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Monet suomalaiset kaupungit ovat Lahden tavoin laatineet hulevesistrategioita, joiden avulla ne pyrkivät 
vähentämään hulevesistä aiheutuvia haittoja. Strategioiden toteuttaminen käytännössä edellyttää tarkkaa tietoa 
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parametrien määrittämisessä käytettiin  margiaalihyötyanalyyseja sekä Lahdessa (2008-2010) ja Espoossa 
(2001-2006) kerättyjen  hulevesiaineistojen analyysin tuloksia.  Samoja hulevesiaineistoja käytettiin myös 
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1. INTRODUCTION 

The negative environmental impacts of urban stormwater discharges are numerous and 

well documented (e.g. Marsalek 1978; Melanen 1981; U.S. EPA 1983; Driscoll et al. 

1990; Bingham 1993; Mikkelsen et al. 1994; Pitt et al. 1995). In addition to carrying 

harmful substances into the environment, stormwater can cause flooding in urban areas 

during heavy rain events and other negative impacts resulting from the change in the 

natural hydrologic cycle. Such problems are expected to increase in severity in the 

future due to an increase in urban construction, its density and climate change 

(Semadeni-Davies et al. 2008; Rosenberg et al. 2010). 

 

To address the problem of stormwater pollution, many governments have enacted 

legislation and cities drafted stormwater programmes aimed at reducing these negative 

impacts. Sufficient knowledge of the amount, quality and distribution of local 

stormwater discharges is, however, necessary in order to effectively implement any 

measures aimed at reducing stormwater pollution (Fletcher and Deletic 2007b).  

 

Numerous approaches exist for estimating stormwater pollutant loads, but most have 

severe limitations when applied on a larger scale. These include limited reliability, high 

costs and large implementation requirements in time, human resources and/or input data 

(Mitchell 2005). Empirical, or volume-concentration models, widely employed for city-

scale estimation of stormwater pollutant loads (e.g. Charbeneau and Barrett 1998; Wu et 

al. 1998; Mitchell 2005) rely heavily upon having access to accurate land use, 

imperviousness and pollutant concentration data to produce reliable results (Schiff 

1996). For most areas, these are not readily available. Using various reference datasets 

or other studies as sources for these can sometimes be necessary for certain parameters 

when local data is unavailable but can lead to significant biases if the suitability of used 

data is not verified. Recent studies (Park et al. 2009; Langeveld et al. 2012; Sillanpää 

2013) have also noted that some of the average pollutant concentrations presented in 

international literature may be too high compared to more recent local observations.  

 

Even assessments made for the same area using similar approaches (Stenstrom and 

Strecker 1993; Psomas 2005; Susilo et al. 2006; Stein et  al. 2007; Ha and Stenstrom 

2008)  have been shown to produce highly variable results due to differences in the 
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study area characterization (Park et al. 2009), highlighting the need for the formulation 

of new methodologies to assess stormwater discharges in a unified and comparable 

manner.  
 

Objectives of the study 
 

The  main  objectives  of  the  study  were:  i)  to  estimate  the  stormwater  pollutant  export  

from the area of Lahti city, Finland using data from recent local stormwater studies 

(Sillanpää 2013; Valtanen et al. 2014), ii) to compare pollutant export estimations 

calculated using different input datasets and, if possible, give recommendations about 

the most suitable input variables used to characterize local conditions, iii) to determine, 

based on these estimates, the key variables needed for the design a city-wide stormwater 

monitoring programme and, iv) to produce data on average stormwater quality 

parameters, study area characterization methodologies and monitoring systems design 

tools that can be used for practical planning applications elsewhere. Key research 

questions of the study were: 
 

1. How to evaluate the quality and quantity of the stormwater discharge from a 

large, multi-land use area using as much locally available data as possible? 

2. How are the resulting estimations affected by the selection of characterization 

parameters used for different land use classes? Can any given type of parameters 

(e.g. describing source or age) be recommended as the most appropriate? 

3. How and to what degree can the uncertainties involved in such stormwater 

pollutant export estimations be quantified and which phases of the evaluation 

process introduce the most uncertainty to the final estimations? 

4. How to plan a stormwater monitoring system based on the estimated stormwater 

pollutant export? 
 

To address these questions, an established method used for stormwater monitoring 

systems design  was  applied  with  modifications  to  account  for  the  availability  of  local  

stormwater quality data. The data was analysed for key statistical indicators and average 

pollutant concentrations. The study area was divided into several land use categories, 

for which distinct stormwater characteristics were determined based on additional 
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analyses  of  the  study  area,  the  results  of  the  local  stormwater  data  analysis  and  other  

literature sources when appropriate. 

 

The quality and quantity of stormwater formed annually in the study area was evaluated 

based on the land use characterization. Multiple estimates were calculated with different 

input values from literature and the estimations results were compared. Analyses were 

carried out to: i) determine both the type and number of land use classes that would 

need to be to be addressed to obtain reliable monitoring data and ii) to identify the 

required number of rainfall-runoff events that would need to be monitored to estimate 

pollutant concentrations reliably. If desired, these key parameters would allow a 

comprehensive city-wide stormwater monitoring effort to be undertaken. 
 

Structure of the study 
 

Chapter 2 provides background on basic concepts relating to stormwater pollution, 

urban stormwater management, the methods used to evaluate stormwater discharges and 

pollutant loads, the current state of stormwater research in Finland as well as 

stormwater monitoring systems design. 

 

Chapter 3 describes the methodology and data sources used in the study. 

 

Chapter  4  presents  the  key  results  of  the  analyses  carried  out,  provides  discussion  on  

them and lays out the basic parameters formulated to support stormwater monitoring in 

the  Lahti  city  area.  The  issues  that  need  to  be  considered  when  carrying  out  similar  

studies in other locations are also briefly outlined. 

 

Chapter 5 provides concluding remarks on the study and gives recommendations for 

further avenues of research. 
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2. BACKGROUND 

2.1 Stormwater pollution 

After a rainfall event, rainwater is infiltrated into the soil, evaporated into the 

atmosphere or carried away as surface runoff. Surface runoff from urban areas is 

referred to as stormwater. The term is also used to refer to snowmelt induced surface 

runoff. After stormwater is formed, it is conveyed into surface waterways or storm 

sewers which usually discharge directly into surface waters. (Burton and Pitt 2001) 

 

Urbanized areas typically contain a notable amount of impervious surfaces such as 

roads, parking lots, sidewalks and roofs which alter the natural drainage network. As a 

result a smaller fraction of precipitation can percolate normally through soil, flowing 

instead into storm drains and -sewers. (Hvitved-Jacobsen et al. 2010) This reduces 

groundwater recharge and can cause other hydrologic changes to urban catchments. 

These include increased peak flows and runoff volumes, with more extreme changes 

typically occurring in areas with a high degree of human development (Goonetilleke et 

al. 2005). 

 

Urban areas are strongly influenced by human activities such as traffic and construction 

as well as various industrial activities. These leave behind various pollutants which are 

then carried into separate storm sewers along with rainwater and snowmelt. 

 

An overview of these pollutants is presented in Table 1. The pollutants are organized 

into six groups as presented by Hvitved-Jacobsen et al. (2010). The table only contains 

the most common stormwater pollutants, as a very large number of potentially harmful 

substances have been found in stormwater (Hvitved-Jacobsen et al. 2010).  In addition, 

any number of airborne pollutants originating from distances ranging from a few 

centimetres  to  hundreds  of  kilometres  can  also  be  washed  up  into  stormwater  sewers  

(Burton and Pitt 2001). As stormwater is typically discharged untreated into surface 

waters the pollutants carried along have the potential to cause harm to any ecosystems 

affected.  
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Table 1. Pollutants commonly found in stormwater. Modified from Barbosa et al. (2012), reprinted with permission. 
 

Pollutant 
group 

Sources Measurement 
parameter(s) 

Comments 

Biodegradable 
organic matter 

Vegetation, 
animals, 
anthropogenic 
waste 

Biochemical oxygen demand 
(BOD) and chemical oxygen 
demand (COD) 

A group of substances that 
consume dissolved oxygen 
and serve as a carbon source 
for heterotrophic organisms. 

Nutrients Fertilizers, 
atmospheric 
fallout 

N and P Consists of substances with 
biological available and 
reactive N and P. These are 
key parameters for the 
assessment of eutrophication.  

Heavy metals Traffic, road 
metallic 
structures, 
industrial activity 

Cu, Zn, Cd, Pb, Ni and Cr Relevant because of potential 
toxic effects. Other heavy 
metals may also be of interest 
in specific cases (e.g. As, Hg). 

Xenobiotic 
organic 
compounds 
(XOCs) (also 
called organic 
micropollutants) 

Incomplete fossil 
fuel combustion 
(PAHs), urban 
construction 
plastics, industry 
and transport 

Typically selected 
substances that are used as 
potential indicators for a 
wider group, for example 
total PAHs, MTBEs, PCBs 
and AOXs 

Includes a large amount of 
organic substances discharged 
into the environment in trace 
amounts. Even such small 
amounts often have potential 
toxic effects. 

Suspended solids Pavement wear, 
construction, 
erosion, 
anthropogenic 
waste etc. 

Total suspended solids (TSS) Covers a wide range of 
components that may have 
various impacts due to their 
solid form. These include 
deteriorating the quality of 
receiving waters and forming 
blockages in sewer networks. 

Pathogenic 
microorganisms 

Animals, sewage 
in the case of 
combined sewer 
overflows 

Numerous, for example 
Total coliforms (TC), Faecal 
streptococci (FS) and 
Escherichia coli 

Urban wet weather flows are 
potential sources for 
contamination. Bacteria, 
Viruses, Protozoan parasites 
and Helminths (eggs of worm 
parasites) are the 4 main 
groups of pathogens 
potentially present. 

(Burton and Pitt 2001; Hvitved-Jacobsen et al. 2010; Pitt et al. 1995). 
 

The quality of stormwater runoff from a watershed is highly related to its land use and 

accompanying human activity (e.g. Marsalek 1978; Novotny 2002; Park et al. 2009): 

Highways and roads are typically major sources of hydrocarbons, sulphur and heavy 

metals (Barrett et al. 1998; Kim et  al. 2005), whereas commercial and industrial sites 

generate larger-than-average amounts of heavy metals and organic pollutants 

(Mikkelsen et  al. 1994) and construction sites significant amounts of sediments 

(Brezonik and Stadelmann 2002). 
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The  effect  of  such  intermittent  pollutant  discharges  on  receiving  waters  can  be  either  

immediate (related to a single event) or take a longer time to manifest. The former are 

referred to as acute effects and the latter as cumulative effects (Harremoës 1988). 

Examples of pollutants with acute effects include bacteria and organic micropollutants, 

while the accumulation of nutrients, suspended solids or certain heavy metals in 

receiving waters can have cumulative effects (Hvitved-Jacobsen et  al. 2010). The 

temporal variability of the potential effects of stormwater pollution means that the 

characterization of both extreme and average runoff events is equally important when 

considering potential solutions for the reduction of pollutant loads and treatment of 

discharges.  

