or by automatic samplers, was carried out in two urban
catchments. Samples were analyzed for four types of
indicator bacteria, total coliforms, Escherichia coli
(E. coli), enterococci, and Clostridium perfringens and
further documented bymeasurements of total suspended
solids (TSS) and turbidity. Analysis of complete data
sets (N=198) indicated no statistically significant differ-
ences in the geometric means of all the constituent
samples collected automatically or manually, but there
were some small differences between the results pro-
duced by the two sampling methods applied. Total co-
liform concentrations were positively biased in samples
collected by automatic samplers, but for the three re-
maining indicator bacteria (E. coli, enterococci, and
C. perfringens), the opposite was true. Risk of sample
cross-contamination in automatic samplers was assessed
in the laboratory by sampling consecutively synthetic
storm water with high and low concentrations of E. coli
and enterococci. The first low-concentration samples

preceded by high-concentration samples were cross-
contaminated and the measured concentrations were
positively biased. This cross-contamination was ex-
plained by storm-water residue in the sampling line.
Such a residue remained in place even after line purging
by compressed air, and its mass depended on the sam-
pling line length (tested up to 5 m), as verified by
measurements in the laboratory. The study findings
should be helpful for improving field protocols for
indicator bacteria sampling.

Keywords Storm-water quality . Indicator bacteria .

Automatic samplers .Manual sampling . Sampling
errors . Cross-contamination

1 Introduction

Storm water conveys a variety of chemicals, microor-
ganisms, and materials which may cause significant
impacts on water quality in the receiving waters
(Butler and Davies 2011). Thus, there is a continuing
interest in storm-water quality and the methods for its
assessment by sampling and laboratory analysis, or
direct online measurements in the field by water quality
sensors. The former method offers much greater flexi-
bility in the choice of constituents studied, but suffers
from limitations imposed by sampling bias, discrete data
collected sometimes at relatively long intervals, and
delays in obtaining the measured data caused by waiting
for results of laboratory analyses. The online measure-
ments produce data well suited for water quality studies,
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but at the current level of development, the list of
constituents that can be measured this way is limited to
about half a dozen, excluding indicator bacteria.
Primary water parameters measurable online include
turbidity, dissolved oxygen, pH, temperature, and con-
ductivity, and in the case of UV/VIS spectrometers, also
“equivalents” of such conventional parameters as chem-
ical oxygen demand (COD), total suspended solids
(TSS), and nitrate (Gruber et al. 2005).

Storm-water sampling can be done by means of
automatic samplers or be performed manually. The for-
mer method requires a greater initial investment in
equipment purchase, but offers lower labor
(operational) costs and the collection of samples without
limitations imposed on manual sampling by the need to
dispatch the staff to the sampling sites. Thus, the choice
between the automated and manual sampling has been
mostly addressed as an issue of economic efficiency,
field safety, and practicality. The recent surge of interest
was brought about by concerns about the lack of guid-
ance for designing storm-water sampling programs
(Harmel et al. 2003), and the use of automated sampling
(Guo 2007; Clark and Siu 2008; Degroot and Gulliver
2010; Roseen et al. 2011), with respect to sampling
objectives, sample withdrawal location, sampling inter-
val, and the type of sample. Recent studies addressed
automated sampling of TSS, for which the main issue
was “under-sampling” of heavier particles in the field
and in laboratory withdrawals of sample aliquots for
conventional analyses (e.g., TSS) (Guo 2007; Roseen
et al. 2011). In these studies, errors related to TSS
sampling methods were attributed to the lift height,
sampler intake position, and nonuniform distribution
of pollutants in the water column with density
stratification.

However, there is another group of storm-water qual-
ity constituents, microorganisms including indicator
bacteria, for which the issue of automated sampling
might be of concern for different reasons than in the
case of solids. Even though the fluxes of indicator
bacteria may follow suspended particle patterns in storm
water (Jeng et al. 2005; Schillinger and Gannon 1985),
some bacteria sampling factors may need to be further
examined especially because of the nonconservative
nature of bacteria and the risk of sample cross-
contamination. Some factors impacting bacteria survival
and growth like ambient temperature, rainfall condi-
tions, water constituents, and pH were identified and
studied previously (Van Donsel et al. 1967; McFeters

and Stuart 1972), but others, related to sampling, includ-
ing sample holding time, sampler tubing material (poly-
propylene or tef lon tubing) , sample cross-
contamination, sampling line length, variable base flow
conditions (temporarily or permanently submerged sam-
pler tube intake), and the presence of nutrients and
suspended particles in the storm-water samples deserve
further examination. Potential effects of these factors are
typically minimized by “good field practices,” but the
issues of sample cross-contamination by water residuals
in the sampling line are of some concern. Such residuals
can be found in the sampling lines of automatic sam-
plers, in spite of purge cycles draining the line between
the consecutive sample withdrawals.

The objectives of the present study are twofold: first,
to determine whether automated and manual sampling
produce statistically significant differences in the mea-
surements of bacteria in the field and, second, to exam-
ine the risk of bacteria sample cross-contamination in
the sampling lines of various lengths. Such objectives
should contribute to improved guidance for microbio-
logical water quality sampling, including the choice of
the sampling method.

2 Methods

2.1 Field Sampling

The field assessment of sampling was conducted at
storm sewer manholes, located close to the sewer outlets
of two urban catchments in Östersund, Sweden.
Östersund is a municipality of 60,000 inhabitants locat-
ed in the central part of Sweden at latitude 63° 11′N and
longitude 14° 30′ E, with terrain elevations between 300
and 380 m above sea level. The selected study catch-
ments, Tjalmargatan, further referred to as catchment A,
and Beijers, further referred to as catchment B, are
serviced by separate storm sewers. Catchment A is a
20-ha residential catchment with imperviousness of
about 50%. Even though the main storm sewer draining
the catchment conveys significant base flow throughout
the year, base flow samples collected during dry periods
did not contain elevated levels of TSS or indicator
bacteria. Catchment B is a 40-ha downtown catchment
(business and commerce buildings, residential land, and
a university campus) with imperviousness of about
60 %. Although the storm sewer draining the catchment
conveys no base flow during dry periods, there could be
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some cross-connections with sanitary sewers upstream
of the sampling point, which are activated during rain
events.

In both catchments, samples were collected both
manually and with automatic samplers at the same sam-
pling points during six storm events, between
September 2012 and June 2013. The samples were
analyzed for TSS and turbidity, and four indicator bac-
teria groups—total coliforms, Escherichia coli, entero-
cocci, and Clostridium perfringens—which are com-
monly used for surface and drinking water quality as-
sessment in Sweden. The entire data set comprised
about 200 samples (100 collected manually and 100
collected by automatic samplers) collected in the two
catchments. Rainfall and temperature data were mea-
sured by a tipping bucket and a temperature sensor/
logger, respectively, installed in the city center. Storm-
water events were sampled whenever 2 mm or more of
rainfall occurred after a significant dry period (>4 days)
to allow buildup of pollutants between the sampled
storm events. As displayed in Table 1, the total rainfall
depths varied from 2.8 to 11.2 mm, and the antecedent
dry periods varied from four to 14 days.

Both sampling sites were equipped with ISCO 2150
area-velocity flow meters and portable ISCO 6712 au-
tomatic samplers to allow flow-weighted sampling.
Each sampler was placed on the ground surface next to
the sampling manhole. The sampling line between the
sample intake in the sewer pipe and the sample bottle
consisted of three connected components: the peristaltic
pump tubing (inside the sampler), the sample intake
tubing, and a sample intake (with a stainless strainer)
positioned 2 cm above the pipe invert to avoid intake
clogging. The total lengths of the sampling line from the
intake to the peristaltic pump were 5.5 and 3.75 m, in
catchments A and B, respectively, and the correspond-
ing lifts were 4 and 3 m, respectively. The typical
sampling line flow velocities for vertical lifts of 4 and

3 m, respectively, ranged between 0.83 and 0.87 m/s
with pump flow rates around 0.06 L/s. The automatic
samplers were manually activated to collect sequential,
flow-weighted grab samples during individual storm
events to assure representative sampling throughout
the entire event. Manual samples were collected from
the same sampling location by dipping a pre-cleaned,
sterilized polypropylene bottle into storm-water flow, at
the same times when the automated samples were with-
drawn. When dipping the sampling bottle into storm
water, attention focused on placing the bottle opening
facing the flow direction as close to the automatic sam-
pler intake as practical (i.e., within 5 cm). The same
bottle was used to withdraw multiple samples and to
avoid sample cross-contamination, and it was rinsed
with deionized water after every sample withdrawal.
All samples contained approximately 1 L of storm
water.

Withdrawals of samples by automatic samplers took
about 10–15 s, and the manual sampling bottles were
immersed in flow for about the same time. In general,
the lateral distance between the sampler intake and the
sampling bottle opening was about 0.1 m. After each
sample withdrawal, the bottles used for manual sam-
pling were rinsed with distilled water. After collection of
each sample by the automatic sampler, the sampling line
was automatically purged free of water by compressed
air. After each storm event was sampled, manual and
automatic sampler bottles were rinsed and autoclaved at
121 °C for 15 min, and the entire sampling line was
washed first with a hot detergent solution, then with
70 % ethanol, and rinsed with distilled water.

2.2 Laboratory Experimental Methods

To examine the risk of sample cross-contamination in
the automatic samplers, three experimental runs were
conducted in the laboratory using the ISCO 6712

Table 1 Meteorological data for
Östersund City center for the six
storm events sampled

Storm event Average
temp. (°C)

Antecedent
dry days

Total
rain (mm)

Average rain
intensity (mm/h)

Rain
duration (h)

14 Sep 2012 9.5 14 3.2 3.2 1

26 Sep 2012 7.5 9 2.8 0.4 7

04 Oct 2012 10.5 6 6 4.6 1.5

09 May 2013 8 4 5.6 0.6 9

03 Jun 2013 10 11 9.4 1.6 6

13 Jun 2013 12 6 11.2 0.7 16
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automatic samplers (the samemodel as used in the field)
with two sampling line lengths (1.5 and 5 m). The main
objectives of this sampling experiment were to (a) es-
tablish uncertainties in both high and low bacterial con-
centrations and (b) determine statistically significant
concentration changes caused by “carryover” of storm
water with high bacteria concentrations.

To mimic bacteria concentration variations during
storm events, two 100-L synthetic storm-water batches
were prepared by adding 13.5 g of fine gully pot sedi-
ment and bacterial cultures of E. coli and enterococci to
100 L of dechlorinated tap water. Both bacterial strains
are complementary to each other, having different sur-
vival and behavior patterns. The bacteria strains used
were pre-cultivated E. coli and enterococci from freeze-
dried culture vials obtained from the Swedish National
Food Agency and used as reference material for water
analysis control purposes (SLV-084, SLV-051). The
bacteria were grown on selective agar plates and bred
in glycerol broth prior to the experiments. The desired
bacteria concentrations were obtained by testing the
breeding progress of bacteria over time and extracting
the needed amount of the bacteria broil and adding it to
the synthetic storm water. For the first experimental run,
two clearly distinguishable bacteria concentration
batches were prepared with low and high concentra-
tions. The low bacterial concentration batch contained
104/100mLE. coli and 101/100mL enterococci, respec-
tively, and the high concentration batch contained 106/
100 mL of E. coli and 103/100 mL of enterococci,
respectively. During sampling, both batches were con-
tinually stirred by motorized blenders. Three identical
ISCO 6712 samplers, with autoclaved metal parts com-
ing into contact with sampled storm water, and 1.5 m of
sampling lines were used for simultaneous withdrawals
of 1-L water samples. After six samples (in three repli-
cates) were withdrawn from the high bacteria concen-
tration batch, six samples (in three replicates) were
withdrawn from the low-concentration batch, through
the same sampling lines of 1.5 m in length. Such an
experimental run was designed to mimic the case, when
bacterial concentrations in storm water drop during a
storm event and high concentrations may contribute to
the contamination of subsequent lower-concentration
samples.

The second experimental run has been conducted
only with E. coli and typical high and low storm-water
concentrations to assess if the sampling line length has
an impact on the cross-contamination between samples

in these concentration ranges. The low bacterial concen-
tration batch contained 102/100 mL of E. coli, whereas
the high concentration batch contained 104/100 mL of
E. coli respectively. Such concentrations represent typ-
ical values that can be found in urban storm water
(Marsalek and Rochfort 2004). The same procedure as
described in the first experimental run was repeated: first
with 1.5- and then 5-m sampler tubing length, withdraw-
ing 300 mL of water samples.

To further elucidate the influence of the sampling line
length on sample cross-contamination, it was hypothe-
sized that this influence would be caused by water
residuals in the sampling line after air purging and the
volume of residuals would depend on the sampling line
length. Consequently, residuals in the sampling lines
were measured for all the three samplers and two tubing
lengths of 1.5 and 5 m, respectively, by subtracting the
dry weight of the sampling line from that of a purged
(but wet) sampling line.

In these laboratory experiments, a total of 360 sam-
ples were collected by automatic samplers and analyzed
for indicator bacteria, TSS, and turbidity. TSS concen-
trations in the two storm-water batches were kept con-
stant, between 120 and 150 mg/L and 35–40 NTU,
respectively, in both high and low bacterial concentra-
tion batches, to minimize particle-related sampling
biases due to bacteria attachment.

All the six automatic samplers used (i.e., three for each
of the two tubing lengths) were of the same type (ISCO
6712) and nearly the same age (1–12months in use). New
tubing (both the sampling line and the peristaltic pump
tubing) and new sample bottles were used in all samplers
at the beginning of each experiment and rinsed with
distilled water before the first run. After each experiment,
the sampling line was washed with ethanol and then
distilled water, and the sampling bottles were autoclaved.

2.3 Analytical Methods

Bacteria samples were kept in coolers at temperatures
below 5 °C, and both bacteria and TSS sample analyses
were started within 12 h of sample collection. All bac-
teria samples were analyzed at a local accredited labo-
ratory using membrane filtration, according to the inter-
national standard methods (ISO 8199: 2005). Bacteria
colonies were counted after a 48-h incubation time at
35 °C for total coliforms and at 44 °C for both E. coli
and enterococci (SIS 28167:1996; ISO 9308-1: 2000b;
ISO 7899-2: 2000a). C. perfringens colony units were
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counted after a 24-h incubation time at 44 °C under
anaerobic conditions (ISO 6461-2: 1986). The reporting
range from the accredited laboratory (Alcontrol Sweden)
was between 10 and 300,000colony-forming units
(CFU)/100 mL for storm-water samples. The analytical
uncertainty for indicator bacteria reported by the
accredited laboratory was 35 % for total coliforms and
E. coli, 30 % for enterococci, and 50% forC. perfringens
(Alcontrol Sweden). TSS were analyzed by standard
methods at a local laboratory, filtered through a pre-
weighed glass fiber filter (Whatman GF/A filter
1.6 μm), dried at 105 °C for at least 1 h, and weighed
again (SS-EN 872: 2005), with the lower detection limit
of 5 mg/L and a 15 % uncertainty.

2.4 Data Analysis

All sampled data were presented graphically in discrete
data deviation plots, with the perfect fit between sam-
pled concentrations, collected manually and by automat-
ic samplers, represented by the 45° diagonal. Further,
the data were plotted in histograms of relative differ-
ences between the two types of sample concentrations
expressed in percent (i.e., Δ=100 (CA−CM)/CM), where
C is the concentration and subscripts A and M refer to
the concentrations obtained by automatic samplers and
manual sampling, respectively. Positive values indicate
higher concentrations in the samples collected with au-
tomatic samplers and vice versa.

The geometric means of nominal concentrationswere
calculated from the three replicates for all analyzed pa-
rameters. In order to assess cross-contamination between
samples, a concentration range band was defined for both
low and high concentrations and was confined by the
minimum and maximum concentrations expected in the
respective concentration ranges, reinforced by 35 % an-
alytical uncertainty in bacteria results applicable to both
E. coli and enterococci concentrations. Thus, the limits of
the concentration range bands defined by concentration
variation and analytical uncertainty represented the con-
fidence interval for the expected concentrations. The
values transgressing the confidence interval band were
considered as cross-contamination indicators.

3 Results

Study results are presented in two sections and comprise
comparisons of bacterial concentrations obtained from

manual and automated sampling and analyses of cross-
contamination of automatic samplers.

3.1 Comparison of Bacterial Concentrations Obtained
from Automatic Samplers and Manual Sampling

All bacterial concentrations are presented in Table 2.
Although large variations were seen in both types of
sampled data, the differences in the means of the two
data sets were not statistically significant, when com-
paring the data sets by the Student’s t test.

When considering whole data sets, total coliform
results indicated slightly higher concentrations in sam-
ples collected by automatic samplers, whereas the three
other indicator bacteria and TSS concentrations were
slightly higher in manual samples. Turbidity results
corresponded well between the two types of samples.

Constituent concentrations for all the automatic and
manual samples were plotted as CAvs. CM in Fig. 1 and
indicate various deviations between the results obtained
for both sampling methods. Visual examination of the
data, borne out by statistics in Table 2, indicates the
highest spread of data for total coliform and
C. perfringens; the smallest spread for TSS and turbid-
ity, with most data points fitting within the±25 % devi-
ation lines; positive bias of automatic samples in the
case of total coliform; and generally higher bacterial
counts in the downtown catchment B.

Frequency histograms of relative differences be-
tween constituent concentrations in automatic and man-
ual samples [(CA−CM)/CM] are plotted in Fig. 2 and
demonstrate the data trends presented earlier.

3.2 Laboratory Study of Cross-Contamination
in Automatic Samplers

In high bacteria concentration samples, withdrawn first,
fairly constant geometric means can be noted for E. coli
and enterococci in consecutive samples, but more im-
portantly, the first samples withdrawn after the concen-
tration was changed from high to low resulted signifi-
cantly different from the expected concentrations at ten
times higher than those corresponding to the low-
concentration batches, for both indicators (Fig. 3). The
geometric means of concentration measurements, with
the minimum and maximum values, ranged from 2.2 to
2.6×106 CFU/100 mL in the high-concentration batch
for the first six E. coli samples. The minimum and
maximum values in the low concentration batch ranged

Water Air Soil Pollut (2014) 225:2065 Page 5 of 12, 2065



from 4 to 8×104 CFU/100 mL in the last six E. coli
samples. After the source of samples was changed, from
high to low concentrations, the first three low-
concentration samples were significantly different from
the expected concentrations, exceeding the low-
concentration band confined by the minimum and max-
imum concentrations expected in the low-concentration
range (reinforced by 35 % analytical uncertainty in
bacteria results). The values of the first three low-
concentration samples transgressed the confidence in-
terval band with tenfold higher concentrations (105)
indicating that the preceding high concentrations posi-
tively biased the subsequent low-concentration samples.
For enterococci, “high” concentrations in the first six
samples were ≥103 CFU/100 mL, but after switching
from this high-concentration source to the low-
concentration one (≤10 CFU/100 mL), only the first
low-concentration sample exceeded the low-
concentration band with a tenfold higher concentration
(102). Thus, enterococci indicated the same trend as
E. coli, a carryover of some bacteria-contaminated storm
water from high to low-concentration samples. It was
further hypothesized that this carryover, not eliminated
by the sampling line purging between sample with-
drawals, would increase with the sampling line length,
and this issue was addressed in further laboratory ex-
periments, conducted only with E. coli.

The experiment described in the preceding section,
with a consecutive sampling of high and low E. coli
sources, was repeated for two sampling line lengths, 1.5
and 5 m, and the results are presented in Fig. 4. As
reported in the previous section, the first sample after
the switch from high to low E. coli concentration
sources indicated positively biased results. E. coli geo-
metric means in the first six high-concentration samples
varied from 4×104 to 9×104 CFU/100 mL for both
short and long sampling line lengths. After the sampled
source changed from 104 to 102 CFU/100 mL, the first

low-concentration sample was significantly different
from the expected concentrations, exceeding the low-
concentration band with tenfold higher concentrations
(103), indicating that previously sampled high concen-
trations positively biased subsequent low-concentration
samples for both lengths. Furthermore, the first low-
concentration sample collected with the long sampling
line displayed significantly different concentrations than
expected (geometric mean of 2,100 CFU/100 mL) with
twice as high values as those found with the short
sampling line (geometric mean of 1,080 CFU/
100 mL). Thus, the magnitude of cross-contamination
was affected by the sampling line length.

A simple mass balance-based calculation can be used
to confirm the observed cross-contamination. Toward
that end, water residuals in purged short and long sam-
pling lines were measured in six experiments and deter-
mined as 3.42 and 16.52 g of mean residuals, for the
sampling lines of 1.5 and 5 m long, respectively (see
Table 3).

The mean sampling line residuals in the short and
long lines (consisting of both peristaltic pump tubing
and sampling tubing) were 3.42 and 16.52 g, respective-
ly (Table 3), with the longer line producing significantly
higher residuals per meter length than the short one (3.3
vs. 2.3 g/m).

For 300-mL samples, the short and long line resid-
uals, rs and rl, represent approximately 0.01 and 0.05 of
the sample volume, respectively. Assuming even distri-
butions of bacteria in water samples, the cross-
contaminated concentration can be calculated as r
CH+(1−r) CL=C1st, where r is the residual (for the
corresponding tubing length), C is the indicator concen-
tration, and subscripts H, L, and 1st stand for high, low,
and the first sample after the sampled medium switch.
Assuming CH=6.5×10

4, CL=2.2×10
2 (for l=1.5 m),

and CL=4.1×10
2 (for l=5 m) yields estimates C1=1×

103 (for l=1.5) and C1=3.6×10
3, which compares fairly

Table 2 Mean constituent
concentrations, with standard
deviations, of all the samples
collected in catchments A and B

Measured constituent Auto±SD
(CFU/100 mL)

Manual±SD
(CFU/100 mL)

Maut/Mman No. of samples
(manual+auto)

T. coliforms 13,700±16,357 13,000±17,800 1.05 198

E. coli 3,120±6,512 3,438±6,955 0.91 198

Enterococci 7,907±14,039 8,382±13,005 0.94 198

C. perfringens 170±87 199±100 0.85 198

TSS 101±102 113±125 0.89 180

Turbidity 132±95 131±92 1.01 138
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Fig. 1 Indicator bacteria counts (CFU/100 mL), TSS, and turbidity (mg/L) in automatic vs. manual samples; dashed lines indicate 25 and
50 % deviations from the perfect fit
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with the measured values of 1.08×103 and 2.1×103,
respectively. When switching from low concentration
to the high one, the samemixing equation can be written
as r CL+(1−r) CH=C1st, where the first term can be
neglected and the resulting negative bias is negligible; in
this case, it equals 1–5 % of CH, well within the
analytical uncertainties.

4 Discussion

Comparisons of geometric means of whole sets of indi-
cator bacteria data (N=198) obtained by automated and

manual sampling indicated slight tendencies for higher
geometric mean of the automatic sample set for total
coliforms (GMaut/GMman=1.05), but opposite trends
were found for E. coli (GMaut/GMman=0.91), entero-
cocci (GMaut/GMman=0.94), and C. perfringens
(GMaut/GMman=0.85). In the case of total coliform, an
argument could be made that this constituent is so
ubiquitous that there is a fair chance of contamination
of the sampling line and other internal sampler surfaces
between sampled storm events. Regardless of the
cleaning procedures applied between the sampled
events, base flow occurring during dry weather may
contribute to a buildup of coliform bacteria in the

Fig. 2 Distribution of relative
differences (Δ=(CA−CM)/CM)
between constituent
concentrations in automatic (CA)
andmanual (CM) samples (perfect
fit=0)

Fig. 3 Concentrations of E. coli and enterococci in two batches of
synthetic storm water displayed as high- and low-concentration
range bands (confidence interval for expected minimum and max-

imum concentrations confined by the analytical uncertainty) and
geometric means, with min./max. concentrations
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sample line intake and the whole line. Such bacteria may
originate from natural sources, including soils, catch-
ment and sewer surfaces, and airborne particles
(Geldreich et al. 1968), and can survive on the sampling
line surface. The automated purging of the sampling line
prior to sample withdrawal may not be sufficient to clear
the line fully in the case of ubiquitous indicator bacteria,
like total coliforms.

The three other studied indicator bacteria showed
somewhat higher values in the manual sample sets,
compared to the automatic sample set; however, the
variability of concentrations in both types of samples
was high and did not allow a meaningful comparison.
Thus, other types of uncertainties need to be addressed
as well for automated sampling methods. Recognizing
the affinity between bacteria and TSS concentrations,
lower TSS in automatic samples (Maut/Mman=0.89)
might have contributed to slight under-sampling of
E. coli, enterococci, and C. perfringens by automatic
samplers. Lower TSS concentrations in storm-water
samples collected by automatic samplers may be ex-
plained by the sample lift and the resulting lower

capacity to lift heavier particles. Harmel et al. (2010)
and Huang et al. (2010) reported similar trends recog-
nizing that TSS concentrations in automatic samples
vary depending on the sampling location, lift height,
and sample intake position potentially impacting
concentrations of bacteria attached to particles.

Other studies suggested negligible differences be-
tween bacteria concentrations in automatic and manual
samples. A USGS (1999) fact sheet showed negligible
deviations between automatic and manual samples with
respect to concentrations of TSS and E. coli studied in
surface waters, which are characterized by lower
variability of water quality, compared to urban storm
water. Low variation was found for E. coli, suggesting
that both sampling methods can be considered reliable, as
also reported by Ferguson (1994). More recently,
McCarthy et al. (2008) addressed selected sources of
uncertainties in automatic samples and reported negligi-
ble differences in indicator bacteria with respect to the
depth of the sampling point location (i.e., at the pipe
bottom or right below the water surface); however, other
factors like sampler intake properties were not addressed.

Fig. 4 Concentrations of E. coli in two batches of synthetic
storm water displayed as high- and low-concentration range
bands (confidence interval for expected minimum and max-
imum concentrations confined by the analytical uncertainty)

and geometric means, with min./max. concentrations for
samples collected by automatic samplers with short (1.5 m) and
long (5 m) sampling lines

Table 3 Sampling line residual
in short and long settings Sampling line weight 1.5 m setting 5 m setting Number

Before sampling (dry) 493.01±5 g 997.31±6 g 6

After sampling (wet) 496.43±5 g 1,013.83±6 g 6

Mean residual 3.43±5 g 16.52±5 g 6

E. coli mean first low
conc. sample

1,080±730 CFU/100 mL 2,100±854 CFU/100 mL 6

Water Air Soil Pollut (2014) 225:2065 Page 9 of 12, 2065



The two sampling methods, automatic and manual,
will always differ in the way the samples are withdrawn
from the sampled medium, and this would be unimpor-
tant when sampling fully mixed water without any
gradients in density and velocity, which cannot be gen-
erally assumed for flows in storm sewers. For example,
the sampler intake strainer installed close to the sewer
pipe invert has several intake holes on the surface that
allow a well-mixed sample composition. The sampling
bottle on the other hand used for manual sampling
purposes has a single intake orifice (diameter=4–
5 cm), and the actual water sample will be different
from that as obtained from the sampler intake strainer.
Even though the sampling locations of the sampler
intake and the sample bottle were chosen as close as
physically possible (within 0.1 m), such two locations
are not identical.

Cross-contamination of automatic storm-water sam-
ples of E. coli was studied for a typical variation of
E. coli concentrations reported for urban storm water.

Hathaway and Hunt (2011) and McCarthy et al.
(2012) reported E. coli concentrations in storm water
varying greatly from 102 to 104–105/100 mL during
individual events. Thus, high-concentration samples
(due to first flush) withdrawn during initial runoff could
impact on consecutive automatic samples with lower
bacteria counts. Thus, bacteria sampling of entire
storm-water events by automatic samplers might impact
the bacteria count variation from sample to sample.
Laboratory experiments showed cross-contamination
of low-concentration samples by preceding high con-
centrations passing through the sampling line. Thus, the
cross-contaminated low-concentration samples showed
concentrations five to ten times higher than those in the
sampled storm water. Both enterococci and E. coli low-
concentration results indicated values transgressing the
confidence interval bands of low-concentration samples
directly after the concentration change. Prior contami-
nation with higher E. coli concentrations tested during
the first experimental series was more significant and
impacted the first three consecutive low-concentration
samples. Results in Section 3.2 further indicated that this
cross-contamination is quantitatively significant only
when moving from high bacteria concentrations to the
low ones; in the opposite direction, the effect is well
within the uncertainty limits.

Even though enterococci prior contamination was
mimicked by much lower concentrations, the first low-
concentration sample after concentration change was

contaminated as well. Even though the differences in
bacteria concentrations in the sampled storm-water
batches may appear large, they were in the proper range
reported earlier by Desai and Rifai (2010) and Gannon
and Busse (1989) for storm water.

Furthermore, the degree of cross-contamination was
significantly affected by the sampling line length, with
the long sampling line (5 m) inducing twice as high
contamination as the short line (1.5 m), because of a
greater water residual in the sampling line. Water resid-
uals in the sampling line contain bacteria and are not
removed by automatic purging. Such residuals could be
removed by line flushing with purified water between
sample withdrawals (this option is available in ISCO
6712 sampler), but the use of the option during storm
event sampling is not practical. Hence, to reduce bacte-
ria cross-contamination in automatic samplers, it is rec-
ommended for storm-water field studies to pay attention
to the sampling line purging intensity and duration, use
short sampling lines, and ensure that the lines are well
aligned to minimize residual water in the line.