 

2.2 Imperviousness and stormwater generation 

Stormwater runoff volumes and pollutant concentrations typically increase with the 

degree of land development in the area (e.g. Marsalek 1978; Novotny 2002; Sillanpää 

2013; Valtanen et al. 2013). In addition to larger amounts of human activity, the more 

developed areas tend to contain more impervious surface areas such as roads, 

driveways, roofs and parking areas that reduce rainfall infiltration and degrade the 

quality of runoff. 

 

The amount of impervious surface area is a quantifiable land use indicator that is often 

used  as  a  measure  of  the  amount  of  urban  development  and,  thus,  also  the  degree  of  

disturbance in the natural hydrologic regime in a given area. The total impervious area 

(TIA) of a region is defined as the total percentage of impermeable surface area in the 

catchment (Arnold and Gibbons 1996; Schueler et al. 2009). When considering the 

effect of imperviousness on stormwater discharge volume, for most precipitation events 

only the impervious surface area connected to the local drainage system generates direct 

surface runoff. This area is referred to as effective impervious area (EIA) and comprises 

a percentage of the TIA of a given catchment (Fletcher and Deletic 2007a). For 

example, Melanen and Laukkanen (1981) found that for seven Finnish urban 

catchments, the observed EIA was 50-80 % of the TIA for residential and 80-90 % for 

city centre and industrial catchments. 
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Pervious land surfaces activate and start to contribute to surface runoff during large 

storm  events.  The  amount  of  rainfall  needed  to  initiate  runoff  from  these  areas  is  

typically understood to be in excess of 5 to 10 mm (Burton and Pitt 2001) but can vary 

from one catchment to another. For three Finnish urban catchments, Sillanpää (2013) 

found that a statistically significant change in runoff generation in relation to rainfall 

occurred when event rainfall depths exceeded a threshold of about 17-20 mm. This 

underscores the need for a better understanding of the mechanisms of the runoff 

generation  process  in  urban  areas.  For  example,  finding  out  the  lower  limit  of  rainfall  

needed to activate non-EIA areas would allow urban planners to better scale stormwater 

management systems to handle various storm events and achieve reductions in runoff 

volumes and pollutant loads. 

 

2.3 Stormwater studies and management practices in Finland 

Hydrological research in Finland has mainly been focused on nonurban areas. Published 

urban hydrological studies are few in number; the most comprehensive stormwater 

monitoring project in Finland was carried out in the late 1970s. The Finnish Urban 

Storm Water Project (Melanen 1981; Melanen and Laukkanen 1981) focused on 

stormwater runoff in seven urban catchments in four Finnish cities during 1977-1979. 

More up-to-date urban runoff quality and quantity data is only now starting to appear as 

new monitoring programs were established in the mid-to-late 2000s (Kotola and 

Nurminen 2003; Metsäranta et al. 2005; Sillanpää 2013; Valtanen et  al. 2014) have 

produced findings.  

 

The focus of stormwater management in Finland and elsewhere has historically been 

mainly the mitigation of the flood risks caused by increased runoff volumes resulting 

from an increase in the amount of impervious surfaces in urbanized areas. This 

mitigation was achieved by implementing drainage systems that could efficiently 

channel stormwater runoff into receiving waters, usually without any treatment (Burns 

et al. 2012).  

 

The increasing occurrence of stormwater-related negative impacts has led to the re-

examination of these traditional stormwater management practices and they are now 

being supplemented with more sustainable urban drainage systems. These systems are 
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focused on minimizing or preventing excess stormwater generation by keeping the 

changes to the natural hydrologic cycle to a minimum. In modern systems, components 

such as bioretention pools and grass swales intended to infiltrate any rainfall to the 

maximum extent possible are included into new construction. The use of such measures 

is collectively known as Low Impact Development or LID (U.S. EPA 2000). The low 

impact development approach is recommended by the Association of Finnish Local and 

Regional Authorities (Kuntaliitto 2012).  

 

2.4 Stormwater runoff and pollutant load assessment 

2.4.1 Runoff coefficients 

The  processes  that  affect  the  generation  of  runoff  from  rainfall  are  numerous  and  

complex; the intensity and duration of the rain event, the topography, vegetation cover 

and geology of the catchment, the preceding dry period, infiltration into pervious and 

semi-previous surfaces, outflow from paved to non-paved areas, storage in depressions 

and evaporation all influence the generation of stormwater from a catchment (Hvitved-

Jacobsen et al. 2010). 

 

To account for the reduction of direct runoff compared to rainfall caused by the 

aforementioned factors, a dimensionless Runoff Coefficient, CR, is defined as follows 

(Novotny 2002): 

 

( ) =          (1) 

 

where Vrunoff (m3) is the volume of runoff and Vrain (m3) is the volume of rainfall. The 

runoff coefficient is an empirical simplification of the various factors influencing the 

rainfall-runoff process and can be used for estimating average runoff from specific 

catchments or other homogenous areas. A runoff coefficient for a specific catchment 

can be empirically determined by measurements of rainfall-runoff events or calculated 

based on one or more known properties of the catchment, for example its TIA or EIA. 

Average coefficient values for different urban surfaces and land uses are also listed in 

hydrologic texts (e.g. Novotny 2002; Karttunen 2004) and can be used if the other 

methods are not suitable due lack of time and/or resources. 
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With a known CR, storm runoff volume can be defined as follows (Park et al. 2009): 

 

= ( )          (2) 

 

where Q (m3) is the runoff volume, A (m2)  is  the  drainage  area,  Cf (m/mm) is a unit 

conversion factor, and P (mm) is precipitation depth. 

 

2.4.2 Event- and site mean concentrations 

Pollutants will typically appear in varying concentrations in stormwater runoff during a 

storm event. These concentration changes are not systematic between different events. It 

has often been observed that the largest concentrations tend to occur during the initial 

period of runoff, but this “first flush” effect has not been found to be consistent for 

separate locations or pollutants (e.g. U.S. EPA 1983; Burton and Pitt 2001; Novotny 

2002; Hvitved-Jacobsen et al. 2010). 

 

Given that there is no consistent pattern of concentration within a runoff event, pollutant 

concentrations are often measured as Event Mean Concentrations (EMCs). An EMC 

(mg/l) represents the average concentration of the pollutant during the storm event and 

is defined as follows (Huber and Dickinson 1988): 

 

( ) = =
( ) ( )

( )
= ( ) ( )

( )
      (3) 

 

where M (mg) is the total mass of the pollutant during the storm event, V (l) is the total 

stormwater runoff volume, c(t) (mg/l) is the pollutant concentration varied over time t, 

q(t) (l/min) is flow over time t and T (min) is the total duration of runoff. 

 

In practice, the EMC is usually represented by the concentration of a flow-weighted 

composite  sample  of  the  entire  runoff  event;  usually  the  total  mass  and  EMC  of  a  

pollutant are more important than the discrete concentrations within an event (Novotny 

2002). 
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Given that EMC values determined for individual storm events will inevitably differ 

due to the stochastic nature of the phenomenon, another measure is required to describe 

the average quality of a specific site’s stormwater discharge; Site Mean Concentrations 

or SMCs are concentrations that characterise a site in terms of a median value based on 

a number of EMCs from that site (Hvitved-Jacobsen et al. 2010).  

 

There are a number of methods that can be used to evaluate SMCs based on existing 

EMC data (Mourad et al. 2005). The ones adopted in this study are described in section 

3.1.4. 

 

2.4.3 Volume-concentration modelling 

There are numerous methods for estimating stormwater pollutant loads on a larger scale 

to be found in literature, with the effort and expense required increasing with their 

complexity. Depending on the specific circumstances in which they are applied, 

sophisticated models are not necessarily able to provide more accurate pollutant load 

estimates than simple ones and may indeed produce significantly less accurate 

predictions if applied without extensive knowledge of the area being modelled (Mitchell 

2005; Mourad et al. 2005). 

 

Most load estimation methods utilise land use information to some degree, either as a 

basis for watershed analysis or to assign quality and quantity parameters in order to 

assess  total  pollutant  export.  The  latter  group  are  called  empirical,  or  volume-

concentration methods (Park et al. 2009). Volume-concentration methods have been 

extensively used for estimating stormwater pollution (e.g. Wong and Strecker 1997; 

Charbeneau and Barrett 1998; Mitchell 2005). In volume-concentration methods, the 

evaluation of long-term pollutant loads is carried out by multiplying total runoff volume 

with a site-specific SMC value (Mourad et al. 2005).  For  a  single  storm  event,  for  

example, the associated pollutant load L (mg) can be estimated based on the runoff 

volume Q (l) and a known SMC (mg/l) (Wong and Strecker 1997): 

 

= ( )          (4) 
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When estimating the annual pollutant export from a site, the principle remains the same, 

only the estimated annual runoff volume would be used instead of the event runoff 

volume. When dealing with large, heterogeneous areas multiple SMCs are typically 

used to represent the different land uses in the area. Any mass discharges estimated with 

such an approach are naturally highly influenced by the input variables such as runoff 

coefficients and SMCs used. When comparing six independent stormwater modelling 

efforts in the Upper Ballona Creek Watershed area in Los Angeles, Park et al. (2009) 

found that despite the basically similar methods used by the modellers, differences 

ranging from -68% to 118% were present in the final estimates of suspended solids 

mass loads. These differences resulted from differences in land use definitions, runoff 

coefficients used and SMC estimates, highlighting the need for additional stormwater 

data collection and validation of estimation results.     

 

2.5 Monitoring stormwater discharges 

The primary objective of any stormwater monitoring programme is the accurate 

estimation of pollutant loads. Other objectives typically include the identification of 

high-risk dischargers and the determination of pollutant reduction targets for specific 

areas (Lee et al. 2007). The scope and objectives of a monitoring effort should be 

clearly defined, as should be the question of how much data collection is necessary to 

support decision making (Stenstrom and Lee 2005). 

 

Monitoring is also desirable from an urban planning perspective, as it is necessary have 

a reasonably accurate estimation of the mass of pollutants being formed in any given 

area when designing an effective stormwater management strategy (Fletcher and Deletic 

2007b).  

 

Burton and Pitt (2001) divided stormwater monitoring studies into two general 

categories: characterization and/or comparison. Characterization quantifies only simple 

attributes of a variable or variables of interest, e.g. the (likely) concentration of zinc in a 

studied stream. The further questions pertaining to the parameter(s) studied such as 

differences between concentrations in different parts of the stream belong to the second 

category, comparisons. Any small-scale stormwater monitoring being carried out or 
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mandated by municipal authorities (i.e. for environmental permits) usually fits into the 

characterization category. 

 

Regardless of scale, a monitoring design is considered adequate when its results can be 

used to effectively assess the study hypothesis. It is therefore important to have a clear 

understanding of the goals and objectives of the monitoring effort before proper 

planning can begin. Additionally, preliminary site-problem assessments, regulatory 

mandates and available resources must also be taken into consideration when planning a 

monitoring effort. (Burton and Pitt 2001). 