5 Conclusions

A comparative study of manual samples and the sam-
ples collected by automatic samplers in the same cross
section of storm sewers in two test catchments, at the
same times, produced findings indicating relatively
small effects of the sampling method on concentrations
selected for storm-water quality constituents: four types
of indicator bacteria (total coliforms, E. coli, enterococ-
ci, and C. perfringens), and TSS, and turbidity. The last
two constituents were included just to provide some
supporting data for indicator bacteria. For the indicator
bacteria, slight differences in geometric means of large
data sets (N=198) were found. Total coliform concen-
trations were positively biased in automatic samples, but
the opposite was true for the remaining three indicators.
A laboratory study of cross-contamination of automatic
bacteria samples was conducted with three automatic
samplers collecting samples of synthetic storm water
prepared in two batches, containing high and low con-
centrations respectively, ofE. coli and enterococci. After
switching the sampler intake from the high to low bac-
teria concentration storm water, the first or more low-
concentration samples showed concentrations five to ten
times higher than the source sampled. This cross-
contamination was explained by the water residuals
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measured in the purged sampling line and such residuals
increased with the sampling line length.

Study findings contribute to the understanding of
indicator bacteria concentration variations and errors
related to their measurement by sampling storm water
and provide some guidance for field sampling. On av-
erage, both manual and automated sampling produced
comparable results for the indicator bacteria tested, and
the identified concerns related to sampling with auto-
matic samplers deal with the sampling line purging
intensity and duration, length, and alignment water re-
siduals in the sampling line.
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ABSTRACT
The pathways and mass balance of selected pollutants, released during the snowmelt process,
were investigated for urban bulk snow placed in small, intermediate, and large-scale 
lysimeters. The results showed that low percentages of TSS (total suspended solids) and 
heavy metal (Cu, Zn, Pb) loads contained in snow were transported with snowmelt, the rest 
remained in situ with the particulate residue. The TSS loads transported with snowmelt were 
3, 3.4, and 4.8% of the initial TSS mass in the small, intermediate and large lysimeters,
respectively. Particulate heavy metal loads transported with snowmelt, during the whole 
melting process, were measured in the intermediate lysimeter for copper and zinc, and for lead 
in the large lysimeter. The measured mass loads in snowmelt leaving the intermediate 
lysimeter were 7.5 and 7.2% for copper and zinc, respectively, and 1.7% for lead leaving the 
large lysimeter. The remainder of the loads stayed in situ with the particulate residue. The 
loads transported with snowmelt were independent of the initial TSS and metal concentrations 
in bulk snow. These findings have implications for siting and operating snow disposal 
facilities; most of the initial TSS and particulate heavy metal loads can be retained on site, 
rather than released with snowmelt into the receiving environments. 

KEYWORDS
Urban drainage; total suspended solids (TSS); heavy metals; mass balance; snowmelt; residual 
particles

INTRODUCTION
Snow and snowmelt-induced runoff along roads and highways often contains major loads of 
pollutants, such as sediment and total suspended solids (TSS), heavy metals, bacteria, salts, 
and trace organic compounds originating from anthropogenic activities, such as traffic
(vehicle component wear, fluid leakage, tire and pavement wear), corrosion and atmospheric 
deposition (Hvitved-Jacobsen and Yousef, 1991; Viklander, 1997). The resulting 
environmental impacts on receiving waters vary according to the loads and concentrations of 
pollutants in snowmelt runoff as well as according to the sensitivity and types of receiving 
environments. Commonly reported impacts include increased turbidity, reduced oxygen 
levels, eutrophication, and toxic levels of chloride, heavy metals and trace organic substances
exerting adverse effects on biota (Marsalek et al., 2003). A large fraction of road runoff 
pollutants, such as heavy metals and PAHs (polycyclic aromatic hydrocarbons), are particle 
bound and transported with TSS (Lau and Stenstrom, 2005). Furthermore, the pathways of 
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pollutants in a cold climate urban environment are rather complex reflecting such sources of 
pollutants as local land use activities, as well as wet and dry depositions resulting from local 
and long-rage air transport. It was also reported that with respect to atmospheric scavenging, 
snow is more polluted than rain when reaching the ground, because of its larger specific 
surface and lower fall velocities (Gjessing and Gjessing, 1975). 

Additional loads of particles and pollutants arise during cold climate due to, for example, cold 
starts of vehicle engines, pavement wear by studded tires, and heating (Malmqvist, 1983).
Winter road maintenance contributes to the urban pollution through vehicle exhausts during 
snow-handling operations, and the application grit and salts, which increase solids loads in 
snowmelt runoff as well as the corrosion of road guard rails and other metal structures along 
roads and highways (Malmqvist, 1983). 

Viklander (1997) and Reinosdotter (2007) noted that the choice of methods for removing, 
transporting, and dumping used snow will greatly affect the pathways of pollutants and the 
loads transported. In particular, it is of interest to determine what fraction of the pollutants in 
the snow will be transported with the snowmelt runoff and what fraction will stay with the 
solid residue in-situ on the surface, and this partitioning between the dissolved and particulate 
phases depends on the pollutant chemistry and the concentrations of solids in the snowmelt 
(Viklander, 1999; Glenn and Sansalone, 2002; Reinosdotter; 2003; Westerlund et al., 2003). 
For example, Viklander (1996) reported that in a laboratory study, the percentages of Cu, Pb, 
and Zn leaving the snow deposit with snowmelt were 28, 42, and 30%, respectively. However, 
much different results were found in a pilot scale study (10, 0.5, and 30%) and in a full-scale 
study (6.5, 1, and 10%), for the same metals (Viklander and Malmqvist, 1993; 1994).

Defining the pathways and loads of solids and the associated pollutants during snowmelt is of 
great interest when developing pollution-mitigation measures serving to prevent polluted 
runoff from strongly impacting on receiving waters. To develop some guidance for such 
mitigation measures, a study of pollutant pathways and loads, during the snowmelt process, 
was performed in small, intermediate and large lysimeter installations, with the objective of 
determining the pollutant pathways and loads in lysimeters mimicking the melting of urban 
snow deposits.

METHODS
Mass balance calculations
The notation used in mass balance calculations is shown in Fig. 1. A snowpack in the 
lysimeter contains a mass of water, MSW, and a mass of suspended solids, MTSS. A mass 
balance equation indicates that the initial mass of water should equal the mass of snowmelt 
water leaving the lysimeter plus any losses, such as ablation.  Similarly, the initial mass of 
TSS should equal the mass of suspended solids leaving the snowpack with snowmelt plus the 
mass of TSS residue left on the bottom of the lysimeter at the end of the snowmelt process.
Finally, the same consideration would apply to heavy metals in snow.

MSW = MSM + MRES + ML (1)

Where MSM is the mass of snowmelt, MRES is the mass of liquid residual left on the lysimeter 
plastic sheet, and ML is the mass loss (e.g., by ablation).
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Figure 1. Schematics of snowmelt experiments

Data collection and sampling procedures 
The small, intermediate and large lysimeter snowmelt experiments were performed at 
different times in 1991, 2004 and 2006, respectively. All three experimental setups were well 
controlled with impermeable lysimeter bottoms. Polluted snow from roadsides in Luleå, in the 
north of Sweden, with traffic intensities ranging from 7,400 to 21,900 vehicles/day, was 
collected and placed into lysimeters. For the three different size lysimeters, the initial snow 
volumes, weights, densities, TSS and heavy metal concentrations were measured and solids 
loads were calculated. For the small scale lysimeter, snow was divided into nine cylindrically 
shaped sub-samples of 30 litres each. The snowmelt runoff volume was measured and TSS 
were sampled during the entire snowmelt process with temperature settings between 5 and 20 
°C. The intermediate scale lysimeter was a single unit which was placed inside an unheated 
garage, well exposed to and affected by the outside temperature. The snow pile melted during 
a three to four weeks period. The large scale lysimeter was setup on an asphalt pavement plot
covered with a polyethylene film. At the lowest point of the plot was a polyethylene pipe that 
drained runoff into a well, where measuring equipment had been placed. Snowmelt flows
were continuously measured using a tipping-bucket type flow meter during low flows and a 
standard water flow meter during high flows. Samples for TSS and metal analyses were 
collected twice a day, two days a week throughout the entire snowmelt period. For all the 
three different sized lysimeters, all snowmelt was collected and analysed for concentrations of 
TSS and heavy metals. After melting, the residual particles remaining on the plastic sheets 
were collected and weighed.

Laboratory analyses 
After collection, the samples were immediately transported to and processed (within a few 
hours after collection) in the laboratory at Luleå University of Technology for pH, 
conductivity, and total suspended solids (TSS). The TSS concentration was measured 
according to the standard method SS-EN872, which has the status of the European Standard 
EN 872: 1996. This standard specifies a method for determination of TSS by filtration through 
a glass fibre filter. The lower limit of detection is 2 mg/l; no upper limit has been established. 
The concentrations of TSS were determined by immediately filtering the samples through a 
Whatman GF/A filter (Whatman International Ltd., Maidstone,UK). The filter has an average 
nominal pore size of 1.6 μm, a thickness of 0.25 mm, and a rate of filtration of 13 ml/s. The 
filters were weighed before the filtration and subsequently dried and weighed again after the 
filtration to determine the concentration of TSS (EN 872, 1996 and SIS, 1996). Copper and 
zinc concentrations in the intermediate lysimeter were analysed with a plasma mass 
spectrometer (ICP-MS) with detection limits for Cu and Zn of 1 and 4 μg/l, respectively. The 
lead concentrations in the large lysimeter were analysed after addition of ultra pure water (10 
ml) and 3 M sodium acetate pH (200 ml) by differential pulse anodic stripping voltammetry at 
a mercury drop electrode.

SNOWMELT END

MRES

MSM

+

SNOWMELT START

QSMMSW
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RESULTS AND DISCUSSION
Water mass balance
Earlier investigations showed that in melting snowpacks, the pollutant mass balance is greatly 
affected by the water mass balance since water serves as the pollutant vector (Westerlund et 
al., 2007). Subsequently, to improve the understanding of pollutant pathways a water mass 
balance has to be established first as described earlier by Eq. (1). 

To determine the water mass equivalent for the initial snowpack in the small lysimeters
(MSW), the total snow volume and mass of the initial snowpack were measured and the density 
was calculated (Table 1). Due to the size of the intermediate and large scale lysimeters, 
measurements of mass and volume were made only for representative sub-samples taken from 
each lysimeter snowpack, and the density was estimated as an average of the sub-sample
readings. The amount of water left on the plastic sheets after snowmelt, MRES, was considered 
negligible for all the three lysimeters.

Table 1. Snow and snowmelt laboratory experiments: Measured and estimated data
Small1 Medium Large

INITIAL SNOWPACK
Volume (m3) 0.032** 0.83** 202**
Weight (kg) 20** 310* 113,000*
Density (kg/m3) 625* 373* 560*
MSW (m3) 0.020* 0.310* 113*
SNOWMELT
MSM (m3) 0.0202** 0.287** 100**
RESIDUAL
MRES Negligible Negligible Negligible
1 Average of 9 lysimeters
*Calculated 
**Measured

To satisfy the water mass balance, MSW (i.e., the initial snow mass) and MSM (total snowmelt 
mass) are assumed to be about equal, since MRES (residual water mass) and ML , potential 
losses by snow ablation (applicable to the large lysimeter, exposed to open air), were
considered negligible. According to Table 1, MSW was 100, 93 and 88 % of MSW , for the 
small, intermediate and large lysimeters, respectively. There were two sources of errors in the 
measures water mass terms: Water mass measurements by sampling and possible losses due to 
ablation (or other losses), particularly in the case of the large lysimeter. In general, all the 
snowpack parameters in the small lysimeter were measured and any errors should be 
negligibly small. The volume of the intermediate and large lysimeter snowpacks was 
measured, but their density was only sampled and this could be a significant source of error,
in spite of taking good care in density measurements in snow samples. The total mass of 
snowmelt, MSM, was measured fairly accurately using both volumetric and flowrate 
measurements. For all the lysimeters, there was a small risk of leakage, contributing to errors 
in mass balance. However, in the final assessment, the calculated water mass balance was 
considered acceptable for all the three lysimeters and suitable for addressing the pollutant 
mass balances.

Pollutant mass balance
Pollutant mass balance can be expressed as the initial mass of the pollutant PL in bulk snow,
MSWPL, obtained by multiplying the initial snowpack volume by the mean PL concentration in 
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snowpack samples, which should equal the PL mass leaving with snowmelt, MSMPL , plus any 
PL residue left on the lysimeter bottom at the end of the experiment, MRESPL. From the 
measurements of pollutant (TSS and heavy metal) concentrations in the initial snowpack as 
well as continuous measurements and sampling of the snowmelt, mass loads for the specified
pollutants were calculated (Eq.2). For both TSS and heavy metals, the different start 
concentrations of the three lysimeter setups depended on the different origins and the different 
time of collecting the snow. 

MRESPL = MSWPL - MSMPL (2)

TSS
The difference in TSS mass in the initial snow and the snowmelt was assumed to be the 
residual left on the bottom of the lysimeters after all snow has melted. The mass of TSS 
transported by snowmelt represented 3, 3.4 and 4.8% of that in the lysimeter snow, for the 
small, intermediate and large lysimeters, respectively. Consequently, the different initial TSS 
concentrations in snow did not seem to influence the TSS mass transported by snowmelt.
Similar results were reported by Johannessen and Henriksen (1978), who concluded that the 
release of pollutants from snow did not depend on the initial pollutant concentration in snow.
To calculate the TSS mass in the residual, Eq.2 was used and the results are presented in 
Table 2. 

Table 2. TSS concentrations and loads in the bulk snow, snowmelt and residual for the small, 
intermediate and large lysimeters

Small 1 Intermediate Large
INITIAL SNOW
TSS concentration (mg/l) 6567 2000 630
TSS mass (kg) 0.131 0.620 71
SNOWMELT
TSS concentration (mg/l) 200 73 34
TSS mass transported (kg) 0.004 0.021 3.4
RESIDUAL
Calculated residual TSS mass (kg) 0.127* 0.599* 67.6*
Measured (TSS + sediment) residual
mass (kg) 0.547** 3.064** 1870**
1 Average of 9 lysimeters
*Calculated TSS load in the residual
**Measured total solids load in the residual (i.e., TSS plus sediment)

A comparison of the calculated TSS residual mass with the measured mass of total solids in 
the residual (i.e., considering both TSS and sediment), it can be noted that 23% of the total 
solids load was represented by TSS in the small-scale lysimeter and the rest of the particles 
were settleable solids, which had not been suspended during the snowmelt process. The TSS 
percentages of the total solids in the intermediate and large lysimeters were 18 and 4%, 
respectively. It was noted that when preparing samples for TSS analysis, large particles in the 
sample container did not become suspended when stirring the container volume and extracting 
sub-samples for TSS filtration, but remained on the bottom of the sample container. 
Consequently, such coarse particles are not included in the standard method of TSS analysis. 
Thus estimating total solids loads in the initial snow without considering settleable solids may 
lead to significant underestimation of solids loads in urban snow and snowmelt, with potential 
consequences for underestimating the costs of street cleaning/sweeping, and the risk of sewer 
pipe clogging and coarse solids deposits in receiving waters.
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Finally, the data in Table 2 can be used to estimate total solids masses in the initial snow pack, 
by adding the TSS mass in snowmelt (i.e., TSS mass transported by snowmelt) to the mass 
measured in the final residual (i.e., measured [TSS + sediment] residual mass). This 
calculation yielded the total mass of solids in the initial snowpack as 0.551, 3.085 and 1873.4 
kg, for small, intermediate and large lysimeters, respectively. When comparing these values to 
the measured residual mass, the mass of TSS transported by snowmelt is negligible and 
generally represents less than 1% of the total solids load in snow.  

Heavy metals
The same mass balance approach was applied to heavy metal concentrations and loads in the 
intermediate and large scale lysimeters. Copper (Cu) and zinc (Zn) concentrations were 
measured in the intermediate lysimeter and lead (Pb) concentrations in the large lysimeter, in
both, the initial snowpack and during the entire melting process. Furthermore particulate mass 
loads were calculated for all the three metals in the snowmelt runoff (Table 3). The particulate 
load transported by snowmelt from the intermediate scale lysimeter was 7.5% for Cu and 
7.2% for Zn, compared to the initial snow burden. The particulate load percentage for the 
snowmelt runoff from the large lysimeter was 1.7% for Pb. This low percentage of released
lead agrees with the fact that lead is strongly fractionated to solids. As noted earlier for TSS, 
different initial concentrations of metals in snowpack did not seem to influence the heavy 
metal loads transported by snowmelt.

Table 3. Heavy metal concentrations and calculated particle loads in the initial snow, 
snowmelt and residual for the medium and large-scale lysimeters.

Cu Zn Pb
INITIAL SNOW
Metal concentration (μg/l) 210 574 790
Mass in snow (g) 0.065 0.178 89.5
SNOWMELT
Conc. (μg/l) 17.1 44,9 15
Transported mass (g) 0.0049 0.0129 1.5
RESIDUAL
Residual mass (g) 0.0601* 0.1651* 88*
*Calculated particle load in residual

CONCLUSIONS
The TSS mass balance for the small, intermediate and large lysimeters used in this study 
showed that the TSS load transported by snowmelt outflow from the lysimeters was 3, 3.7, 
and 4.8% of the initial TSS load, respectively. Similar estimates for heavy metal releases from 
the lysimeters were 7.5 and 7.2% for Cu and Zn, respectively (observed in the intermediate 
lysimeter experiments) and 1.7% for Pb, in the case of the large lysimeter. Furthermore, the 
loads transported with snowmelt were independent of the initial pollutant concentrations in 
bulk snow for both TSS and heavy metals. It was also noted that the TSS analysis did not 
adequately described the total load of solids contained in bulk snow or in snowmelt runoff.
Thus, estimates of the total solids loads in urban snow based on TSS analysis were 
significantly underestimated, because the TSS analysis generally neglects settleable solids. 
Further studies of analytical methods accounting for all particles sizes in urban snow and 
snowmelt are planned.
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Measuring solids concentrations in urban
stormwater and snowmelt: a new operational
procedure

Kerstin Nordqvist,a Helen Galfi,*a Heléne Österlund,a Jiri Marsalek,b

Camilla Westerlunda and Maria Viklandera

A comparative study of five methods measuring suspended sediment or solid concentrations in water–

sediment mixtures indicated that, depending on the method used, broadly varying results can be

obtained. For water–sediment mixtures containing sand size particles, the standard TSS method

produced negatively biased results, accounting for 0 to 90% of the present solids; the negative bias

directly depended on the magnitude of the sand fraction in the water–sediment mixture. The main

reason for the differences between the TSS and the rest of the methods laid in the handling of samples;

in the former methods, whole samples were analysed, whereas the TSS analysis was performed on sub-

samples withdrawn from the water sample, the withdrawal process tending to exclude large particles.

The methods using whole water–solid samples, rather than aliquots withdrawn from such samples,

produced accurate estimates of solid concentrations, with a fairly good precision. Two whole-sample

methods were studied in detail, a slightly modified standard SSC-B method and the newly proposed

operational procedure referred to as the Multiple Filter Procedure (MFP), using three filters arranged in a

series with decreasing pore sizes (25, 1.6 and 0.45 mm). Both methods assessed accurately

concentrations of solids in a broad range of concentrations (200–8000 mg L�1) and particle sizes

(0.063–4.0 mm). The newly introduced MFP was in good agreement with the SSC procedure, the

differences between the two procedures not exceeding the standard bias defined for the SSC-B method.

The precision of both SSC and MFP was generally better than �10%. Consequently, these methods

should be used when the total mass of transported solids is of interest.

Environmental impact

Urban stormwater and snowmelt studies require careful choices of the constituents and analytical methods for describing mass uxes of solids. In general, the
methods using whole water–solid samples, rather than aliquots withdrawn from such samples, produced accurate estimates of solid concentrations, with a fairly
good precision. Two methods were studied in great detail, the SSC and the newly proposed multiple lter procedure. With minor exceptions, the precision of
both methods was fairly good, generally better than�10%. Consequently, these methods should be used when the total mass of transported solids is of interest,
such as in the case of assessing the performance and maintenance of BMPs (e.g., sedimentation in ponds), maintenance of sewer systems and their appur-
tenances (e.g., solid accumulations in gully pots, or sewer pipes), assessing physical impacts of sediment on receiving waters (e.g., discharge of solids from snow
storage sites), and when assessing mass balances of chemicals carried by solids (e.g., transport of heavy metals and PAHs from highways).

Introduction

Solids are arguably the most important constituents in the
assessment of stormwater quality and impact on both operation
of drainage systems and water quality in the receiving waters.
Occurring in different forms, with respect to size, shape,
structure and specic gravity, and with different chemical or
microbiological properties, stormwater solids have been

attracting the attention of researchers for extended time.2 In
fact, broad characteristics of stormwater solids led to a great
deal of ambiguity in the literature addressing this issue, and
only during the last 14 years or so, the frequency of attempts to
introduce some rigour and proper terminology into this eld
has increased.3,4 In the aquatic environment, solids are distin-
guished with respect to their transport, which occurs in three
modes, as bed load, or suspended load, or dissolved load.
Each category has different implications for stormwater
management.

Bed load carries larger sediment particles (i.e., medium size
sand and larger) that are transported along the stream or
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channel bottom, or sewer pipe invert. While such coarse parti-
cles may have minimal effects on water quality processes in the
water column, they are of imminent interest with respect to the
performance of stormwater Best Management Practices (BMPs,
also known as SUDS or LID practices) in removal of solids, and
operation of drainage systems concerning blockage of convey-
ance elements, or reduction of water and sediment storage
volumes in ponds, sewers and sediment traps.

Suspended loads comprise solid particles transported in a
suspension, and in the literature, such solids are referred to by
two terms: (1) total suspended solids and the associated terms,5

and (2) suspended sediment.1 The former term refers to the
class solids determined by the well-established analytical
method, TSS, described e.g. in the standard methods, or in a
similar Swedish method SS-EN 872.6 Suspended solids repre-
sent a water quality constituent, which inuences water quality
processes in the water column (interference with photosyn-
thesis), impacts on aquatic habitats (blanketing of gravel
substrates where sh spawn, rear their young and where algal
and invertebrate food sources live; lling up of pools where sh
feed, take refuge from predators and rest, or space between
gravel grains or wooden debris), exerts direct effects on aquatic
organism (e.g., abrasion of gills), reduces visibility for catching
food or avoiding predators, and transports hydrophobic
pollutants.7 Thus, the potential impacts of suspended solids on
water quality and shery resources are particularly
signicant.7–9

The term suspended solids implies some range of sizes, with
laboratory samples restricted to a nominal size range 1.5 or 1.6
mm # D # 2 mm, where the lower end is approximated by the
size of openings of the lter used in sample ltration (note the
smaller value is stipulated in the standard methods, the higher
one is used in the Swedish method) and the upper limit corre-
sponds to the mesh openings of sieves used to screen samples.

On the other hand, coarser components of suspended sedi-
ment settle out of suspension, and therefore are less important
for water column processes, but remain highly important for
mass balances and volumetric considerations of lling up of
stormwater conveyance elements or storage space. Suspended
sediment is determined by extracting all the sediment material
from the sample, regardless of the particle size.1 As such, it is an
important constituent when assessing operation of various
BMPs (e.g., inltration and ltration measures, oil/grit separa-
tors), or assessing blockage of ow cross-sections or lling
up of storage volumes in stormwater management facilities
(e.g., ponds).

Total dissolved solids (TDS) are also of interest in stormwater
management, particularly in cold climate countries where road
salts are applied in winter road maintenance and contribute to
extreme TDS values. The TDS constituent measures the
combined content of inorganic and organic substances present
in ionized or suspended micro-granular form, and it generally
serves as an aggregate indicator of the presence of an array of
contaminants. TDS can be inexpensively continuously
measured by water quality probes using the well-known rela-
tionship between TDS and water conductivity.5

Focusing attention on suspended solids, the accuracy of
their measurement is of interest in certain aspects of storm-
water management, including (a) aquatic habitat protection –

some authorities specify ambient solid concentrations induced
by effluent discharges as not exceeding the background levels by
more than 10–25 mg L�1, depending on ow characteristics,11

and (b) in assessing contaminant transport (i.e., the suspended
load)12 or contaminant immobilization by deposition in trans-
port elements and storage (e.g., in stormwater ponds).13

Concerning the chemistry, suspended solid origin is of
utmost importance, as particularly well documented for solids
originating from snowmelt and runoff from roads and traffic
corridors. Indeed, runoff and snowmelt from roads and high-
ways oen contain major loads of contaminants, including
particulates, heavy metals, bacteria, salts, and organic
compounds originating from such anthropogenic activities, as
traffic, vehicle component wear, uid leakage, tire and pave-
ment wear, corrosion, local atmospheric deposition and
debris.14–17 With respect to conditions in cold climate countries,
the choice of snow handling practices also affects the quality of
runoff, snowmelt and associated sediment, particularly where
anti-skid materials are applied.18,19 Recognizing the difficulties
with assessing the bioavailability of chemicals in solids, their
potential toxic effects are sometimes assessed by direct toxicity
measurements either in situ, or on samples in the laboratory.20

Thus, the importance of accurate, precise and standardized
measurements of solids in stormwater cannot be under-
estimated.21 In Sweden, the most common method for
measuring suspended particles in aquatic environments is the
conventional TSS method SS-EN 872:2005, which is used to
determine suspended solids in all types of natural or anthro-
pogenically impacted waters, including the wastewater. The
method is commonly used by municipal and commercial
laboratories, as well as by university laboratories engaged in
stormwater research. The earlier comparisons of analytical
methods for suspended sediment (SSC) and suspended solids
(TSS) in natural water samples by Gray et al. and in articial
stormwater samples by Clark and Siu showed that the TSS
method gave a noticeably lower concentration than SSC.3,4

Furthermore, practical implications of such differences were
noted in Westerlund's studies of urban snowmelt,22 in which
particle pathways were assessed through mass balances of
suspended solid load. The calculated particle mass balance
indicated that the measured solid load was noticeably lower
than the measured total particle load.

Underestimation of total particle concentrations by TSS
methods and the need to improve the accuracy of determina-
tion of total particle concentrations in urban snow, snowmelt,
and stormwater provided motivation for investigating the suit-
ability and accuracy of ve analytical methods for measurement
of solids. Specically, a new operational procedure, referred to
as the Multiple Filter Procedure (MFP), was investigated and
compared to the four existing methods: Swedish TSS method
and three SSC Methods designated by letters A–C.1,6 Thus, the
main objective of this research was to investigate the feasibility
of using MFP (still under development) in urban runoff studies
and compare its accuracy to the conventional methods.
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Experimental methods and procedures
Analytical methods

Suspended solids in raw waters, wastewaters and effluents are
conventionally determined by sample ltration through a glass
microbre lter, as described in the TSS method EN 872:2005.
In this method, a well-mixed aliquot of a known volume
measured by a graduated cylinder is withdrawn from the
sample bottle, placed in the ltration apparatus, and ltered
using vacuum or pressure to expedite ltration through a pre-
dried glass microbre lter with an average pore size of 1.6 mm
(Whatman GF/A glass microbre lter). The sample volumes
used in this study varied between 25 and 100 mL; the lter with
residue was dried at 105� 2 �C, and weighed using an analytical
balance (Sartorius MC1 digital analytical balance, precision
0.01 mg), and the residue mass on the lter was determined.
According to EN 872:2005, the lower limit of the TSS determi-
nation is about 2 mg L�1, but no upper limit is specied.

The standard test method for determining sediment
concentrations in water samples, SSC, includes three different
methods: evaporation, ltration, and wet-sieving-ltration.1 The
choice of method depends on the initial concentration of
sediment in the samples measured. The ASTM method is
applicable to the determination of sediment concentrations in
water and wastewater samples collected from lakes, reservoirs,
ponds, streams, and other water bodies. Compared to the TSS
method, which uses a sample aliquot, the principal difference
of the three SSC methods is that the whole sample is analysed.
Further details of the three SSC methods follow.

SSC method A. Evaporation is used only with sediments that
settle by gravity. The sample is allowed to settle for a period of
up to 14 days (decided from visual inspection, in this study 1
day was determined to be sufficient), and aer the sediment has
settled, most of the supernatant water is poured out or
siphoned away. TDS in the remaining volume of the water–
sediment mixture is measured and a correction for TDS is
applied later. The sediment and an aliquot of the water–sedi-
ment mixture are then dried and weighed.

SSC method B. Filtration is used only for samples containing
clay and sand concentrations of less than approximately 200
and 10 000 ppm, respectively. In this method, the sample con-
sisting of sediment and dissolved solids is weighed and then
ltered through a glass bre lter with a pore size of 1.5 mm
using porcelain or borosilicate glass crucibles with fritted glass
bases. Departing slightly from the standard test, in this study,
pre-driedWhatman GF/A glass microbre lters with a pore size
of 1.6 mmwere used instead of the 1.5 mm lter. By doing so, the
lters used were the same (including the pore size) as those
used in the TSS analysis. The crucibles and sediment were then
dried and weighed.

SSC method C. Wet-sieving-ltration covers the concentra-
tion measurements of two particle-size fractions, sand-size
particles and a fraction combining silt and clay size particles.
This test method is recommended for use when large samples
must be collected in the eld, but only small sub-samples can
be shipped back to the laboratory. The principle of SSC-C is to

sieve the sample through a sieve with a 62 or 63 mm mesh. The
mass analysis includes the entire coarse fraction (i.e., the lter
residue), but only a small, measured aliquot of the ne fraction
passing through the sieve. The coarse fraction from the sieve is
dried and weighed, and the aliquot is analysed using the SSC
Methods A or B, i.e., the evaporation or ltration methods.