 

2.5.1 Sampling approaches 

The objective of environmental sampling is usually to obtain information from a larger 

population by analysing a small segment of it. Planning a sampling effort involves first 

selecting a sampling approach and then determining the amount of samples needed to 

obtain reliable estimates of the population being studied. (Burton and Pitt 2001) 

 

Numerous sampling approaches have been documented in literature. For example, 

Gilbert (1987), as cited by Burton and Pitt (2001) divided sampling plans into four main 

categories:  

 

 Haphazard sampling, where any samples are taken in an unplanned, non-

random way. Only possible when the population being sampled is known to be 

very homogenous and resources do not permit the use of other, more appropriate 

methods. Generally not recommended. 

 Judgement sampling, used when evaluating a specific subset of a larger 

population with no need to obtain universal characteristics. May be used as a 

first stage for later, more comprehensive sampling effort. 

 Probability sampling, where samples are taken based on one or more known (or 

expected) statistical properties of the population being sampled. 

 Search sampling, where the sampling effort is used to locate areas for which 

prior knowledge of conditions is available. The plan is neither systematic nor 

random, stressing areas thought to offer a greater probability of success. 
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Gilbert (1987) listed numerous subcategories of probability sampling. Of these, the 

most relevant one to this study is stratified random sampling, suggested by Gilbert 

(1987) as the most appropriate one for the majority of studies concerned with the 

quality of surface waters. In this approach the study population is divided into several 

subpopulations with great variation between them. These subpopulations are assumed to 

be internally more homogenous and contain less variation than the population as a 

whole. Random sampling in the subpopulations is planned according to their known or 

assumed properties (based on e.g. location, local rainfall depth, season, land use, etc.), 

saving resources and allowing for useful comparisons between the subpopulations if 

they are shown to be different.  

 

Some prior knowledge of the studied population is generally needed to ensure that the 

initial division into subpopulations can be made reliably. This can come from e.g. 

limited  initial  studies,  personal  experience  or,  in  the  case  of  well  documented  

phenomena, literature. Since the quality of stormwater discharge from a given 

catchment can generally be linked to its land use (e.g. Marsalek 1978; Mitchell 2005; 

Park et al. 2009; Sillanpää 2013; Valtanen et al. 2013) and/or the degree of 

urbanization, expressed as the amount of imperviousness (e.g. Melanen and Laukkanen 

1981; Arnold and Gibbons 1996; Schueler et al. 2009), a stratified sampling approach 

with subpopulations defined by these characteristics is a good option. This is especially 

true for large-scale monitoring efforts where resources are at a premium. 

 

2.5.2 Number of samples and sampling locations 

Once a sampling approach has been selected the number of samples that need to be 

collected to assess the parameters desired with an adequate degree of confidence must 

be evaluated. There are numerous sample size equations listed in literature (e.g. Gilbert 

1987; Downes 2002) that can be used for estimating sampling amounts based on known 

statistical properties of the population being sampled and the accuracy desired.  

 

Stormwater quality data is in most cases characterised by a high degree of variability 

and non-normal distributions (U.S. EPA 1983; Novotny 2002), a fact that needs to be 

taken into account when estimating sampling parameters. Log10 -transformed data can 

be used and applied to sample number equations in case of log-normally distributed 
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data. Often the coefficients of variation (COVs), calculated as the ratio of standard 

deviation to average, remain large even in transformed data, making any sample size 

estimations useful only as approximations. The use of a stratified sampling approach 

can reduce the COV (and thus the number of samples needed) of a subpopulation to be 

sampled if adequate data is available for an accurate subpopulation characterization 

(Burton and Pitt 2001). 

 

Once the sampling parameters have been satisfactorily determined the question of the 

number of sampling locations that need to be characterised also needs to be addressed. 

This aspect of the design of a monitoring effort is difficult to describe in detail because 

it  is  very  closely  tied  to  the  goals  of  the  study,  the  study  area  itself  and  the  resources  

available. For example, Stenstrom and Lee (2005) used marginal benefit analysis to 

prioritize the stormwater monitoring efforts in the Los Angeles area based on estimated 

pollutant discharges from different land uses. A similar approach has also been used in 

this study and is described in more detail in Chapter 3. 

 

2.6 Stormwater monitoring and load assessment in cold climates 

In  northern  climates  a  portion  of  annual  precipitation  occurs  in  the  form  of  snow.  In  

southern Finland the fraction of snowfall is, for a typical year, 30 to 40 % (Kuusisto 

1986). During wintertime, snow acts as temporary storage for both water and pollutants 

which are then released during a relatively short period in the spring. Additionally, the 

freezing of soil during winter leads to practically non-existent infiltration (Vakkilainen 

et al. 1986). 

 

Compared to warm and temperate climates, the effects of urbanization on hydrological 

processes under cold climates are less well understood (Hvitved-Jacobsen et al. 2010). 

In Finland, Sillanpää (2013) did not find any notable changes in long-term runoff 

generation that would have resulted from urbanization during the cold period based on 

measurements from three urban catchments in Espoo during 2001-2006. Similarly, 

based on measurements in three urban catchments in Lahti, Valtanen et al. (2014) 

concluded that while stormwater runoff was affected by land use intensity, the cold 

periods diminished the effect. Additionally, based on snow quality measurements at two 

residential catchments in Espoo, Finland, Sillanpää and Koivusalo (2013) noted that 
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urbanization reduced the amount of snowmelt but also increased pollutant accumulation 

in snow. 

 

The need for additional monitoring data from urbanized catchments during wintertime 

conditions has been recognized by many authors (e.g. Semádeni-Davies and Bengtsson 

1999; Westerstrom and Singh 2000; Matheussen 2004; Valtanen et al. 2014). Oberts et 

al. (2000), as cited by Sillanpää (2013), recommended that monitoring efforts in such 

catchments continue for several years to reliably determine the seasonal variation and 

range of observed pollutant concentrations and loads.  

 

During the winter period the accumulation of snow makes the quantification of 

stormwater generation a challenging task, as snow in urban areas is often moved around 

during the winter period prior to the spring snowmelt (Valtanen et  al. 2014). 

Additionally, the pollutant accumulation and release mechanisms for different 

pollutants in snow are poorly understood (Hvitved-Jacobsen et al. 2010). As a result, 

the estimation of the impact of the cold period on stormwater quality based on currently 

available data is a difficult task. Thus, the evaluation of the net effects of urbanization 

on runoff quality and quantity, requires more up-to-date information from catchment-

level studies across a wide spectrum of urban development (Burns et al. 2005). 
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3. MATERIAL AND METHODS 

The approach used in this study is based on an 8-step process presented by Burton and 

Pitt (2001), which is in turn based on a case study performed in Waller Creek, Austin, 

Texas (Stenstrom and Lee 2005) with some modifications. The approach is based on the 

stratified random sampling principle described in Section 2.4.1. 

 

The process deals with the problem of selecting specific land uses that need to be 

monitored to accurately characterize stormwater runoff from an urban area. The steps 

are briefly summarized in Table 2. 

Table 2. The stormwater monitoring program design and implementation process 
used as a basis for this thesis. Here as presented by Burton and Pitt (2001).  

 

Step Purpose 

1 Identification of land use classes present in study area. 
Selection of representative locations in each category. 

2 Preliminary surveys of representative locations selected in 
step 1. 

3 Surface measurements for each surveyed location. 

4 Finalization of land use categorization based on surveys 
conducted in steps 2 and 3. 

5 

Evaluation of stormwater discharges and pollutant loads 
from separate land use categories. Ranking of the 
categories according to their predominance and pollutant 
generation. 

6 Selection of land use classes and locations for monitoring. 
Sampling plan formulation. 

7 Installation of monitoring equipment. 

8 Repetition of steps 6 and 7 for different land use 
categories until monitoring requirements are met. 

 

The process can be split into three main phases. First, the study area is divided into 

several land use categories with different stormwater characteristics (steps 1-4). These 

areas should be as homogenous as possible. Second, the annual stormwater discharge 

from the study areas is estimated (step 5). Third, a monitoring strategy is formulated 

and  implemented  based  on  the  amount  and  spatial  disposition  of  the  estimated  

stormwater pollutant load and local monitoring targets (steps 6-8).  

 

In this study the three main phases were all carried out with some modifications for the 

area of Lahti city, Finland. Lahti is a city and municipality located in southern Finland 
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(60°59 00 N, 25°39 20 E) on the southern end of Lake Vesijärvi, about 100 kilometres 

northeast of the capital Helsinki (Figure 1). It is the capital of the Päijänne Tavastia 

region, and with a population of 103 000 is the ninth largest city in Finland. The total 

land area of the Lahti municipality is approximately 135 km2. The 30-year average 

annual rainfall in the region is 634 mm (Hutila et al. 2011), of which an average of 30% 

to 40% occurs as snow (Kuusisto 1986). 

 

 

Figure 1. Locations of the catchments studied by (a) Valtanen et al. (2013) in Lahti and (b) Sillanpää (2013) in Espoo. 
See section 3.1.4 and Table 3 for more details. 
 

Figure 2 contains a graphical representation of the work process. A land use analysis of 

the Lahti city area and an imperviousness analysis of the urban land use classes found 

within the area were carried out and formed the basis for the land use categorization of 

the study area. Additionally, data collected in local stormwater studies was analysed and 

relevant literature consulted to obtain a better understanding of the stormwater 

characteristics of the different land use categories (Phase 1 in Figure 2). The annual 

volume and quality of stormwater runoff in the Lahti region was estimated using a 

volume-concentration model with the results of phase 1 as inputs (Phase 2). Finally, 
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based on these estimates the basic parameters needed for a stormwater monitoring plan 

for the Lahti city region were formulated (Phase 3).  

 

Figure 2. The main phases and component analyses of the study. SW is used to abbreviate stormwater. A dashed line 
indicates that the results of a particular component analysis are used as inputs in other phases. 
 

3.1 Study area characterization 

3.1.1 Land use analysis 

The land use analysis included the identification of and division into land use classes of 

the study area. It filled the function of the first four steps in the stormwater discharge 

characterization process in Table 2 (Burton and Pitt 2001).  Nelson and Booth (2002) 

also used a similar land-use based approach for estimating sediment loadings in a mixed 

land-use watershed, as did Nordeidet et al. (2004) for estimating stormwater discharges 

into the Alna watercourse in Oslo. 

 

The division of the Lahti city region into categories was primarily based on the most 

recent land use and aerial photographic data available from the city of Lahti Land Use 

Unit. Additionally, on-site photographs (usually available via Google maps’ Streetview 

component)  or  site  surveys  were  used  when  there  was  uncertainty  about  the  most  

appropriate land use class. A local survey on traffic intensity (Saastamoinen et al. 2010) 

was used for the classification of the roads and highways land use classes. 
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The areas belonging to each land use class were delimited onto the Lahti city map as 

separate overlays by hand and the total areas for each land use class determined using 

MapInfo Professional 10, the GIS software used for the thesis. 