The newly proposed multiple lter procedure was tested for
determining solid particle concentrations in urban runoff. In
MFP, the whole sample is vacuum ltered through a battery of
three dried and pre-weighed lters, installed in a series, with
decreasing pore sizes: 25, 1.6 and 0.45 mm, respectively. The top
two lters, with pore sizes of 25 and 1.6 mm, respectively, were
used to avoid clogging of the 0.45 mm lter. Since the dissolved
solid fraction is quantied by particle sizes below 0.45 mm, the
0.45 mm lter was used to retain all particulate matter in
suspension. Aer nishing vacuum ltration, lters were dried
at 105 � 2 �C and the mass of the residues on the lters was
determined by weighing using the same equipment as specied
before.

None of the methods (procedures) include pre-screening as a
part of the standard procedure, but large debris is commonly
removed before analysis.

Preparation of water–sediment mixture samples

To investigate the attributes of the above listed methods, three
sets of water–sediment mixtures were prepared with properties
mimicking those of stormwater or snowmelt samples. In
mixture preparation, special attention was paid to using parti-
cles from an actual drainage system, and adjusting particle
concentrations and size distributions to cover a broad range of
conditions typical for eld studies of urban snow, snowmelt,
and stormwater. The source of sediment was a gully pot (catch
basin) in the central part of the City of Luleå, Sweden (pop-
ulation of 70 000 inh., coordinates: 65�360N, 22�90E). Such
sediment of mineral origin, with very low organic content and
low tendency to occulate, was washed and sieved, and then
used to prepare water–sediment mixtures with various proper-
ties. Two different sediment size distributions were produced:
mixtures with high amounts of large particles (as noted in the
gully pot particle size distribution graph) and mixtures with
high amounts of small particles (i.e., using a particle size
distribution similar to that used by Clark and Siu).4 Both
distributions are presented in Fig. 1.

Fig. 1 Particle size distributions selected for analytical methods
testing.
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The rst set of water–sediment samples was designed to
contain high amounts of large particles with total concentra-
tions of 4000 and 8000 mg L�1, respectively. Before mixing the
sediment with tap water, the washed sediment fractions were
combined according to the size distribution in Fig. 1 and then
split into representative subsamples, using the procedure rec-
ommended by Gerlach and Nocerino.23 Finally, the sediment
subsamples were each mixed with 300 mL of tap water, to
prepare water–sediment samples with solid concentrations of
4000 and 8000 mg L�1, respectively. For both concentration
levels and all analytical methods applied (SSC-A, B, C, MFP and
TSS), ve samples were prepared amounting to the total of 50
samples.

The second set of samples was designed with high amounts
of small particles and the upper particle size limit of 1 mm.
Using a procedure similar to the above, appropriate weights of
various particle size fractions were prepared andmixed with 300
mL of tap water. Five size fractions were used: <0.063 mm (45%
of the total); 0.063–0.125 mm (20%); 0.125–0.250 mm (25%);
0.250–0.500 mm (5%); and, 0.500–1.0 mm (5%; see Fig. 1). The
target concentrations in water–sediment mixture samples were
set to 200, 400, 600, 800, 1000, 2000, 4000 and 8000 mg L�1,
respectively. To reduce surface tension, and produce homoge-
neous samples and prevent occulation, particles were
dispersed in tap water by adding 0.05 g L�1 SDS (sodium
dodecyl sulphate) to each sample and placing it in an ultrasonic
bath for 5 minutes. Three of the analytical methods, TSS, SSC-B
and MFP, were selected and tested at the eight concentration
levels and ve samples for every setting were prepared, resulting
in a total of 120 samples.

In the third set of samples, relatively coarse sediments were
also added (i.e., 1 < D < 4 mm) and specic size distributions
were prepared by combining seven particle size fractions:
<0.063, 0.063–0.125, 0.125–0.25, 0.25–0.5, 0.5–1, 1–2, and 2–4
mm of washed sediment from gully pots with 300 mL of tap
water. The preset nominal concentrations were chosen as 1000
and 4000 mg L�1, which are commonly found in urban snow-
melt and bulk snow samples from storage sites.18,24 For each of
the two concentrations, 1000 and 4000 mg L�1, and seven
fractions, and three analytical methods (SSC–B, MFP and TSS)
ve samples were analysed summing up to 210 samples.

Statistical agreement between the standard methods and the
newly introduced procedure

The MFP results were further compared to those of the SSC-B
standardized method and the agreement between the two
procedures was statistically evaluated.

The analysis of agreement between MFP and SSC-B was
assessed by the Limits of Agreement (LoA) method, introduced
by Bland and Altman.25,26 The aim of the LoA analysis was to test
how much the newly introduced MFP was likely to differ from
the standard method (SSC-B). According to LoA, measurements
of the same quantities, by MFP and SSC-B, were compared and
the mean differences, �1.96 standard deviation, were used to
construct the upper and lower 95% condence limits of agree-
ment between the two procedures. The initial solid

concentrations were determined by analysing ve replicates per
concentration or particle size range, recognizing that the initial
concentrations would vary slightly for individual samples,
because of uncertainties related to solid weighing procedures.
Hence from each individual measurement the difference in
percentage between initial and measured concentrations has
been used for the statistical assessment of the agreement
between the two methods. For a comparable case, Bland and
Altman evaluated LoA for multiple observations per subject/
category where the true value varies by calculating two different
variances: (a) the variance for repeated differences between the
two methods on the same subject/category and (b) the variance
for the differences between the averages of the two methods
across subjects.26 The rst variation component was calculated
by one-way ANOVA using the differences between the methods
as a response. The estimated variance for repeated differences
between the two methods in the same category was the
residual mean square error. The other variation component was
calculated by the difference between mean squares for
subjects and the residual mean square, divided by a value
depending on the numbers of observations in each category.
The equation

X
mi

� �2

�
X

mi
2

ðn� 1Þ
X

mi

consisted of n as a number of categories and as the total number
of observations. Finally the total variance for single differences
on different subjects was estimated by the square root of the
sum of the two variation components.

Results and discussion

Study results are presented for all the ve analytical methods
applied, in three tables and three gures, displaying results for
sample sets with high amounts of large particles, high amounts
of small particles, and specic particle size distributions.

Effect of concentrations

Particle concentrations measured in the sample set with high
amounts of large particles using ve different analytical proce-
dures, TSS, MFP, and SSC-A, B and C, are presented in Table 1.

The results in Table 1 can be interpreted with respect to the
basic measurement properties: the accuracy and the precision
(the latter term is also known as reproducibility or repeat-
ability). While the accuracy is an indication of the closeness of
the measured value to its actual value, the precision indicates
how well the measurements can be repeated. In this study, the
accuracy was assessed by comparing the initial (i.e. preset)
concentrations determined fairly accurately against the
measured ones. The accuracy of the pre-set (referred to as
“initial”) concentrations is determined by the accuracy of
sediment weighing (specied earlier) and measuring the
sample volume using a graduated cylinder.

Aer excluding the TSS results (obviously TSS is not a good
procedure for these samples with high percentages of coarse

This journal is © The Royal Society of Chemistry 2014 Environ. Sci.: Processes Impacts, 2014, 16, 2172–2183 | 2175

Paper Environmental Science: Processes & Impacts



particles) and combining results for both nominal concentra-
tions, the mean value of the ratio of mean MC/IC for the four
methods and two nominal concentrations in Table 1 was 0.99 (N
¼ 8), which indicates a high level of accuracy. The precision was
assessed here by the coefficient of variation (CV [%]), ranging
from 6.7 to 31%, with the higher values noted for SSC-A and
MFP. However, high CVs do not indicate the reduced accuracy,
particularly because CVs were very similar for the initial and
measured concentrations, for all the methods and concentra-
tions listed in Table 1. High CV values were most likely caused
by individual weighing and mixing stormwater solids for each
sub-sample. On the other hand, the CV value for measured TSS
(7.5%) is acceptable, even though the measured particle
concentration is much lower than the initial one (representing
about 10% of the initial value). Consequently, a good precision
does not imply high accuracy. Examination of the MC/IC ratios
for both nominal concentrations did not show any differences.
Since SSC-A, SSC-B, SSC-C and MFP yielded comparable and
accurate results, only one of the SSC methods, method B, was
used in further experimentation to conserve resources and
because the SSC-B sample processing, by ltration, is similar to
the TSS and MFP. Recognizing that in this case, the initial
concentrations for the three methods differed by less than
0.5%, mean initial values for the eight nominal concentrations
were used.

The results from the second set of water–sediment mixtures,
with high amounts of small particles (<1 mm), are presented in
Table 2. As noted for the rst set, the initial and measured
concentrations for SSC-B and MFP were very similar, indicating
good accuracies of both methods. The precision of both
methods, measured by the coefficient of variation (CV) for the
initial and measured particle concentrations for the SSC and
MFM, was better than 2% for all concentrations, except the
lowest one (200 mg L�1). It was noted that samples with low
concentrations generally yielded higher CV values. As in the
previous set, TSS again yielded much lower measured concen-
trations than the initial ones, and also signicantly lower
precisions indicated by higher CVs implying larger measure-
ment uncertainties.

The data presented in Tables 1 and 2 are also plotted in
Fig. 2, with the calculated initial concentrations (i.e., the mass
of particles added to 300 mL of water) plotted on the x-axis and

the concentrations measured by three procedures, SSC-B, MFP
and TSS, plotted on the Y-axis. For distributions with high
proportion of coarse particles, only two nominal concentra-
tions, 4000 and 8000 mg L�1, were studied and the results
(6 points) are plotted as individual symbols in Fig. 2. For
experiments with samples with high proportions of ne parti-
cles, eight concentrations were applied and the corresponding
symbols in Fig. 2 are emphasized by added three trend lines,
two of which coincide (SSC-B andMFP). Recognizing that in this
case, the initial concentrations for the three methods differed
by less than 0.5%, mean initial values for the eight nominal
concentrations were used.

A number of inferences can be made from Fig. 2. Firstly, with
respect to coarse particle samples, both SSC-B and MFP per-
formed well and produced measurements very close to the
initial concentration (square symbols in Fig. 2), for both
concentrations studied (4000 and 8000 mg L�1). On the other
hand, TSS produced values representing about 10% of the
initial concentrations. For the distributions dominated by ne
particles (as dened in Fig. 1), the basic trends remained the
same. Again, the concentrations measured by SSC-B and MFP
were practically identical to the initial concentrations, but the
TSS method measured lower concentrations, which amounted
to about one third of the initial ones, for all concentrations.
Thus, SSC-B and MFP are well suited for measuring concen-
trations of solids in whole samples for both coarse and ne
particle dominated distributions, regardless of concentrations.
On the other hand, TSS would underestimate the initial
concentrations by a wide margin, 3 to 10 times, with the smaller
underestimation applying to ne particle samples and the large
one to coarse particle samples.

The roles of ne and coarse particles in the method perfor-
mance were further assessed in the next series of experiments,
using seven particle size fractions (ranging from <0.063 to
<4 mm) and assessing their inuence on the measured
concentrations.

Limits of agreement between SSC-B and MFP for different
concentration ranges

For all the 10 concentration levels, including samples with high
amounts of large or small particles (Tables 1 and 2), the limits of
agreement have been estimated, assuming that variances are

Table 1 Target (TC), initial (IC) andmeasured (MC) particle concentrations (mg L�1) and CVs (%) for samples with high amounts of large particles.
The data in the table are mean values for sets of 5 samples for each concentration and the method of analysis

Method SSC-A SSC-B SSC-C MFP TSS

TC. (mg L�1) IC MC IC MC IC MC IC MC IC MC

4000
Mean � CV (%) 4057 � 19 4122 � 20 3974 � 9.1 3578 � 9.3 3874 � 11 3954 � 9.6 3622 � 31 3606 � 31 3601 � 6.7 409 � 7.5
Min–max 3066–5117 3035–5123 3594–4455 3578–4458 3379–4219 3463–4252 1915–4624 1884–4620 3401–3876 384–459

8000
Mean � CV (%) 7528 � 15 7502 � 15 6696 � 8.0 6650 � 8.1 6596 � 10 6594 � 10 8967 � 9.8 8937 � 10 8655 � 8.8 830 � 12
Min–max 6481–9358 6384–9412 6109–7493 6053–7436 5614–7273 5585–7276 7582–9865 7561–9889 7778–9691 738–970
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the same across all the different concentrations. The replicates
for each concentration range have been scattered around the
estimated “true value” of each concentration (Fig. 3).

It can be surmised from Fig. 3 that the SSC-B-method yielded
slightly higher recoveries than MFP, since the mean (SSC-B–
MFP) >0. The 95% limits of agreement calculated for percentual

Table 2 Target (TC), initial (IC) andmeasured (MC) particle concentrations (mg L�1) and CVs (%) for samples with high amounts of small particles.
The data in the table are mean values for sets of 5 samples for each concentration and the method of analysis

Method SSC-B MFP TSS

TC. (mg L�1) IC MC IC MC IC MC

200
Mean � CV (%) 202 � 1.4 198 � 2.9 201 � 0.94 189 � 4.2 202 � 1.1 67 � 9.5
Min–max 198–205 189–204 199–204 177–196 199–204 56–71

400
Mean � CV (%) 399 � 0.50 396 � 1.3 401 � 0.81 400 � 0.90 399 � 0.84 182 � 2.0
Min–max 397–402 389–401 398–406 394–403 394–402 177–186

600
Mean � CV (%) 603 � 0.50 582 � 1.7 600 � 0.52 586 � 1.3 598 � 0.59 257 � 6.1
Min–max 595–603 566–592 596–604 578–596 594–602 239–276

800
Mean � CV (%) 800 � 0.66 782 � 1.3 801 � 0.31 773 � 0.67 802 � 0.24 348 � 7.0
Min–max 791–804 771–794 798–805 766–779 799–804 324–386

1000
Mean � CV (%) 997 � 0.35 985 � 0.45 996 � 0.52 980 � 0.86 990 � 1.3 402 � 4.2
Min–max 994–1002 979–990 987–1000 971–989 968–1000 384–427

2000
Mean � CV (%) 1981 � 0.50 1957 � 0.63 1987 � 0.36 1955 � 0.46 1987 � 1.3 732 � 13
Min–max 1968–1989 1941–1972 1975–1992 1943–1967 1944–2009 623–879

4000
Mean � CV (%) 3956 � 1.9 3936 � 1.9 3991 � 0.18 3964 � 0.30 3988 � 0.33 1382 � 9.6
Min–max 3822–4002 3808–3981 3982–4000 3950–3981 3972–4002 1242–1524

8000
Mean � CV (%) 7972 � 0.45 7933 � 0.48 7947 � 0.83 7878 � 1.4 7949 � 0.82 3052 � 4.6
Min–max 7927–8001 7890–7982 7860–8001 7752–8001 7833–7985 2864–3210

Fig. 2 Particle concentrations measured by three methods (SSC-B,
MFP, TSS) vs. the initial calculated concentrations.

Fig. 3 (SSC-B)–(MFP) differences of paired observations vs. pair
observation averages between SSC-B and MFP with 95% limits of
agreement for solids recovery in % summarized for samples with all
concentration ranges.
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differences between the two methods were within the band
between �3.7 and 4.8; thus, the solids recovery, in percent, by
the SSC-B can be estimated between 3.7% less than MFP and
4.8% greater.

Experiments with particle size distributions extended to 4 mm
(based on seven size fractions)

The results obtained for specic size distributions based on
seven size fractions, including particles with 1 < D < 4 mm, and
produced for two nominal concentrations of 1000 and 4000 mg
L�1, respectively, are listed in Table 3 and plotted in Fig. 4 and 5.

The main purpose of this experimental series was to follow
individual particle size fractions through the measurement
process and demonstrate fast reduction in the ability of the TSS
method to measure particles as their size increases and they fall
out of the suspension.

The results shown in Fig. 4 and 5, for initial concentrations
of 1000 and 4000 mg L�1, respectively, indicate that SSC-B and
MFP were equally effective in reproducing both initial concen-
trations, but TSS was adequate just for the nest particles

(<0.063 mm; i.e., silt and clay), when it measured about 90% of
the particles present in the initial mixture, for both nominal
concentrations. With increasing particle diameters, the TSS
measurements rapidly dropped to 1% of the initial concentra-
tion for samples with particle sizes between 0.25 and 0.5 mm,
and for even larger particles, the measured mean concentra-
tions were below the detection limit.

Both SSC-B and MFP retained very good precision, described
by CV values ranging from 2 to 9%, for the initial concentration
of 1000 mg L�1 and 1–2.5% for the higher concentration of 4000
mg L�1. For this higher concentration, again TSS under-esti-
mated the particles present in the water–particle mixture and
also suffered from low precision described by CVs as high as
98%.

Limits of agreement between SSC-B and MFP for different
particle size ranges

As described previously, the LoA method was applied to
compare SSC-B and MFM for different particle size ranges. The
95% condence limits of agreement found for the total obser-
vations for all particle size distribution ranges (Table 3) have
been estimated to be from �1.9 to 3.3 for (SSC-B–MFP) (Fig. 6).
Thus the solids recovery by SSC-B, in percent, was estimated to
be between 1.9% smaller than MFP and 3.3% greater.

The limits of agreement calculated from samples in different
particle size classes were in closer agreement with a more
robust variance between the methods than those calculated for
the different concentration ranges, since the total number of
pairs compared was higher in the second dataset. However the
calculated limits were in agreement with the limits of the
former dataset, since most of the provided differences were
within the calculated range.

The study results clearly demonstrate the importance of
choosing the right constituent and analytical method/proce-
dure when examining solids in stormwater and snowmelt
studies. When issues of total mass of solids are addressed,
which is, for example, the case of assessing the performance of
BMPs, or mass balances of solids bound constituents, or
maintenance of BMPs and sewer systems, it is important to
account for all solids, regardless of their size. Under such
circumstances, any of the SSC methods, and particularly SSC-B,
or the newly proposed MFP, should be used. The results pre-
sented here showed that SSC-B and MFP produced similar
measured concentrations, within �6% of the mean initial
(calculated) concentrations, regardless of the concentration
(within the range from 200 to 4000 mg L�1) or particle size
distributions. This value, �6%, can be considered as the
measure of accuracy for both methods. Furthermore the limits
of agreement between the two methods were evaluated. Since
the upper and lower limits of agreement are only an estimate of
the deviation ranges about the mean, higher number of pairs
yielding higher accuracies and more narrow limits, acceptable
limits between the standard method SSC-B and the newly
introduced MFP have to be dened according to the allowed
deviations (biases) from the mean. Since the bias of the newly
introduced MFP is unknown, the limits of agreement for the

Fig. 4 Particle concentrations measured by SSC-B, MFP and TSS for
various fraction sizes (the mean initial concentration ¼ 1033 mg L�1).

Fig. 5 Particle concentrations measured by SSC-B, MFP and TSS for
various fraction sizes (the mean initial concentration ¼ 4034 mg L�1).

2178 | Environ. Sci.: Processes Impacts, 2014, 16, 2172–2183 This journal is © The Royal Society of Chemistry 2014

Environmental Science: Processes & Impacts Paper



T
ab

le
3

In
it
ia
l(
IC
)a
n
d
m
e
as
u
re
d
(M

C
)p

ar
ti
cl
e
co

n
ce

n
tr
at
io
n
s
(m

g
L�

1 )
an

d
C
V
s
(%

)f
o
r
sa
m
p
le
s
w
it
h
d
iff
e
re
n
tp

ar
ti
cl
e
si
ze

s.
T
h
e
va
lu
e
s
lis
te
d
ar
e
m
e
an

va
lu
e
s
e
st
im

at
e
d
fr
o
m

5
sa
m
p
le
s
fo
r
e
ac

h
co

n
ce

n
tr
at
io
n
an

d
an

al
yt
ic
al

m
e
th
o
d

10
00

m
g
L�

1
40

00
m
g
L�

1

M
et
h
od

SS
C
-B

M
FP

T
SS

SS
C
-B

M
FP

T
SS

Si
ze

(m
m
)

IC
M
C

IC
M
C

IC
M
C

IC
M
C

IC
M
C

IC
M
C

<0
.0
63

M
ea
n
�

C
V
(%

)
10

36
�

6.
0

10
27

�
6.
0

10
50

�
3.
4

10
34

�
3.
0

10
29

�
7.
2

91
8
�

11
40

41
�

1.
5

40
17

�
1.
5

40
30

�
1.
2

39
89

�
1.
2

40
48

�
1.
1

37
19

�
1.
2

M
in
–m

ax
97

2–
11

31
96

5–
11

21
98

9–
10

82
98

0–
10

53
95

7–
11

45
77

0–
10

42
39

77
–4
10

6
39

57
–4
08

6
39

92
–4
08

7
39

49
–4
04

7
39

93
–4
12

0
36

72
–3
78

7

<0
.1
25

M
ea
n
�

C
V
(%

)
10

18
�

2.
7

10
17

�
2.
0

10
31

�
6.
8

10
20

�
6.
2

10
38

�
4.
9

27
4
�

50
40

12
�

0.
93

40
15

�
1.
2

40
22

�
1.
5

40
00

�
1.
5

40
41

�
1.
6

19
05

�
8.
2

M
in
–m

ax
98

8–
10

54
98

7–
10

51
99

6–
11

58
98

7–
11

33
10

00
–1
11

4
16

6–
49

8
39

66
–4
06

7
39

82
–4
10

1
39

69
–4
09

3
39

40
–4
07

5
39

73
–4
12

8
17

09
–2
11

7

<0
.2
50

M
ea
n
�

C
V
(%

)
10

30
�

3.
6

10
31

�
3.
6

10
23

�
2.
6

10
03

�
2.
8

10
19

�
3.
7

20
0
�

43
40

22
�

0.
75

40
00

�
1.
0

40
45

�
1.
2

40
09

�
1.
0

39
88

�
0.
80

80
9
�

20
M
in
–m

ax
99

6–
10

72
99

4–
10

84
99

3–
10

54
96

9–
10

46
98

2–
10

76
86

–2
72

39
89

–4
07

1
39

54
–4
06

4
39

91
–4
09

4
39

59
–4
05

7
39

54
–4
03

0
65

1–
10

69

<0
.5

M
ea
n
�

C
V
(%

)
10

58
�

3.
4

10
59

�
3.
3

10
32

�
2.
6

10
23

�
2.
5

10
60

�
2.
6

11
�

47
40

50
�

1.
8

40
44

�
1.
7

40
35

�
1.
1

40
24

�
1.
5

40
64

�
1.
5

0.
04

2
�

26
M
in
–m

ax
10

15
–1
09

4
10

16
– 1
09

5
10

03
–1
06

9
99

8–
10

61
10

22
–1
10

0
5–
18

39
72

–4
14

0
39

72
–4
14

1
39

85
–4
10

7
39

60
–4
12

2
39

96
–4
14

3
0.
02

8–
0.
05

8

<1 M
ea
n
�

C
V
%

10
62

�
8.
9

10
63

�
9.
1

10
60

�
8.
6

10
56

�
8.
1

10
49

�
4.
5

<2
�a

39
99

�
1.
1

40
03

�
0.
97

40
33

�
1.
5

40
22

�
1.
5

40
67

�
1.
9

4
�

98
M
in
–m

ax
96

2–
11

94
96

1–
11

96
97

3–
12

11
97

8–
11

99
10

20
–1
03

2
<2

–4
39

49
–4
06

2
39

67
–4
06

2
39

52
–4
09

9
39

43
–4
08

0
39

74
–4
15

5
<2

–1
0

<2 M
ea
n
�

C
V
(%

)
10

01
�

4.
1

10
03

�
4.
0

10
12

�
2.
6

10
11

�
2.
5

98
3
�

4.
6

<2
�a

40
36

�
1.
7

40
53

�
1.
9

40
35

�
1.
4

40
37

�
2.
5

40
32

�
2.
1

<2
�a

M
in
–m

ax
95

7–
10

66
96

0–
10

67
99

4–
10

60
99

3–
10

55
94

1–
10

58
<2

39
65

–4
13

6
39

73
–4
17

4
39

80
–4
12

1
39

09
–4
19

1
39

73
–4
17

5
<2

<4 M
ea
n
�

C
V
(%

)
10

43
�

9.
0

10
56

�
8.
2

10
20

�
8.
0

10
23

�
8.
0

10
38

�
1.
9

<2
�a

40
23

�
0.
65

40
34

�
0.
61

40
32

�
1.
3

40
42

�
1.
2

40
68

�
0.
99

<2
�a

M
in
–m

ax
92

8–
11

90
96

2–
11

95
93

5–
11

41
93

8–
11

43
10

18
–1
06

3
<2

40
04

–4
06

6
40

06
–4
07

1
39

69
–4
08

8
39

92
–4
09

3
40

14
–4
11

1
<2

a
T
h
e
C
V
co
ul
d
n
ot

be
ca
lc
ul
at
ed

be
ca
us

e
th
e
co
n
ce
n
tr
at
io
n
w
as

be
lo
w
th
e
de

te
ct
io
n
li
m
it
.

This journal is © The Royal Society of Chemistry 2014 Environ. Sci.: Processes Impacts, 2014, 16, 2172–2183 | 2179

Paper Environmental Science: Processes & Impacts



two methods can be compared to the SSC-B standard method
average systematic error, or the bias of the test method reported
in ASTM.1

The bias for the SSC-B method has been determined to be
9% at the 100 mg L�1 concentration level and 3.9% at the 1000
mg L�1 level. The tested dataset in this study comprised of solid
concentrations between 200 and 8000 mg L�1. Thus the
expected bias for solids recovered by SSC-B is estimated
between 3.9 and 9%. The 95% limits of agreement about the
mean for the two methods have been calculated for the rst
dataset to be between �3.7% and 4.8% and for the second
dataset between �1.9 and 3.3 that ts well with the 9% bias
yielded by the SSC-B method. Thus solid concentrations
measured by SSC-B and MFP yielded comparable results within
an acceptable limit of variation.

The newly introduced MFP is a combination and improve-
ment of the existing standard procedures, including whole
water sample analysis and the use of multiple lters with
decreasing pore sizes that reduce lter clogging. The top two
lters, with pore sizes of 25 and 1.6 mm, respectively are used to
avoid clogging of the 0.45 mm lter. Thus, stormwater samples
with high solid concentrations are quicker to analyse, due to
reduced clogging, and even small particles are retained by the
0.45 mm lter.

Comparison of the TSS method with SSC and MFP

By comparison, the conventional TSS analysis gave poor results
when comparing the initial particle concentrations with the
measured ones; i.e. only 10–40% of initial particle mass was
measured by the TSS analysis, whenever the water–sediment
mixture contained sand, or even larger particles. These ndings
agree with previous results presented by Gray et al. and Clark
and Siu, who reported lower TSS concentrations than SSC.3,4

The lower values corresponded to samples with high propor-
tions of coarser particles, the higher values corresponded to the
samples with high proportions of ne particles. Thus, the

samples containing a higher proportion of large particles
produced more negatively biased results than the samples with
a higher amount of small particles (see Fig. 3 and 4). The main
reason for differences between SSC and MFP and the TSS
method is the handling of samples. In SSC-B and MFM, whole
samples are analysed, whereas the TSS analysis is performed on
sub-sample aliquots withdrawn from the sample. The TSS
sample-splitting technique signicantly inuences the results
obtained for samples with coarser solids, which tend to stay in
the sample bottle during sub-sampling. This was observed
visually; when applying the shake-and-pour procedure, the
largest particles tended to slide along the bottle bottom and
were not transferred into sub-samples. For the range of particle
concentrations and size distributions studied, the TSS method
underestimated the particle concentrations and suffered from
high uncertainties when samples contained particles larger
than 0.063 mm (i.e., particles in the sand and gravel operational
categories). These results agree with the previous study of Clark
and Siu who compared analytical methods for measuring solid
concentrations in stormwater runoff and showed that the TSS
“shake-and-pour” procedure yields noticeably lower concen-
trations when the samples contained sand particles (opera-
tionally dened by sizes 0.063–2.0 mm).4 In the previous study,
Gray et al. showed that the TSS (SM Method 2540 D) and SSC
methods yielded similar results when most of the particles were
smaller than 62 mm, and the difference between SSC and TSS
results increased when samples contained more sand than 25%
of the particle mass in the sample.3

Accurate assessment of contaminant burdens in particles of
all sizes is particularly important in studies of contaminants
accumulating on catchment surface during dry weather, such as
dust and dirt accumulations on street pavements. Pitt and Amy
and Woodward-Clyde indicated that half of the heavy metal
burdens found in street sediments were associated with particle
sizes between 60 and 200 mm, and 75% were associated with
particle sizes smaller than 500 mm.27,28 The highest concentra-
tions of copper, zinc, and phosphorus were associated with
sediment particle sizes between 74 and 250 mm.29,30 Similarly,
Marsalek et al.'s study of highway runoff indicated that while
runoff solids <0.045 mm produced metal concentrations
exceeding those in complete samples (D < 2 mm) 1.3 to 2.3
times, this very ne fraction was negligible in estimating the
total metal burden in runoff sediment, because it represented
only 1% of the sediment sample mass.31 In that study, runoff
samples were collected by a custom designed uidic sampler

Fig. 6 Difference against mean between SSC-B and MFP with 95%
limits of agreement for solids recovery in % summarized for samples
with different particle size distributions.

Fig. 7 Three particle size distributions: street sediment, test sediment
with a high amount of large particles, and test sediment dominated by
small particles.
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which collected all particles (regardless of their size) entering a
bridge deck drain and moving downward into the sample
collection container (i.e., no bias by liing water–particle
mixture).