 

3.1.2 Imperviousness analysis 

An  imperviousness  analysis  was  carried  out  for  all  the  urban  land  use  classes  

determined in the land use analysis, the third step in Table 2. The analysis was carried 

out by determining the ratio of impervious/total surface area for 10 individual sub-areas 

for each urban land use class. The sub-areas were selected so as to include a varied and 

representative assortment of the areas that comprised each land use class. As with the 

land use analysis, the impervious areas were delineated as separate GIS overlays and the 

impervious area was determined by using the software’s built-in GIS area calculation 

tools. 

 

For each land use class, the average imperviousness and its standard deviation were 

calculated. The datasets obtained were also tested for normality using Shapiro-Wilk 

tests in IBM SPSS v20. 

 

3.1.3 Runoff coefficient calculation and comparison 

Runoff Coefficients (CRs) were used to estimate the amount of runoff generated by 

rainfall.  There  are  several  methods  for  determining  runoff  coefficients  for  areas  based  

on known impervious fractions. Four different estimates for runoff coefficients were 

used. First, the impervious fractions determined in the imperviousness analysis were 

used. Second, a set of reference CRs Karttunen (2004) was used. Third, CRs were 

calculated based on Equation 5 (Sillanpää 2013):  

 

( ) = 0,661 0,069         (5) 

 

where CR (-)  is  the  dimensionless  runoff  coefficient  and fimp (-)  is  the  impervious  

fraction. The equation was determined based on an analysis of observed rainfall-runoff 

events in Finnish catchments. Fourth, CRs were also calculated using Equation 6 (Park 

et al. 2009):  
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= + 0,1         (6) 

 

where k (-) is the case-specific coefficient, for which a value of 0,7 was used (Driscoll et 

al. 1990) and fimp is  the  impervious  fraction.  The  equation  is  used  for  estimating  CRs 

based on imperviousness of a given area. 

 

3.1.4 Analysis of local stormwater data 

Data collected in two multi-year studies on Finnish urban catchments was analysed in 

order to determine average pollutant concentrations for suspended solids, total nitrogen, 

total phosphorous, chemical oxygen demand and five heavy metals. Three of the study 

sites were located in Espoo (Sillanpää 2013) and three in Lahti (Valtanen et al. 2014). 

The location of the sites is presented in Figure 1 and an overview of them in Table 3. 

Table 3. Characteristics of the sites studied by Sillanpää (2013) (LL, VK and SR) and Valtanen et al.  (2014) (KP, TP 
and AP). TIA is the total impervious area and EIA the effective impervious area of the catchment. The variables are 
suspended solids (SS), total nitrogen (TN), total phosphorous (TP), chemical oxygen demand (COD) and five heavy 
metals. 
 
City Site Type of 

development 
Code TIA 

(%) 
EIA 
(%) 

Area 
(ha) 

Parameters Timeframe 
of study 

Espoo         
 Laaksolahti Low-density 

residential 
LL 20 10 31 SS, TN, TP, 

COD 
2001-2006 

 Vallikallio Medium-density 
residential 

VK 50 41 13 SS, TN, TP, 
COD 

2001-2006 

 Sauna- 
lahden- 
ranta 

Construction 
site/medium-density 
residential 

SR 36 23,5 13 SS, TN, TP, 
COD 

2001-2006 

  (previously 
undeveloped) 

 (1,5) (5) (8,5)   

         
Lahti          
 Kilpiäinen Low-density 

residential, single-
family houses 

KP 19 14 12,6 SS, TN, TP, 
TOC, Cr, Ni, 
Zn, Cu, Pb 

2008-2010 

 Taapeli City 
centre/commercial 
including apartment 
buildings 

TP 89 80 6,1 SS, TN, TP, 
TOC, Cr, Ni, 
Zn, Cu, Pb 

2008-2010 

 Ainonpolku City centre including 
apartment buildings 

AP 62 53 6,5 SS, TN, TP, 
TOC, Cr, Ni, 
Zn, Cu, Pb  

2008-2010 

 

To allow rough comparisons between the two, total organic carbon (TOC) values from 

the  Lahti  sites  were  converted  to  chemical  oxygen  demand  (COD)  values  with  a  

multiplication of 2.7; Gooddy and Hinsby (2009) noted a good positive correlation 
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between the two parameters (R2=0.86) with COD values approximately 2.7 times 

greater than TOC values. The value of 2.7 corresponded to the ratio of the atomic mass 

between oxygen (32) and carbon (12). 

 

SMCs were calculated for each studied water quality parameter for both summer- and 

wintertime events. Four different mean statistical indicators were used: arithmetic 

means, medians, log-normal means and weighted means with event volumes as weights 

(Mourad et al. 2005). The log-normal means were defined as: 

 

( ) = ( + )        (7) 

 

where Mu (-)  and  2 (-) are the mean and variance of the logarithmically transformed 

EMC values used to evaluate the SMC (mg/l). The weighted means were defined as: 

 

( ) =           (8) 

 

where V (l) is the volume of runoff and EMC (mg/l) is the event mean concentration of a 

specific storm event. 

 

While the flow-weighted mean is the method most often referred to in literature, in 

specific circumstances other methods may be more appropriate (Mourad et al. 2005; 

May and Sivakumar 2009). The arithmetic mean can be a good estimate for normally 

distributed EMC values. Because stormwater EMC data usually follows a lognormal 

distribution, the lognormal mean is generally a better estimator of a typical EMC value. 

It,  like  the  arithmetic  mean,  however  remains  very  sensitive  to  extreme  values  which  

can lead to biased estimations. The median value is therefore preferred over the 

lognormal and arithmetic means when the EMC data is skewed. (Mourad et al. 2005) 

 

Based on literature it was expected that most stormwater pollutant concentrations would 

be well represented by the normal distribution when logarithmically transformed (e.g. 

Cole et al. 1984; Van Buren et al. 1997; Novotny 2002; Mitchell 2005; Métadier and 

Bertrand-Krajewski 2012). This was tested with Q-Q-plots and Shapiro-Wilk normality 
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tests for logarithmically transformed EMC’s for all parameters. Additionally, the 

distributions  of  EMC’s  from  all  sites  and  all  parameters  were  compared  using  the  

Kurskal–Wallis one-way analysis of variance with a significance level of 0.05 to 

ascertain whether the EMCs from the study sites originated from similar distributions. 

IBM SPSS v20 and Microsoft Excel were used for statistical calculations. 

 

Additionally, a review of SMC values used to represent the pollutants relevant to this 

study in other stormwater loading assessments was also carried out. Because the 

available stormwater data analysed did not cover all land use classes within the city area 

it was necessary to obtain estimates for average pollutant concentrations elsewhere. The 

SMC values obtained from different sources were also used to assess the sensitivity of 

pollutant load estimations to the initial inputs as described in section 4.2.3. 

 

3.2 Pollutant load estimation 

3.2.1 Volume-concentration modelling 

Estimating the stormwater discharges in the study area and the associated pollutant 

loads comprised the second phase in Figure 2. The volume-concentration method was 

used for the estimation. This approach was selected for several reasons; if applied with 

sufficient data regarding local conditions, volume-concentration methods give results 

comparable  or,  in  some  cases,  more  accurate  than  complex  build-up  and  wash-off  

models  at  a  significantly  lower  cost  (eg.  Mourad et al. 2005; Park et  al. 2009). 

Additionally,  the  use  of  SMC  data  simplifies  the  estimation  process,  allows  for  easy  

revision of planning-level estimates as new data becomes available, enables the 

utilization of existing datasets for many pollutants and greatly simplifies the estimation 

of uncertainties in load assessments (Mitchell 2005). Unit area loads were calculated 

based on the amount of runoff volume and SMCs for each pollutant using the following 

equation (Novotny 2002): 

 

= 0,01( ) ( )        (9) 

 

where Lu (kg/ha/a) is the unit area load, CR (-) is the runoff coefficient, P (mm/a) is the 

annual rainfall depth and SMC (mg/l) is the characteristic site mean concentration. To 



 
 
 
 

39 
 

determine the annual pollutant load for a specific land use area, Ltot (kg/a), the unit area 

load Lu (kg/ha/a) was multiplied with the corresponding area A (ha): 

 

=           (10) 

 

The rainfall depth used was the 30-year average annual rainfall in the Lahti region, 634 

mm (Hutila et al. 2011). Runoff coefficients and total land use areas were obtained as 

results of the imperviousness analysis and land use analysis, respectively. The total 

annual pollutant load estimation for each pollutant was made by adding up the 

individual loads for all land uses. 

 

As  the  pollutant  load  estimations  are  only  as  accurate  and  representative  as  the  inputs  

used in calculating them, the results of any pollutant export estimates can be 

considerably influenced by the initial selection of variables (Mourad et al. 2005). Thus, 

a sensitivity analysis was carried out; to assess the effect of the parameters used on the 

final estimations several comparisons were calculated with SMCs and CRs from 

different sources as inputs and the results were compared. 

 

3.2.2 Uncertainties in load estimations 

To assess the uncertainties associated with the pollutant load estimations based on the 

known uncertainties of i) the imperviousness values associated with the land use classes 

and ii) the EMC values for different pollutants, a multiplicative propagation of error 

formula (Ku 1969) was used: 

 

= 100 +        (11) 

 

where Li (%) is the cumulative error  introduced into the final pollutant load estimate 

for pollutant i as a result of the known standard errors associated with the EMCs 

EMCi) and imperviousness ( impi) values for each land use class, expressed as 

relative errors to their respective mean values. 
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The effect of the uncertainties in specific land use class pollutant export estimations on 

the total pollutant load estimation was evaluated based on an additive propagation of 

error formula (Ku 1969): 

 

= ( )          (12) 

 

where Ltot (kg) is the total error for a pollutant, plus or minus from the total pollutant 

export estimation and PLi (kg)  is  the  respective  pollutant  export  estimation  error  for  

land use class i for that pollutant (eq. 11). The errors for all n land use classes are taken 

into account. It should be noted that these equations are not intended for the estimation 

of the upper and lower theoretical limits of the load estimations but, rather, errors that 

are likely to be carried over to the final estimations based on the known statistical 

properties of the inputs on which they are based. 

 

3.3 Monitoring system design  

Designing a stormwater monitoring system based on the estimated pollutant loads was 

the  third  and  final  phase  of  this  study  (Figure  2).  The  city  of  Lahti  does  not  have  an  

official target for stormwater monitoring (City of Lahti 2011). The monitoring system 

variables presented in this study were determined without considering a predefined 

maximum  budget  as  any  costs  would  depend  heavily  on  the  realized  extent  of  

monitoring, the evaluation of which was beyond the scope of this study. Approximate 

cost estimates were however calculated for each aspect of monitoring on a component 

basis. 