Fig. 7 shows particle size distributions dominated by smaller
and larger particles, as dened and used in this study, and a
distribution observed for street sweepings, collected by a
commercial street sweeper.16 Street sediment contained parti-
cles as large as up to D ¼ 8 mm, but the very coarse fractions
may not be hydraulically transported with rainfall runoff;
particles $2 mm are likely to remain on the street surface.32

Thus, it can be inferred that both SSC-B and MFP would
produce accurate results for street runoff samples with particle
sizes up to 4 mm. Recognizing that the TSS method measures
relatively ne suspended solids, but not sand particles, this
method is not recommended for studying particles and asso-
ciated chemical transport in urban runoff. On the other hand,
the TSS method is best suited for investigating quality processes
in the water column.

In another street sweeping study, Rochfort et al. noted that
street sweepings comprised, on average, 4% of silt and clay
(<0.064 mm), 71% of sand (0.064 < D < 2.0) and 24% of gravel (D
> 2.0 mm), with mean particle sizes ranging from 0.7 to 0.9
mm.33 Fine sediment enrichment factors, dened as EF ¼ (Cs+c/
Cws), where Cs+c is the constituent concentration in the silt and
clay fraction, and Cws is the constituent concentration in the
whole sample, for Cr, Cu, Pb and Zn were determined to be 1.4,
1.0, 1.2 and 1.9, respectively. Thus, for determining the total
metal burden in street sweepings, the nest fraction is negli-
gible, carrying less than 8% of the total Zn load and even
smaller fractions for other metals. Thus, if such materials were
transported by runoff, the TSS methods would seriously
underestimate the potential total loads (i.e., assuming no
transport capacity limitations). By using SSC-B and MFP it is
possible to measure accurately solids in urban runoff, recog-
nizing that particles larger than 2 mm will not be transported
with rainfall runoff.

Finally, the range of solid concentrations addressed in this
study deserves further discussion. The lowest solid concentra-
tion studied was 200 mg L�1. It is of interest to place this value
into the context of the data published in the literature. Two
largest sources of such data were chosen, Duncan's (1999)
literature review of a broad worldwide set of data covering about
700 sources and the US EPA NURP studies covering almost 100
sampling sites across the US.2 Duncan reported a mean TSS
value of 150 mg L�1 and the US EPA reported a site median EMC
(Event Mean Concentration), for urban median sites, as 100 mg
L�1, with the 90th percentile urban site value of 300 mg L�1.2,34

However, for load comparisons with other sources and water
quality impacts, the US EPA recommended the use of “the site
mean EMC”, which according to the lognormal distribution of
TSS concentrations in runoff is larger than median values,
ranging from 141 to 224 mg L�1 for the urban median site, and
424 to 671 mg L�1 for the 90th percentile urban site.35 The
specic TSS concentrations used by US EPA for load compari-
sons ranged from 180 to 548 mg L�1.2 Recognizing that the
literature data are likely to be negatively biased by the laboratory

TSS procedures excluding coarser particles from sub-sample
aliquots, the range of particle concentrations used in this study
(>200 mg L�1) certainly covers an important segment of the
literature data. Furthermore, the use of higher concentrations
yields higher accuracies of both the initial and measured solid
concentrations.

Conclusions

Urban stormwater and snowmelt studies require careful choices
of the constituents and analytical methods for describing mass
uxes of solids. A comparative study of ve methods measuring
suspended sediment concentrations and TSS indicated that
depending on the method used, broadly varying results can be
obtained. In general, the methods using whole water–solid
samples, rather than aliquots withdrawn from such samples,
produced accurate estimates of solid concentrations, with a
fairly good precision. In the former category, two methods were
studied in great detail, the SSC-B method (dened in ASTM D
3977-97)1 and the newly proposed Multiple Filter Procedure
(MFP), also referred to herein as “an operational procedure”,
which uses three lters arranged in a series with decreasing
pore sizes (25, 1.6 and 0.45 mm). Both methods assessed accu-
rately concentrations of solids (i.e., suspended sediment) in a
broad range of concentrations (200–8000 mg L�1), particle sizes
(0.063–4.0 mm), and several particle size distributions. With
minor exceptions, the precision of both methods was fairly
good, generally better than �10%. Consequently, these
methods should be used when the total mass of transported
solids is of interest, such as in the case of assessing the
performance and maintenance of BMPs (e.g., sedimentation in
ponds), maintenance of sewer systems and their appurtenances
(e.g., solid accumulations in gully pots, or sewer pipes),
assessing physical impacts of sediment on receiving waters (e.g.,
discharge of solids from snow storage sites), and when assess-
ing mass balances of chemicals carried by solids (e.g., transport
of heavy metals and PAHs from highways). In these cases, the
use of the standard TSS methods would lead to signicant
underestimation of solid mass uxes (in some cases,
accounting just for 10% of the present solids). This negative
bias depends on the presence of sand-size mineral particles in
the water–sediment mixture. The main reason for the differ-
ences between SSC & MFP and the TSS method is in the
handling of the samples; in the former methods, whole samples
are analysed, whereas the TSS analysis is performed on sub-
samples withdrawn from the sample. Sub-sample withdrawal
tends to reject large particles. TSS is the constituent of choice
when addressing quality processes in the water column,
including exchanges between the benthic sediment and water.
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RÉSUMÉ 
Les bactéries fécales constituent un risque majeur de pollution de masses d’eau destinées à des 
usages multiples, notamment comme sources d’eau potable ou à des fins récréatives. Si les rejets 
d’eaux pluviales peuvent contribuer de façon significative à la pollution microbiologique, on ne les a 
pas étudiés dans leur intégralité au niveau européen. Nous avons étudié la présence de bactéries 
indicatrices de contamination ainsi que les matières en suspension (MES) totales dans les eaux 
pluviales rejetées par quatre bassins versants urbains, avec des superficies allant de 5 à 40 ha, à 
Östersund, en Suède. L’objectif était de déterminer la variation locale des souches bactériennes 
standards et des MES totales dans des bassins versants urbains en Suède avec des occupations du 
sol particulières. Les variations intra-événement ont également été étudiées. Par temps sec, les 
concentrations en bactéries indicatrices de contamination dans les collecteurs transportant le débit de 
base ne dépassent pas les 100 CFU/100 mL. Par temps de pluie, les concentrations totales en 
coliformes et en entérocoques intestinaux ont été multipliées par un facteur de 102 à 103 par rapport à 
celles du débit de base. Par rapport à ces deux paramètres, des concentrations beaucoup plus faibles 
ont été observées pour E. coli et C. perfringens. Les concentrations bactériennes diffèrent 
considérablement d’un site de prélèvement à l’autre et un effet partiel de premier flot a été observé. 
Des corrélations significatives entre le total des MES et les bactéries indicatrices de contamination ont 
été observées de façon partielle. Celles-ci sont spécifiques aux bassins versants et nécessitent une 
évaluation plus détaillée. Des recherches plus approfondies se concentreront sur les variations 
saisonnières et les facteurs influents. 

ABSTRACT 
Faecal bacteria are a major pollution threat of water bodies designated for multipurpose use including 
drinking water sources or recreational purposes. Even though stormwater discharges may contribute 
significantly to microbiological pollution, they have not been fully investigated in the European context. 
We have studied the presence of indicator bacteria and total suspended solids (TSS) in stormwater 
discharged from four urban catchments, with areas between 5 and 40 ha, in Östersund, Sweden. The 
aim was to determine local variation of standard bacteria strains and TSS in Swedish urban 
catchments with specific land uses. Further, intra event variations were investigated. During dry 
weather, indicator bacteria concentrations in sewers conveying baseflow did not exceed 100 CFU/100 
mL. During storm runoff, total coliform and int. enterococci concentrations increased 102 to 103 times, 
compared to those in baseflow. Compared to these two parameters, considerably lower 
concentrations were observed for E. coli and C. perfringens. Bacteria concentrations differed 
significantly among the sampling sites and partly, a first flush phenomenon was observed. Partly, 
significant correlations between TSS and indicator bacteria were observed. These were catchment 
specific and need a more detailed assessment. Further research will focus on seasonal variations and 
influential factors. 

KEYWORDS 
Indicator bacteria, Local variation, Separate sewer, Stormwater quality, TSS 
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1 INTRODUCTION 
The microbial assessment of stormwater by indicator bacteria is an important measure addressing the 
presence of pathogen bacteria in receiving waters. Most concerns are due to animal and human 
faeces in the water phase which are a source of human pathogens and bacteria and cause high 
oxygen demand in the receiving environment. Major faecal pollution sources in urban areas are the 
natural environment (soil, water), animal faeces, organic waste and wastewater (Butler and Davies, 
2011). Pollutant sources and rates depend inter alia on the degree of development, land use type, 
wildlife presence, farming and recreational activities, sewer system characteristics (Olyphant et al., 
2003; Jeng et al., 2005; Coulliette and Noble, 2008; Rowny and Stewart, 2012). Thus pollutant build-
up and wash-off varies significantly between different urban (sub-)catchments and geographical 
locations due to variable hydrogeological parameters and availability of pollutants specific for each 
land use area and activity (Brezonik and Stadelmann, 2002; Ghafouri and Swain, 2005; Tiefenthaler et 
al., 2011). Assessing different catchment types and development degrees, some studies have shown 
clear pollution trends due to spatial variability indicating that urbanized catchments exhibited higher 
faecal bacteria concentrations than catchments dominated by grasslands (Desai and Rifai, 2010; 
Tiefenthaler et al., 2011). Several studies have shown indicator bacteria and TSS concentrations 
increases compared to dry weather flows during and after stormwater discharges to the receiving 
waters, when wet-weather concentrations are considerably higher than during dry periods (Gannon 
and Busse, 1989; Dutka and Marsalek, 1993; Jeng et al., 2005; Salmore et al., 2006; Coulliette and 
Noble, 2008). Furthermore significant correlations were observed between indicator microorganisms 
and TSS loads during wet weather flows (Olyphant et al., 2003; Jeng et al. 2005; Coulliette and Noble, 
2008). 

However most studies draw their conclusions mainly based on grab sampling in natural water bodies, 
thus only examining the receiving water’s response to stormwater runoff and not the stormwater 
characteristics themself. Due to dilution and bacteria decay related to sedimentation and ambient 
conditions in the receiving environment, it could often not be clearly stated in which degree the actual 
stormwater was polluted. Studies investigating stormwater quality are based mainly on time weighted 
composite or grab sampling (Mallin et al., 2000; Selvakumar and Borst, 2006) and therefore flow 
weighted load discharges and intra-event variations are hard to assess. 

Some recent studies evaluated bacteria variation in urban stormwater systems by flow weighted 
averages (McCarthy, 2009; Hathaway and Hunt, 2011; McCarthy et al., 2012) concluding that small-
scale variability of bacteria and TSS seem to be affected rather by land-use characteristics than 
climatic or hydrological parameters. However the impact of land use types within specific catchments 
was poorly evaluated regarding standard complementary indicator bacteria strains, since local 
variation was assessed by the commonly used faecal indicators from the same strain, faecal coliforms 
and E. coli (McCarthy, 2009; McCarthy et al., 2012; Rowny and Stewart, 2012). Moreover most 
previous studies on the topic were carried out in Canada, US and Australia; there is a lack of studies 
investigating bacteria variation in stormwater runoff in Europe and especially for Northern-Europe 
conditions where cold temperatures and alternating sunshine conditions may have an impact on 
bacterial transport and survival. Since the survival of faecal coliforms including E. coli is highly 
dependent on e.g. ambient conditions like temperature, moisture, sun radiation (Van Donsel et al., 
1967; McFeters and Stuart, 1972) the simultaneous assessment with more persistent indicator strains, 
like int. enterococci and C. perfringens could be useful when monitoring faecal bacteria fluxes in 
stormwater in temperate to cold climate conditions. The aim of the present study is to assess local 
variation of standard indicator bacteria strains and TSS in Swedish urban areas with specific size and 
land use types ranging from undeveloped land to downtown catchments. Furthermore the intra-event 
variation of selected indicator bacteria and its correlation with TSS will be evaluated in spatial context 
relying on flow weighted, manual sampling. 

 

2 METHODS 
2.1 Study area description 
The data presented in this paper was collected from storm sewer manholes close to their outlets. Four 
urban catchments were selected situated in the vicinity of the drinking water plant and beach areas in 
Östersund, Sweden. Östersund is located in the central part of Sweden at latitude 63° 11’ N and 
longitude 14° 30’ E with altitudes between 300-380 m above sea level. The selected study catchments 
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are drained by separate storm sewers with outlets into Lake Storsjön, the fifth largest lake in Sweden 
(area: 464 km2). The lake is a source for drinking water supply for around 50,000 inhabitants (16-17 
million l/d) and also serves for recreational purposes.  

The four evaluated catchments Odenbacken, Tjalmargatan, Beijers and Lasarettet vary in area from 5 
to 40 ha. In the southern part of the city two catchments were investigated; Odenbacken, a green, 
less-developed catchment mainly used for recreational activities, and Tjalmargatan, a residential 
catchment with around 50% imperviousness. The two other catchments are situated in the central part 
of the city north of the drinking water plant; Beijers, a large central catchment with central buildings, 
residential and campus areas and around 60% imperviousness and Lasarettet, a small central 
catchment dominated by the hospital buildings and facilities with around 80% imperviousness. The 
catchment characteristics are presented in Table 1. 

Table 1. Sampling site and catchment characteristics 
Catchment name Catchment type Area (ha) Imperviousness (%) Baseflow No. of samples 

Odenbacken Green 
recreational 20 35 No 30 

Tjalmargatan Residential 20 50 Yes 34 

Beijers Central large 40 60 No 21 

Lasarettet Central small 5 80 Yes 23 

 
2.2 Sampling procedure 
During three small to moderate storm events in September and October, 2012, discrete water samples 
(appr. 1 L) were collected manually from the same sampling point. Storm events were sampled 
whenever 2 mm or more rainfall occurred after at least three antecedent dry days. All four sampling 
sites were equipped with area velocity flow meters to allow flow weighted sampling. Manual discrete 
samples were taken by dipping 2 L polypropylene bottles directly in stormwater runoff, and rinsing the 
bottles between each sample with distilled water. In total 108 samples were collected during the rain 
events and 16 baseflow samples during dry periods. Between these individual storm events, baseflow 
samples were taken in the two catchments conveying dry-weather flow (Tjalmargatan and Lasarettet). 
Rainfall and temperature measurements were carried out to assess climate conditions during sampling 
events with a tipping bucket and a temperature logger installed in the city center (Table 2).  

Table 2. Climate data for Östersund city centre 
Storm Ave. Temp A. dry days Tot. Rain R. Intensity R. Duration 

14.09 9.5°C 14 3.2 mm 3.2 mm/h 1 h 

26.09 7.5°C 9 2.8 mm 0.4 mm/h 7 h 

04.10 10.5°C 6 6 mm 4.6 mm/h 1.5 h 

 

2.3 Selected parameters and analysis methods 
The four indicator bacteria groups total coliforms, E. coli, int. enterococci, and C. perfringens and TSS 
have been selected for simultaneous sampling and study purposes. The first three bacteria groups are 
implemented in the European and Swedish drinking water regulations concerning drinking water 
quality standards. Additional monitoring of C. perfringens is required for drinking water originating from 
surface waters (98/83/EC; SLVFS 2005:10). TSS and total coliforms monitoring is also implemented in 
the European regulations for raw surface water quality (75/440/EEC), whereas E. coli and int. 
enterococci is used by the assessment of bathing water quality (76/160/EEC).  