 

3.3.1 Marginal benefit analysis 

A marginal benefit analysis (Stenstrom and Strecker 1993, as cited by Burton and Pitt 

2001) was the first step in determining the monitoring system variables. The analysis 

made it possible to: i) ascertain the most cost-effective way of monitoring the discharge 

of a given pollutant, and ii) find the optimal way to meet a particular monitoring target 

in  a  straightforward  manner.  The  marginal  benefit  analysis  was  carried  out  for  all  

pollutants based on their estimated annual mass export by land use category. 
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For the analysis all the land use categories were ranked according to their predominance 

and estimated annual pollutant generation. These were re-arranged from the largest to 

smallest in terms of pollution potential and an accumulated percentage contribution 

produced and then plotted against the number of land use categories. The marginal 

benefit associated with a given number of top-ranked land uses was graphically 

represented as the distance between the two plotted lines (Figure 3). As can be seen in 

Figure 3, the marginal benefit curve will be relatively steep initially and then level off as 

it approaches 100%. The optimal amount of monitored land uses can be determined by 

finding the number of monitored land uses for which the marginal benefit is the largest. 

This process was repeated for each pollutant.  

 

 

Figure 3. An example of a marginal benefit plot. In the graph the number of monitored land use classes has been 
plotted against the estimated cumulative pollutant mass discharge. The dashed line indicates monitoring where the 
land use classes have been selected for sampling starting with the ones possessing the largest pollution potential. The 
solid line indicates random sampling between all the land use classes. The marginal benefit achieved with optimised 
monitoring is represented by the difference between the two lines. The optimal number of monitored land use classes 
(i.e. the one with the largest associated marginal benefit) is three in this example.  
 

3.3.2 Land use ranking by pollutant generation 

A simple numerical ranking system (Bingham 1993) was used to determine which land 

use classes should be prioritized when planning the monitoring effort. The land use 

classes were ranked with their percentage contributions to the total estimated annual 
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pollutant  loads  acting  as  weights.  This  was  done  separately  for  each  pollutant  and  the  

results were added up to establish a total ranking for each land use class. 

 

3.3.3 Estimation of the required number of samples  

It is important that the samples collected in any sampling effort represent the conditions 

from which they were taken and that enough samples are taken to provide statistically 

relevant information. The availability of local stormwater quality data made it possible 

to obtain rough estimates of the number of samples needed based on the (desired) 

allowable error and the known statistical properties of the analysed data. The sampling 

numbers required were estimated using Equations 13 (Cochran 1963), 14  (Gilbert 

1981) and 15 (Milton and Arnold 1986): 

  

= ( )
( )

          (13) 

 

= ( )
( )

         (14) 

 

= ( )
         (15) 

 

where n is the number of samples,  is  the standard deviation, 2 is the variance, ea is 

the absolute allowable error (plus or minus from the mean), d is the distance between 

the lower and upper confidence bounds,  is the false positive rate (1-  is the degree of 

confidence) and Z1-  is the Z score (associated with area under normal curve) 

corresponding to 1- , from standard statistical tables. Equations 13-15 are only 

approximate as they require the dataset to be normally distributed whereas log-normal 

distributions  are  typically  more  appropriate  for  water  quality  parameters.  Log10-

transformed values were used when the log-normality of the population could be 

established (Burton and Pitt 2001). 
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4. RESULTS AND DISCUSSION 

4.1 Study area characterization 

4.1.1 Land use analysis 

The availability of local stormwater monitoring data was the most important factor 

influencing the selection of the land use classification used in the analysis. The nine 

land use classes selected and their descriptions are shown in Table 4. The classification 

used in this study was based on that used by Stenstrom and Strecker (1993) with some 

modifications: the commercial and public areas were combined into a single 

commercial/public (CP) land use class and the transportation land use class was 

separated into two land use classes, roads (R) and highways (HW). Additionally, an 

agriculture (AC) land use class was added.  

Table 4. The land use classification used in the analysis. 
 

Land use class Abbreviation Urban? Description 

City centre CC Yes The city centre as defined by the Lahti 
land use office 

Roads R Yes Roads with an average traffic of less 
than 15000 vehicles/day 

Highways HW Yes Roads with an average traffic of 
15000 vehicles/day or more 

Industrial IND Yes Industry and transport services 

Commercial/public CP Yes Shopping malls, Schools, Libraries 
etc. 

Residential/single-family SFR Yes Detached and semi-detached housing 

Residential/multi-family MFR Yes Apartment blocks, row houses, 
terraced housing etc. 

Agricultural AC No Cultivated fields 

Green G No Meadows, parks, forests and other 
undeveloped areas 

 

The modifications to the land use classification were deemed necessary for several 

reasons: given the nature of the locally available stormwater monitoring data (described 

in section 3.1.4) no additional accuracy could be achieved by determining commercial 

and public areas separately as they would not be well characterised by the mixed land 

use urban study sites. The division of the transportation land use class into two was 

possible because detailed information was available on both the traffic amounts in Lahti 

(Saastamoinen et  al. 2010) and the quality of runoff from Finnish roads with different 

traffic intensities (Inha et al. 2013). Likewise, stormwater quality data for Finnish 

agricultural areas was available (Vuorenmaa et al. 2002; Puustinen et al. 2005), 
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allowing for their characterization as a separate land use class. Figure 4 shows the 

distribution of the land use classes in the study area. 

 

 

Figure 4. The Lahti city area with land use class overlays visible. Descriptions for the land use classes are given in 
Table 4. Note the lack of undeveloped areas (G), which were determined by subtracting all the other land uses from the 
total study land area. The thick red line indicates the city border. 
 

The  most  homogenous  urban  land  use  categories  were  single-family  residential  (SFR)  

and multi-family residential (MFR). Both categories were well represented by their 

descriptions in Table 4 with few exceptions. Multi-family residential areas were slightly 

more variable due to the larger amount of different types of housing included in the 

same category. 

 

Industrial (IND) areas were also reasonably homogenous, although further sub-

classification (based on type of industrial activity) of these areas would likely be 

preferable should additional data regarding their stormwater discharges become 

available. Commercial/public land use areas had the most variability of the urban land 

use classes mainly due to the inclusion of areas hosting many different types of 

activities into a single land use category.  
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Figure 3 shows how the total Lahti city land area (13500 ha) was distributed between 

the  different  land  use  classes.  By  far  the  most  prominent  land  use  was  green,  or  

undeveloped, areas (G), which covered approximately 7850 ha or 58% of the total land 

area. Other prominent land uses were single-family residential (2070 ha, 15%) and 

agricultural (1400 ha, 10%) areas. 

 

 

Figure 5. Distribution of all (a) and urban (b) land use classes in the study area. See table 4 for land use class 
descriptions. 
 

The single- and multi-family residential areas were spread out in a heterogeneous 

fashion,  as  were  the  bulk  of  commercial/public  areas.  Industrial  areas  were  mostly  

located in distinct industrial quarters, in which they were the dominant land use. 

Agricultural areas were most common in the southern part of the city region (Figure 4).  

 

The initial land use categorization can lead to significant biases in the resulting pollutant 

load estimations depending on the uniformity and selection of the categories. Park et al. 

(2009) found that differences in land use definitions used in separate studies in the same 

region produced differences of up to 14% in mean load predictions for suspended 

solids.  The  commercial/public  and,  to  a  lesser  extent,  industrial  land  use  classes  were  

fairly heterogeneous; the availability of additional stormwater quality data (i.e. SMC 

values  that  could  be  attached  to  new  classes)  would  enable  the  division  of  these  use  

classes into sub-classes; Lee and Bang (2000) for example found that stormwater 

quality varied between catchments with different types of industrial activity. In addition 

to the type of activity, other possible criteria for such a reclassification include the 
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amount of imperviousness (Charbeneau and Barrett 1998) or land use type (Choe et al. 

2002).  

 

In  road  areas  the   amount  of  traffic  has  been  shown to  affect  stormwater  quality  (e.g.  

Barrett et al. 1998; Inha et al. 2013). Additionally, during the cold period, the pollutant 

concentrations reported by Sillanpää and Koivusalo (2013) in snowbanks along roads 

were lower along walkways than roads with traffic. These factors make a more accurate 

categorization of the road network based on traffic amounts desirable if resources are 

available.  

 

The large amount of undeveloped land in the study area, represented by the green land 

use class, was particularly problematic in terms of both characterization and the 

estimation of annual stormwater pollutant export. Many of the areas included in the 

category (i.e. forests, meadows) are undisturbed in nature, while others may contribute 

large amounts of pollutants. For example, Line et al. (2002) studied the pollutant export 

from various land uses in North Carolina and found that the largest annual total 

phosphorous export (5.3 kg/ha/a) originated from a golf course site. The other sites 

studied by Line et al. (2002) were single-family residential, industrial, pasture, 

construction site and a wooded control site. By comparison, the average annual total 

pollutant export from the golf course site reported by Line et al. (2002) was 302% 

higher than that from the wooded control site, contrasted by 269% and 256% higher 

average total pollutant export from, respectively, the residential and a construction sites. 

This variability between different areas in the green land use category may introduce a 

bias into the pollutant export estimates. The large size of the study area combined with 

limited resources did, however, mean that for this study a more detailed classification of 

undeveloped areas could not be completed in a reasonable amount of time. 

 

Additionally, it was observed that the individual plots in the land use classification 

within the city often contained a significant portion of undeveloped land. This was 

especially notable in mixed land use areas where plot borders did not immediately 

correspond to (often drastic) land use changes. If relying solely on existing land use data 

these irregularities in the individual plots could have a large cumulative effect when 

determining total areas for different land use classes and thus lead to skewed pollutant 
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load estimates. This variability in land use data highlights the necessity of inspecting 

and correcting any existing land use databases by hand before using the databases for 

calculations. 

 

4.1.2 Imperviousness analysis 

The analysed urban land use classes were found to have distinctive differences in their 

average impervious fractions, taking into account the limited sample size on which the 

results  are  based.  Figure  6  shows  an  example  of  one  of  the  50  areas  selected  for  the  

imperviousness analysis. 

 

 

Figure 6. One of the areas (Multi-Family residential) used to estimate the average amount of imperviousness for each 
urban land use class. The impervious surface area is highlighted in white. 
 

The impervious fractions determined for the urban land use classes are shown in Figure 

7. City centre and single-family residential areas had the smallest statistical variation in 

impervious fractions (±3% and ±4%, respectively, for 95% mean confidence intervals) 

with the rest having slightly higher variations (commercial and public: ±8%; industrial: 

±7%; multi-family residential ±8%). Only commercial/public areas and industrial areas 

had average impervious fractions with overlapping 95% confidence intervals. The 

results obtained for the five urban land uses were generally similar to literature values 

(e.g. Karttunen 2004) and can be considered accurate within the established confidence 

intervals (Table 10). However, it should be noted that the choice of land use categories 

resulted in comparatively large variations of imperviousness within some of them. This 

was especially notable in the commercial/public and multi-family residential land use 
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classes, where many different types of construction (in age of development, type of 

housing etc.) were grouped together under one classification. A larger sample size 

would probably result in smaller observed variations and should be considered if 

additional time and/or personnel resources are available. 

 

 

Figure 7. Impervious fractions by land use along with 95% (mean) confidence intervals. CC = city centre, CP = 
commercial/public, IND = industrial, MFR = multi-family residential and SFR = single-family residential. 
 

Moreover, were additional time/personnel resources available it would be beneficial to 

inspect all the sub-areas on site and make accurate measurements of the areas with 

direct connections to the storm sewer network. For this study an estimation of the 

effective impervious area was done using digital sewer maps but the extent to which it 

can be accurately characterized using only digital material is limited. For example, Lee 

and Heaney (2003) found that a 265% difference existed in projected peak stormwater 

discharges when comparing the effect of imperviousness estimates on projected runoff 

volumes made with five different levels of accuracy. Lee and Heaney (2003) conducted 

tests in a single 5.81 ha medium-density residential area in Miami and found that 

carrying out accurate field measurements to complement available GIS data reduced the 

amount  of  effective  impervious  area  (EIA)  from  36%  to  13%  and  the  total  projected  

runoff volume by 64% compared to calculations made using only GIS data. However, 

the task of determining EIAs of multiple areas with absolute accuracy is very time-

consuming and likely beyond the means most monitoring efforts. For example, Lee and 

Heaney (2003) used an additional 116 hours for the most accurate imperviousness 
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estimate for the single study area compared to using only GIS data. The large 

improvement in the accuracy of runoff volume estimation does, however, indicate that 

an effort should be made to characterize the average EIAs of any studied area as 

accurately as time/personnel resources permit. 

  

4.1.3 Analysis of local stormwater data  

All  EMCs  analysed  for  this  study  (see  section  3.1.4)  with  the  exception  of  chemical  

oxygen demand for the SR and VK sites, total nitrogen for the AP site, zinc for the KP 

and TP sites and copper for the KP site were found to follow the normal distribution 

when logarithmically transformed (Figure 8). This was expected as the log-normality of 

most stormwater quality indicators has been well established (e.g. Burton and Pitt 2001; 

Novotny 2002; Mitchell 2005).  

 

 

Figure 8. Q-Q plots of log10-transformed (a) and non-transformed suspended solids EMCs (b) (site: LL). Observed 
values aligning in a straight line indicate that the population is normally distributed. 
 

The calculated SMC values for different land use types are presented in Appendix A. Of 

the mean values, the flow-weighted mean is generally accepted as the most valid 

measure of calculating annual loads for individual catchments as it places greater weight 

on the EMC’s associated with larger storm events which tend to dominate the SMC 

calculation process. It is also less sensitive to high EMC values associated with low 

runoff volumes in comparison to the arithmetic mean (Mourad et  al. 2005). The 

arithmetic and log-normal means are very sensitive to extreme values, leading to biased 

a b 
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SMC values if the datasets used are limited in size. This can be seen in Figures 9a and 

9c for the AP and TP study sites, where the high variability of the measured EMC 

values results in large differences between the four different SMC estimations.  The log-

normal mean, on the other hand, places greater weight on the lower EMCs and as a 

result produces fairly accurate predictions for catchments with negative correlations 

between EMCs and runoff volumes. For catchments with positive correlations between 

the two, however, using the log-normal mean produces significant under-predictions for 

annual loads (May and Sivakumar 2009). 

 

In almost all cases the arithmetic means gave the largest SMC values for all parameters 

except for total nitrogen, for which flow-weighted means were generally the largest. 

Total nitrogen SMCs also showed the least amount of variation between the different 

study  sites,  with  the  exception  of  the  SR construction  site  catchment  (Figure  9b).  The  

SR site was not directly comparable with the other sites because of the larger than 

normal amount of human activity during the construction period (Sillanpää 2013). 

 

SMCs for suspended solids showed a good correlation between the observed 

concentrations and the study site imperviousness with higher imperviousness sites 

exhibiting the highest SMCs (Figure 9a). The high-imperviousness sites also had higher 

wintertime suspended solids SMCs compared to the summertime. This was also noted 

by Sillanpää (2013), who found that statistically significant seasonal patterns, explained 

by the amount of TIA, existed for the Espoo study catchments.  

 

The  SMCs  for  metals,  determined  for  the  Lahti  study  sites,  showed  little  seasonal  

variation. The SMCs for metals generally increased with the catchment imperviousness. 

The high-imperviousness sites also showed the largest differences between the 

differently determined SMCs for metals, the arithmetic and flow-weighted values being 

the highest. SMCs for total phosphorous and, to a lesser extent, suspended solids also 

exhibited large differences between differently determined values in high-

imperviousness study catchments, where the arithmetic and flow-weighted means were 

considerably higher than the log-normal means and medians (Figures 9a and 9c). 
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Figure 9. SMCs for suspended solids (a), total nitrogen (b) and total phosphorous (c) by study site, determined with 
four different methods (see section 3.1.4). The study sites from KP to TP are arranged left-to-right by ascending 
imperviousness (percent, displayed in parenthesis). SR, a construction site, has been moved to the right as it is not 
directly comparable with the other sites due to the higher than usual amount of human activity present during 
construction activities (Sillanpää 2013). 
 

Valtanen et al. (2013) theorised that the lack of notable differences in total nitrogen 

concentrations between the Lahti study catchments resulted from higher than expected 

nitrogen leaching from the soil in the KP catchment during the spring thaw in addition 

to fertilization and animal faeces. Sillanpää (2013) posited that the lack of correlation 

between total nitrogen and other parameters in the LL, SR and VK (and, by extension, 

the  AP,  KP  and  TP)  study  sites  was  possibly  due  to  dilution  at  high  flow  conditions  

resulting from a larger soluble nitrogen fraction in relation to other pollutants. Sillanpää 

(2013) also suggested baseflow as a possible source for nitrogen leaching.   
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For most study sites and parameters, the EMCs displayed large variability from one 

event to the next. This can be observed in Figures 7a and 7c, where the arithmetic and 

flow-weighted SMCs for suspended solids and total phosphorous for the TP study site 

were considerably larger than the lognormal means and the medians. This reflects the 

sensitivity of these two methods to extreme storm events with high pollutant export 

rates.  The  high  variability  in  measured  EMCs was  also  evident  in  the  COVs for  most  

study catchments and pollutants (Table 5), which were also universally high (>0.4) but 

not unusually so, as COV values under 0.4 are very uncommon for most pollutants 

(Burton and Pitt 2001). 

Table 5. Coefficients of variation for suspended solids (SS), chemical oxygen demand (COD), 
total nitrogen (TN), total phosphorous (TP) and heavy metals EMCs by study site, determined 
as part of the local stormwater data analysis (section 3.1.4). Data from AP, KP & TP sites: 
Valtanen et al. (2014) and  LL, SR & VK sites: Sillanpää (2013). 

 
   Site    

Pollutant AP KP LL SR TP VK 

SS 1.91 1.25 1.06 1.31 1.58 1.42 

COD 1.97 0.62 0.73 0.60 0.86 1.03 
TN 0.92 0.67 0.32 0.77 0.57 0.49 
TP 2.08 0.84 0.76 1.33 4.67 1.09 
Cr 1.34 1.19 - - 1.40 - 
Ni 1.33 1.02 - - 1.49 - 
Zn 0.96 0.79 - - 1.07 - 
Cu 1.40 0.97 - - 1.42 - 
Pb 1.56 1.17 - - 1.67 - 

  

When the site-specific flow-weighted SMC values were plotted against the total 

impervious areas of the study sites and a power regression line added, a nonlinear 

relationship was noted for both suspended solids (coefficient of determination R2=0.88, 

Figure 10a) and total phosphorous (R2=0.83, Figure 10b). Both corresponding equations 

were used for determining approximate SMC values for certain land use classes with 

known average impervious fractions. Notably, the equation in Figure 10b appears to 

underestimate the site mean concentration for the highest imperviousness site. This 

could potentially introduce biases into any pollutant load estimations made based on the 

equation. It should be noted, however, that the flow-weighted SMCs are likely biased 

for the high imperviousness TP study site due to a small number of unusual high-

volume, high-concentration rainfall-runoff events lacking the usual dilution effect seen 

in such events. The effect of these events can be seen in Figure 9c as the large variation 
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between the four different SMC estimates for the TP study site. See appendix B for 

concentration-imperviousness plots for all the parameters. 

 

 

Figure 10. Site mean concentrations (SMC) as flow-weighted means for suspended solids (a) and total phosphorous (b) 
plotted against the total impervious coverage (TIA) of their study catchments. A power regression line has been added 
along with the corresponding equation (as a function of imperviousness) and the coefficient of determination (R2).  
 

For total nitrogen and chemical oxygen demand no clear connection between 

imperviousness and pollutant concentrations could be observed. SMCs for all metals 

increased with the imperviousness of the study areas.  

 

The Kruskal-Wallis analysis of variance (Table 6) indicated that similarities existed 

between the EMC distributions of the study sites on a statistically significant level. 

Several  study  site  groups  with  similarities  in  their  EMC  distributions  were  noted;  for  
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suspended solids, the low-imperviousness sites (KP and LL), the medium-

imperviousness sites (VK and SR) and the high-imperviousness sites (AP and KP) a 

similarity  in  the  distributions  of  the  compared  pairs  was  noted,  though  it  must  be  

pointed out that for the KP-LL pair the adjusted p-value was the smallest and increasing 

the significance level of the test would result in the rejection of the null hypothesis for 

the  pair  before  the  AP-TP,  VK-SR  and  SR-AP  pairs.  Likewise  for  total  nitrogen,  the  

low-imperviousness sites (KP and LL) and the medium-high imperviousness sites (VK, 

AP and TP) showed similarities in EMC distributions between the pairs compared. The 

adjusted p-values for total nitrogen indicating a similar distribution were smallest for 

the KP-AP and LL-AP site pairs. 

Table 6. Results of the Kruskal-Wallis ANOVA test, significance level 0.05. The tested null hypothesis was that the 
EMC data from the compared pairs of study sites originated from the same distribution. See Table 3 for the study site 
descriptions. The values listed are the adjusted p-values for significance, with the ones indicating a similar distribution 
(i.e. values larger than 0.05) appearing as bolded.  N/A entries indicate EMCs that were not available, namely for the 
five heavy metals measured only in the Lahti study sites. 
   