After sample collection the water samples for bacteria analyses were preserved in cooling boxes at 
<5°C. Both bacteria and TSS sample analyses were performed within 12 h of sample collection. All 
bacteria samples were analyzed at an accredited laboratory using membrane-filtration following 
international standard methods (ISO 8199:2005). Bacteria colonies were counted after 48 h incubation 
time at 35°C for total coliforms and 44°C for E. coli and int. enterococci respectively (SIS 28167:1996; 
ISO 9308-1:2000b; ISO:7899-2:2000c). C. perfringens colony units were counted after 24 h incubation 
time at 44°C under anaerobic conditions (ISO:6461:2:1986). The detection interval for indicator 



C1 - PATHOGÈNES / PATHOGENS 

4 

bacteria was 10-300,000 CFU/100 mL with 35% uncertainty for total coliforms and E. coli respectively. 
Same detection intervals and a measurement uncertainty of 30% applied for int. enterococci, whereas 
the lower detection limit for C. perfringens was 1 CFU/100 mL with a 50% uncertainty. TSS were 
analyzed by standard methods at the local accredited laboratory, filtered through a previously weighed 
glass fibre filter (Whatman GF/A filter), dried at 105°C for at least 1 h and weighed again (SS-EN 
872:2005) with lower detection limit of 5 mg/l and 15% uncertainty. 

 

3 RESULTS AND DISCUSSION 
3.1 Local variation of indicator bacteria and TSS 

Indicator bacteria and TSS concentrations varied significantly between study sites and within the storm 
runoff events. In Table 3 the arithmetic means of all events, their standard deviation, and min. and 
max. concentrations are presented. Site mean concentrations (SMC) were calculated by flow weighted 
average concentrations, baseflow mean concentrations (BMC) by arithmetic means of baseflow 
samples. 

During dry weather periods, TSS concentrations were very low not exceeding 10 mg/L in the 
residential and small central catchments conveying baseflow. During the sampled storm events 10 to 
20 times higher TSS concentrations were observed with max. concentrations between 147-281 mg/L. 
SMC during storm runoff were highest in the stormwater from the two central catchments with TSS 
means of 58 mg/L in the smaller and 73 mg/L in the larger central catchment, respectively. The SMCs 
of TSS in the residential and green catchments were similar. The highest variation between samples 
for all events was observed in the residential site with TSS values between <5 - 238 mg/L and a 
standard deviation of 69 mg/L. 

Total indicator bacteria in the two catchments conveying baseflow were below 100 CFU/100 mL. In the 
stormwater runoff total coliform and int. enterococci concentrations were between 102 and 103 times 
higher compared to the concentrations in the baseflow. Considerably lower concentrations were 
observed for the other two indicators ranging between 10 and 23,000 E. coli and 6 to 550 C. 
perfringens respectively. The green recreational catchment and the large central catchment showed 
comparably high SMC´s for total coliforms with mean concentrations of 22,700 CFU/100 mL and 
23,500 CFU/100 mL respectively. E. coli and int. enterococci levels were highest in the large central 
catchment with SMC`s of 6,800 CFU/100 mL for E. coli and 18,100 CFU/100 mL for int. enterococci 
respectively. Although low C. perfringens concentrations were detected in the stormwater at all four 
sites compared to other indicator bacteria varying between 145 and 220 CFU/100 mL, the resulting 
SMC were up to 100 times higher than the BMC. The highest variations within all total coliform 
samples were observed at the green site, followed by the large central site with 31,000 CFU/100 mL 
and 25,900 CFU/100 mL standard deviation and min. to max. values between 1,000 and 140,000 
CFU/100 mL and 1,000 and 110,000 CFU/100 mL respectively. E. coli and int. enterococci variation 
was highest in the two central catchments. 

Compared to the actual European and Swedish bathing water, raw water and drinking water 
regulations, these findings support the assumption that stormwater runoff can contribute to the 
impairment of receiving waters designated for raw water withdrawal and recreational purposes. The 
European bathing water directive defines bacteria concentrations that indicate a sufficient bathing 
water quality by 900 CFU/100 mL for E. coli and 330 CFU/100 mL for int. enterococci, based upon a 
90-percentile evaluation of normal probability density monitored by at least 3 samples per bathing 
season (76/160/EEC). The recommended values for surface water intended for the abstraction of 
drinking water are 50 CFU/100 mL for total coliforms and 25 mg/L for TSS (75/440/EEC) whereas 
according to the drinking water regulations none of the indicator bacteria should be detectable in 
drinking water (98/83/EC). Since bacteria discharge into receiving waters is followed by immediate die-
off processes due to sedimentation and ambient physical and chemical conditions, preceding 
assessment of bacterial fluxes in the actual stormwater runoff can lead to a fair estimation of 
microbiological contamination induced by storm discharges. 

Although total coliform concentrations were highest in both the large central catchment (Beijers) and 
the less developed green catchment (Odenbacken), TSS concentrations were highest in the large 
central catchment and lowest in the less developed green catchment, meaning that indicator bacteria 
does not necessarily follow TSS patterns. The same pattern has been previously reported for TSS 
(Brezonik and Stadelmann, 2002) but the highest total coliform concentrations were not necessarily 
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associated with undeveloped, recreational catchments as shown by previous studies (Couliette and 
Noble, 2008; Tiefenthaler et al., 2011). E. coli and int. enterococci levels were highly variable in the 
runoff from the central catchments, suggesting higher and varying faecal sources in more developed 
catchments. Similar concentrations as found in this study were reported by Selvakumar and Borst 
(2006) and Hathaway et al. (2010) for int. enterococci. In contrast E. coli concentrations were found to 
be much lower in the present study for all catchments. Reported mean concentrations for E. coli were 
in general 10 times higher during fall compared to the present findings relaying on similar sampling 
period of the year (Desai and Rifai, 2010; Hathaway et al., 2010). The considerably lower average 
temperatures during this period of the year might explain the low E. coli levels during fall, since (in 
comparison to int. enterococci) E. coli has a lower resistance against ambient conditions i.e. air and 
water temperature, land cover and sun exposure (McFeters et al., 1974). 

Table 3. Site-specific statistics for TSS (mg/L) and indicator bacteria (CFU/100 mL) 

Green recreational Mean St. Dev. Max. Min. SMC BMC 
TSS 41 30 147 8 46 - 
T. coliforms 19 104 31 060 140 000 1 000 23 471 - 
E. coli 400 349 1 050 10 423 - 
Int. Enterocci 2 519 2 029 9 000 310 2 453 - 

C. perfringens 214 231 550 24 207 - 

Residential             

TSS 57 69 238 3 47 <5 
T. coliforms 12 522 14 245 55 000 80 10 878 67 

E. coli 30 292 910 20 305 13 
Int. Enterocci 2 988 2 474 10 000 540 2 923 <10 
C. perfringens 130 75 220 6 145 1 

Central large             

TSS 87 65 281 21 73 - 
T. coliforms 18 059 25 922 110 000 1 000 22 697 - 
E. coli 6 185 7 661 23 000 530 6 784 - 
Int. Enterocci 19 176 16 938 60 000 2 000 18 148 - 
C. perfringens 239 88 400 95 223 - 

Central small             

TSS 58 37 170 4 58 5 
T. coliforms 6 966 16 314 80 000 50 8 793 <10 
E. coli 847 1 621 8 000 30 1031 12 
Int. Enterocci 2 302 6 089 30 000 120 2 531 <10 

C. perfringens 210 93 400 45 179 3 

 

3.2 Intra-event variation of indicator bacteria and TSS 
The variations within events showed different patterns for the three catchments for both indicator 
bacteria and TSS. Similar variations were observed in the less developed green catchment and small 
central catchment, with higher TSS loads during initial runoff (first flush). During all the three sampled 
events more than half of the total TSS load was transported with the initial 30 to 40% of the total event 
runoff. The two other catchments showed no clear trend, with different patterns between sampled 
events; for some events a first flush was observed, while at others concentrations were rather constant 
during the whole event. 
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Fig. 1: Local variation of cumulative TSS loads to cumulative runoff volume (dashed line) for all three events 

Similar to TSS, total coliform variations in the less developed green catchment showed a first flush; the 
same trend was detected in the large central catchment. In both catchments, during all three sampled 
events more than half of the total coliform load was transported with the initial 30 to 40% of the total 
event runoff. E. coli showed the same trend between events with slightly lower initially accumulated 
loads than total coliforms. Total coliform and E. coli variations were highest in the two other 
catchments, the residential and small central catchments indicated load extremes preceding or 
exceeding peak flows and with no clear trend between sampled storm events. 

Fig. 2: Local variation of cumulative total coliforms (dashed line) and E. coli (dotted line) loads to cumulative runoff 
volume for all the three events 

Int. enterococci and C. perfringens patterns between sites were quite similar to the two other indicator 
bacteria. Highest variations of int. enterococci and C. perfringens followed the pattern of other 
indicator bacteria and were related to the residential and small central site. 

Fig. 3: Local variation of cumulative int. enterococci (dotted-dashed line) and C. perfringens (dashed line) loads to 
cumulative runoff volume for three events 

Similar patterns for all sampled events were observed for TSS and total coliforms in the green 
catchment with higher initial loads during storm events. Furthermore similar variation patterns for the 
same constituents were observed between the green catchment and the large central catchment with 
slightly lower initial loads in the latter. In the residential and small central catchment no comparable 
trends were observed between events for most of the constituents. An explanatory factor might be the 
presence of baseflow in the residential and small central catchments. In contrast to the two other 
catchments this can impact the variability of storm runoff by dilution. Another factor might be the high 
percentage of roof areas within the residential and small central catchments (where impervious 
surfaces are dominated by hospital roofs). Due to the high percentage of roof surfaces stormwater 
constituents from these catchments are more affected by rainfall characteristics, i.e. rain intensity, 
event duration in comparison with the two other catchments where extended green areas dwarf these 
effects, reported also by Rowny and Stewart (2012). However previous findings reported that E. coli 
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and int. enterococci variation was found to be similar independent from the catchment characteristics 
with no clear trend between different sites and events (McCarthy, 2009; Hathaway and Hunt, 2011). 

 
3.3 TSS and indicator bacteria correlations 
The linear relationship between all five studied parameters was evaluated using the Pearson 
correlation coefficient at 95% confidence interval. At the green recreational site a strong positive 
relationship between TSS and total coliforms was detected, thus total coliforms which are known to be 
of both natural and faecal origin seem to follow TSS patterns in more developed catchments 
suggesting other available bacteria sources than natural input (soil, wildlife) from green catchments. E. 
coli was moderately correlated to TSS, total coliforms and int. enterococci, respectively. No significant 
linear relationships were found in the residential catchment. In the large central catchment significant 
relationships were observed between E. coli and total coliforms whereas results from the small central 
site indicated a nearly perfect linear relationship between total coliforms and int. enterococci. 

In previous studies a strong relationship was reported between TSS and indicator bacteria (Olyphant 
et al., 2003; Jeng et al., 2005). In contrast, in this study the only significant correlation between these 
two parameters was found at the green site indicating common sources at this site. Since no 
significant relationship could be found at the three other sites, further investigation of bacteria 
relationship with particle size distribution and solids-water phase is recommended. No significant 
relationships were found in the residential catchment, thus the investigated parameters have no 
statistical relationship between them. The strong relationships found in the central catchments indicate 
that total coliforms are strongly correlated with E. coli or with int. enterococci suggesting the variety of 
sources influenced by catchment size, land use and complexity. 

Table 4. Pearson correlation with p-values (in italics) between TSS, total coliforms (TC), E. coli (EC), int. 
enterococci (IE) and C. perfringens (CP) showing strong relationships (bolded font) at 95% C.I. 

Green recreational Residential Central large Central small 

TSS TC EC IE TSS TC EC IE TSS TC EC IE TSS TC EC IE 

TC 0,85 0,34 0,35 0,19 

0,00 0,07 0,17 0,39 

EC 0,61 0,46 0,32 0,34 0,40 0,70 0,24 -0,02 

0,00 0,02 0,09 0,07 0,11 0,00 0,28 0,92 

IE 0,07 -0,17 0,44 0,35 0,49 0,47 0,16 0,45 0,60 0,16 0,97 -0,10 

0,72 0,41 0,02 0,06 0,01 0,01 0,54 0,07 0,01 0,46 0,00 0,66 

CP 0,04 -0,22 0,29 0,37 0,17 0,14 0,57 0,32 0,38 0,06 -0,25 0,04 0,40 -0,15 0,00 -0,11 

0,84 0,28 0,14 0,06 0,37 0,45 0,00 0,09 0,14 0,83 0,34 0,87 0,06 0,50 0,99 0,63 

Although the presented findings show significant differences between study sites, the data is too 
limited for further generalization due to difficulties related to manual sampling procedure during entire 
storm events. In total 12 sets of data have been collected, 3 events in each catchment with low or 
moderate storm intensity and 6 mm maximum total rainfall. Further sampling will be conducted to 
assess the impact of larger storm events on stormwater quality variation and site specific sources. 
Further research is needed in detailed source characterization with a more robust dataset including 
larger rain events and seasonal variation. 
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4 CONCLUSIONS 
Indicator bacteria and TSS concentrations varied significantly between study sites and within the storm 
runoff events. During storm runoff, total coliform and int. enterococci concentrations increased 102 to 
103 times, compared to those in baseflow. Compared to these two parameters, considerably lower 
concentrations were observed for E. coli and C. perfringens. Bacteria concentrations differed 
significantly among the sampling sites and partly, a first flush phenomenon was observed. Similar 
intra-event variation trends were observed for total coliforms and TSS between sampled events in the 
two catchments with no baseflow. Other constituents were more affected by precipitation and flow 
characteristics, with no clear trend between storm events. In the less developed green catchment 
moderate to strong positive relationships were observed between TSS, total coliforms, E. coli and int. 
enterococci, suggesting similar sources for these constituents. In contrast no significant linear 
relationships were found in the residential catchment. In the large central catchment E. coli and total 
coliforms were strongly related whereas results from the small central site indicated a nearly perfect 
linear relationship between total coliforms and int. enterococci. In compliance with the European and 
Swedish bathing water, raw water and drinking water regulations, stormwater runoff is a threat for 
receiving waters designated for raw water extraction and recreational purposes. Site specific variations 
and relationships are related to catchment related sources, catchment and system characteristics. 
Indicator bacteria, more specifically E. coli levels were not comparable to previous findings, one 
explanation could be that North- European climate has a different impact on the variation of more 
climate-sensitive indicator bacteria in stormwater runoff. In further studies local variations of different 
indicator bacteria strains will be evaluated in seasonal context. 
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