 
Parameter 

Pair 
compared SS TN TP COD Cr Ni Zn Cu Pb 

KP-AP 0.000 0.717 0.044 1.000 0.000 0.059 0.000 0.035 0.001 

KP-TP 0.000 0.031 0.069 0.635 0.000 0.110 0.000 0.001 0.000 

AP-TP 1.000 1.000 1.000 0.000 1.000 1.000 1.000 0.459 0.387 

KP-LL 0.606 1.000 0.385 0.225 N/A N/A N/A N/A N/A 

KP-VK 0.001 0.005 0.00 1.000 N/A N/A N/A N/A N/A 

LL-VK 0.006 0.000 0.00 0.050 N/A N/A N/A N/A N/A 

LL-SR 0.000 0.000 0.00 0.000 N/A N/A N/A N/A N/A 

LL-AP 0.000 0.306 1.000 1.000 N/A N/A N/A N/A N/A 

LL-TP 0.000 0.001 1.000 0.000 N/A N/A N/A N/A N/A 

VK-SR 1.000 0.000 1.000 0.716 N/A N/A N/A N/A N/A 

VK-AP 0.020 1.000 1.000 1.000 N/A N/A N/A N/A N/A 

VK-TP 0.000 1.000 0.408 0.000 N/A N/A N/A N/A N/A 

SR-AP 1.000 0.000 0.542 1.000 N/A N/A N/A N/A N/A 

SR-TP 0.005 0.000 0.071 0.027 N/A N/A N/A N/A N/A 

KP-SR 0.000 0.000 0.000 1.000 N/A N/A N/A N/A N/A 

 

Total phosphorous EMCs showed the most similarities in distribution across all the 

study sites, not taking into account the heavy metals EMCs measured only in Lahti. Of 

the  Lahti  study  sites,  the  AP-TP  pair  had  the  largest  adjusted  p-value.  For  chemical  

oxygen demand the high-imperviousness TP site did not show any similarity in 

distribution with the AP site, the only parameter for which that was the case. Notably, 

the AP and TP sites had similar distributions for all the metals analysed, with the 
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chromium, nickel and zinc EMCs from the two sites showing the largest adjusted p-

values in the Kruskal-Wallis test. Given the similarity in land use and, hence, in 

pollutant sources in the KP-LL, VK-SR as well the AP-TP site pairs the similarities in 

the EMC distributions for multiple (yet not all) parameters was expected. 

 

When considered together with the imperviousness and land use data on the whole, the 

results of the Kruskal-Wallis test do not support the pooling of EMC data from multiple 

sites with similarly distributed data for the purpose of characterizing a single land use. 

No two sites showed a strong connection between land use and all relevant EMCs when 

the differences between the study sites in the four SMCs, determined with different 

methods (Figure 9) are taken into account. The strongest case for merging EMC data 

could be made for the AP-TP and KP-LL site pairs, for which the EMCs for all or most 

parameters originated from the same distribution according to the Kruskal-Wallis test. 

For the AP-TP pair there were, however, significant differences between the suspended 

solids and total phosphorous EMC distributions. This was evident for the different SMC 

estimations in Figures 9a and 9c, which indicated a higher propensity for single high 

EMCs for the higher imperviousness TP site, demonstrated by the higher arithmetic and 

flow-weighted mean SMCs. The same effect can be seen for the KP-LL pair, although 

less pronounced. Additionally, another method for estimating total phosphorous and 

suspended solids SMCs for the urban land uses was available in the form of the 

nonlinear equations presented in Figure 10.  

 

Other studies have produced mixed findings on whether statistically significant 

differences exist between different land use types. In the U.S. EPA (1983) study 

covering 28 urban sites throughout the United States no statistically significant 

difference was found between the EMCs from different land use types. For seven urban 

catchments in four Finnish cities in the late 1970s Melanen (1981, as cited by Sillanpää 

2013) found statistically significant differences in EMCs from city centre areas and 

suburban residential areas. For 21 sites in Minnesota, Brezonik and Stadelmann (2002) 

found that grouping the sites by common land use type and size explained the observed 

EMCs better than pooling the data together. 
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4.2 Pollutant load estimation 

4.2.1 SMC values and runoff coefficients used for calculations 

The average pollutant concentrations used to characterize a given land use class for the 

comparative pollutant load estimations varied considerably from one source to another. 

All in all, three SMC datasets were compiled using literary sources in addition to the 

SMCs determined based on the local stormwater data analysis. These are listed in 

Tables 7 and 8.  

 

The first SMC dataset was based on field measurements in Oslo as well as similar 

catchments in Scandinavia (Nordeidet et al. 2004). These were the closest to the fourth, 

locally determined, dataset SMCs for lead, for which the other two sets were notably 

higher. It seems likely that this was due to the ban on leaded gasoline, implemented 

after the studies used as sources for the second (Mitchell 2005) and third (Melanen 

1981) datasets. The classification used by Nordeidet et al. (2004) also differed in part 

from the one used in this study. 

 

The second dataset was based on an analysis of 160 urban stormwater quality studies 

(Mitchell 2005). Based on the analysis, Mitchell (2005) noted that significant 

differences in EMCs from different land use classes existed in the northern European 

studies included in the analysis, on the basis of which it was possible to recommend 

SMC values for some specific land uses. Exceptions were the SMCs for most metals, 

for which a single value was used to represent several land uses. Additionally, the land 

use classification used in the analysis of Mitchell (2005) differed from the one used in 

this study for some classes. 

 

The third dataset was based on measurements conducted in Finland in the late 1970s 

(Melanen 1981). The pollutant concentrations in this dataset were the highest in almost 

all categories, significantly so for many parameters. The most notable cases were 

suspended solids, chemical oxygen demand, zinc and lead SMCs. Similar findings have 

been reported in other recent studies comparing historical pollutant concentration data 

to more recent findings (Park et al. 2009; Langeveld et al. 2012; Sillanpää 2013). On 

Melanen (1981) specifically, Sillanpää (2013) suggests differing methods for annual 
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load calculation and monitoring, updated laboratory standards and changes in pollution 

sources as possible causes for the difference in past and present reported EMCs. 

 

Table 7. Four urban average pollutant concentration datasets used in comparative load estimations for suspended 
solids (SS), chemical oxygen demand (COD), total nitrogen (TN) and total phosphorous (TP) by land use class (Table 
4). Values are in mg/l. 
 

Parameter/land use a Nordeidet et al. 
(2004)a 

Mitchell 
(2005)b 

Melanen 
(1981)c Locald 

SS     
City Centre 70 50.4 380 334.52 

Roads 100 156.9 480 348.33 
Highways 150 156.9 480 330.00 
Industrial 70 50.4 380 278.43 

Commercial/public 70 50.4 380 278.43 
MF Residential 70 85.1 160 156.71 
SF Residential 49 126.3 220 49.93 

COD     
City Centre 60 9.9 140 19.85 

Roads 85 136.5 200 58.67 
Highways 100 136.5 200 31.36 
Industrial 60 9.9 140 19.85 

Commercial/public 60 9.9 140 19.85 
MF Residential 60 80 120 11.72 
SF Residential 42 36 93 13.14 

TN     
City Centre 2.1 1.52 2.2 1.71 

Roads 3.0 2.37 2.1 1.66 
Highways 2.0 2.37 2.1 1.70 
Industrial 2.1 1.52 2.2 1.71 

Commercial/public 2.1 1.52 2.2 1.71 
MF Residential 2.1 2.85 1.7 1.76 
SF Residential 1.5 1.68 1.6 1.79 

TP     
City Centre 0.28 0.30 0.43 0.41 

Roads 0.40 0.34 0.33 0.34 
Highways 0.40 0.34 0.33 1.01 
Industrial 0.28 0.30 0.43 0.36 

Commercial/public 0.28 0.30 0.43 0.36 
MF Residential 0.28 0.41 0.27 0.23 
SF Residential 0.20 0.22 0.25 0.09 

a   Based on field measurements of stormwater runoff in Oslo and similar catchments in Scandinavia 
(Nordeidet et al. 2004) 
b   Derived through an EMC database constructed from 160 stormwater studies (Mitchell 2005) 

c   Based on field measurements of stormwater runoff in Finnish urban catchments during 1977-1979 
(Melanen 1981) 

d   Based on analysis of measurement data collected from three urban catchments in Lahti (Valtanen 
et al. 2013)  and three in Espoo (Sillanpää 2013). EMC data for Roads and Highways collected in 
field measurements of stormwater runoff from Finnish roads (Inha et al. 2013) 
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Table 8. Four urban average heavy metal concentration datasets used for comparative pollutant load estimations by 
land use class (Table 4). Values are in µg/l. 
 

Parameter/land use a Nordeidet et al. 
(2004)a 

Mitchell 
(2005)b 

Melanen 
(1981)c Locald 

Pb     
City Centre 11 55.8 430 8.78 

Roads 15 107.7 230 11.00 
Highways 70 107.7 230 33.40 
Industrial 11 55.8 430 8.78 

Commercial/public 11 55.8 430 8.78 
MF Residential 11 91.6 130 11.40 
SF Residential 7 60.6 92 1.07 

Zn     
City Centre 140 188.6 450 260.86 

Roads 200 253.1 290 205.00 
Highways 500 253.1 290 102.00 
Industrial 140 188.6 450 260.86 

Commercial/public 140 188.6 450 260.86 
MF Residential 140 296.9 340 231.89 
SF Residential 98 203.0 140 41.60 

Cu     
City Centre 35 51.1 190 59.03 

Roads 50 80.3 43 50.00 
Highways 100 80.3 43 33.20 
Industrial 35 51.1 190 59.03 

Commercial/public 35 51.1 190 59.03 
MF Residential 35 51.1 38 34.24 
SF Residential 25 27.9 40 11.05 

Cr     
City Centre - 7.3 - 21.26 

Roads - 7.3 - 32.43 
Highways - 7.3 - 13.17 
Industrial - 7.3 - 21.26 

Commercial/public - 7.3 - 21.26 
MF Residential - 7.3 - 19.23 
SF Residential - 7.3 - 2.44 

Ni     
City Centre - 30.4 - 18.57 

Roads - 30.4 - 27.17 
Highways - 30.4 - 0.00 
Industrial - 30.4 - 18.57 

Commercial/public - 30.4 - 18.57 
MF Residential - 30.4 - 11.71 
SF Residential - 14.8 - 2.95 

a   Based on field measurements of stormwater runoff in Oslo and similar catchments in Scandinavia 
(Nordeidet et al. 2004) 
b   Derived through an EMC database constructed from 160 stormwater studies (Mitchell 2005) 

c   Based on field measurements of stormwater runoff in Finnish urban catchments during 1977-1979 
(Melanen 1981) 

d   Based on analysis of measurement data collected from three urban catchments in Lahti (Valtanen 
et al. 2013)  and three in Espoo (Sillanpää 2013). EMC data for Roads and Highways collected in 
field measurements of stormwater runoff from Finnish roads (Inha et al. 2013) 
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The fourth and final SMC dataset was primarily based on the local stormwater data 

analysis (see section 3.1.4). Flow-weighted mean SMC values for chemical oxygen 

demand, total nitrogen and metals determined for the studied catchments were used to 

represent similar land use classes; the KP site was used to represent single-family 

residential areas, the AP site was used for multi-family residential areas and the TP site 

was used to represent city centre areas, commercial/public areas and industrial areas. 

The selection of these particular sites was done based on the type of development found 

in these catchments, the amount of human activity present as well as the results of the 

imperviousness analysis and analysis of variance of the EMC distributions of the study 

sites. Namely, the TP site was located next to a major highway and consisted of a mix 

of commercial land use and high-rise apartment buildings which, together with its high 

amount of imperviousness (89%) made it the best candidate to characterize the selected 

land use classes. Similarly, both the AP and KP sites were also very representative of 

multi- and single-family residential areas in Lahti, in terms of both type of land 

development and imperviousness. The nonlinear equations determined in the 

stormwater data analysis (Figure 10) were used to estimate suspended solids and total 

phosphorous SMCs for the urban land use classes based on their average 

imperviousness values (Figure 7).  

 

Average pollutant concentration values used for characterizing the land use class roads 

and land use class highways were determined based on the results of the report by Inha 

et al. (2013) dealing with the quality of the runoff water from roads. The report included 

measurement information from several roads in Finland. The values used in this study 

were selected as the most representative for the land use classes based on the average 

daily traffic observed in Lahti (Saastamoinen et al. 2010) and in the roads monitored in  

Inha et  al. (2013). Three sources were used to determine average pollutant 

concentrations and unit loads to characterize the agricultural and green land use classes 

(Table 9). It must be noted that the stormwater quality data from the Inha et al. (2013), 

Puustinen et al. (2005) and Vuorenmaa et al. (2002) studies have been determined 

based on mean values from several individual samples with no weighing to account for 

the volume of runoff in contrast to the event mean concentration approach outlined in 

chapter 2.4.2. As such, the pollutant export estimations made using that stormwater 

quality data may be biased for the roads, highways, agricultural and green land use 
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classes. More up-to-date stormwater monitoring efforts using methods similar to those 

used by Sillanpää (2013) and Valtanen et  al. (2014), yielding more accurate SMC 

values, would increase the reliability of pollutant export estimates.  

Table 9. Average pollutant concentrations/unit loads used to characterize the agricultural 
(AC) and green (G) land use classes. 

 
LU/Parameter Value Unit Source 

AC    
SS 580.20 mg/l Puustinen et al. (2005) 

COD 40.00 mg/l Nordeidet et al. (2004) 
TN 12.00 kg/ha a-1 Vuorenmaa et al. (2002) 
TP 0.81 kg/ha a-1 Vuorenmaa et al. (2002) 
Pb 10.00  µg/l  Nordeidet et al. (2004) 
Zn 30.00  µg/l  Nordeidet et al. (2004) 
Cu 10.00  µg/l  Nordeidet et al. (2004) 

G    
SS 40.00 mg/l Nordeidet et al. (2004) 

COD 40.00 mg/l Nordeidet et al. (2004) 
TN 4.20 kg/ha a-1 Vuorenmaa et al. (2002) 
TP 0.22 kg/ha a-1 Vuorenmaa et al. (2002) 
Pb 10.00  µg/l  Nordeidet et al. (2004) 
Zn 30.00  µg/l  Nordeidet et al. (2004) 
Cu 10.00  µg/l  Nordeidet et al. (2004) 

 
   

The runoff coefficients determined for use in comparative pollutant load estimations are 

presented in Table 10. The reference manual CRs (Karttunen 2004) were reasonably 

similar to the impervious fractions determined in the imperviousness analysis carried 

out for the urban land use classes in Lahti.  

Table 10. Runoff coefficients for urban land use classes used in comparative load 
calculations. See Table 4 for land use class descriptions. 

 

Land use Imp. Fractiona Ref. Tableb Sillanpää 
(2013)c 

Driscoll 
(1990)d 

City Centre 0.91 0.90 0.61 0.74 

Industrial 0.72 0.70 0.48 0.60 

Commercial & Public 0.78 0.90 0.51 0.65 

MF Residential 0.52 0.60 0.34 0.46 

SF Residential 0.33 0.30 0.22 0.33 

     
a  Determined in local imperviousness analysis 
b  Reference values used for design purposes (Karttunen 2004) 
c  Calculated based on the results of the imperviousness analysis using Eq. 5 (Sillanpää 2013) 
d  Calculated based on the results of the imperviousness analysis using Eq. 6 (Driscoll et al. 1990) 

 

The CRs calculated based on Equations 5 and 6 were naturally lower, with the Equation 

5 producing the lowest in all land use classes. Sillanpää (2013) noted that the 
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catchments used for determining Equation 5 all had less than 70% imperviousness and 

that it might produce CRs that are too small for areas exhibiting imperviousness values 

in excess of 70%. Additionally, the equation is intended to represent frequently 

occurring, common rainfall events that produce the bulk of long-term pollutant loads. 

For infrequent, larger rainfall events, larger coefficients should be used (Sillanpää 

2013). 

 

4.2.2 Volume-concentration estimation of runoff volumes and pollutant loads 

The total annual stormwater runoff from the Lahti city area was estimated to be 

approximately 13 million m3 (Table 11). The largest contributing land uses were the 

single-family residential, green and industrial land use classes. 

Table 11. Estimated annual stormwater discharge (m3/a) from the study area, used for estimating the 
annual pollutant export. The used runoff coefficients (CRs), their sources and the distribution of the 
estimated discharge (as a fraction of the total discharge for each land use class) are shown. See Table 
4 for land use class descriptions. 

 

Land use 
class 

Runoff 
(m3/a) 

Fraction 
of total 

CR 
used Source for CR 

CC 418525 0.03 0.61 Imp. analysis: Eq. 3.1 Sillanpää (2013) 
R 1040431 0.08 0.95 Novotny (2002) 

HW 1053808 0.08 0.95 Novotny (2002) 
IND 2190466 0.17 0.48 Imp. analysis: Eq. 3.1 Sillanpää (2013) 
CP 1048817 0.08 0.51 Imp. analysis: Eq. 3.1 Sillanpää (2013) 

MFR 1458254 0.11 0.34 Imp. analysis: Eq. 3.1 Sillanpää (2013) 
SFR 2856231 0.22 0.22 Imp. analysis: Eq. 3.1 Sillanpää (2013) 
AC 446254 0.03 0.05 Nordeidet et al. (2004) 
G 2487585 0.19 0.05 Nordeidet et al. (2004) 

Total 13000369     

Given the large variation in the input SMCs used, the estimated annual pollutant loads 

had significant differences between the minimum and maximum estimates, with the 

highest estimates typically at least several hundred percent larger than the lowest ones. 

The estimated unit area loads were similarly varied. The estimated annual total loads 

and unit loads are shown in Tables 12 and 13, respectively.  

 

The annual unit area loads reported for Finnish urban areas by Melanen (1981) mainly 

fall within the ranges displayed in Table 13 and are typically close to the highest 

estimates. For example, Melanen (1981) presented annual suspended solids export rates 

of 780-1200 kg/ha/a for city centre/commercial sites, 220 kg/ha/a for a low-rise 
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suburban residential site, 87-330 kg/ha/a for high-rise suburban residential sites and 370 

kg/ha/a for a site characterized by high traffic amounts, comparable to the land use class 

of roads. The only deviation from this trend was for total nitrogen and total phosphorous 

for the suburban residential sites, for which Melanen (1981) reported annual export 

rates of 2.5 and 0.03 kg/ha/a, respectively, (low-rise residential site) and 2.0-4.0 and 

0.25-0.61 kg/ha/a (high-rise residential sites). These value ranges were below those 

obtained in this study for the single- and multi-family residential classes (Table 13). 

Sillanpää (2013) also presented ranges for annual export rates for total nitrogen, 

approximately 8-15 kg/ha/a (VK site) and 4-9 kg/ha/a (LL site) as well as total 

phosphorous, approximately 0.4-0.6 kg/ha/a (VK site) and 0.2-0.4 kg/ha/a (LL site). 

These total nitrogen export rates are slightly larger than those calculated for this study, 

while the total phosphorous levels are quite similar. 

 

The large ranges for the various estimated pollutant loads and export rates were a 

natural result of the large variations in the average pollutant concentrations and SMCs 

used to characterize the different land use classes (Tables 7 and 8). Given the large 

variation present in the stormwater data analysed for this study (Table 5) it seems likely 

that the annual variations in stormwater pollutant export are also considerable. 

Accordingly, the monitoring of stormwater quality and quantity remains an important 

part of stormwater management, no matter the sophistication of any stormwater quality 

estimates carried out. 

Table 12. Estimated ranges of annual pollutant export by land use (Table 4) for the study area, calculated using 
constant runoff volumes (Table 11) and the four SMC datasets (Tables 7 and 8). The highest and lowest estimates are 
shown. 
 
Land 
use SS (tons/a) COD 

(tons/a) 
TN 

(tons/a) 
TP 

(tons/a) Pb (kg/a) Zn (kg/a) Cu 
(kg/a) Cr (kg/a) Ni (kg/a) 

CC 26-193 5-71 0.77-1.12 0.14-0.22 4.5-220 71-230 18-96 3.7-10.8 9.4-15.4 

R 16-76 9.2-31.5 0.26-0.47 0.05-0.06 1.7-36 32-46 6.8-12.7 1.2-5.1 4.3-4.8 

HW 105-336 22-140 1.19-1.66 0.23-0.71 23-160 71-350 23-70 5.1-9.2 0-21 

IND 141-1060 28-390 4.24-6.14 0.78-1.2 25-1200 390-1260 98-530 20-59 52-85 

CP 65-490 13-180 1.94-2.82 0.36-0.55 11-550 179-576 45-243 9.3-27 24-39 

MFR 138-314 23-236 3.34-5.6 0.44-0.81 22-255 275-668 67-100 14.3-37.8 23-60 

SFR 213-955 57-404 6.51-7.78 0.39-1.08 4.6-400 180-880 48-174 10.6-31.7 12.8-64 

AC 260 18 16.9 1.14 4.5 13.4 4.5 - - 

G 102 102 33.7 1.77 25.5 76.4 25.5 - - 

Total: 1060-3780 280-1570 68.9-76.2 5.3-7.5 120-2850 1290-4100 335-1260 65-181 125-289 
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Table 13. Estimated ranges for annual unit area loads (kg/ha/a) by land use (Table 4) for the study area, calculated 
based on the estimated annual pollutant export ranges in Table 12. The highest and lowest estimates are shown. 
 
Land 
use SS COD TN TP Pb Zn Cu Cr Ni 

CC 240-1780 45-650 7.1-10.3 1.3-2.0 0.04-2.01 0.65-2.10 0.16-0.89 0.03-0.10 0.09-0.14 

R 90-440 54-180 1.5-2.7 0.3-
0.37 0.01-0.21 0.18-0.27 0.04-0.07 0.007-0.03 0.025-0.028 

HW 600-1920 125-800 6.8-9.5 1.3-4.0 0.13-0.92 0.41-2.00 0.13-0.4 0.03-0.05 0-0.12 

IND 190-1460 40-540 5.8-8.5 1.1-1.7 0.03-1.65 0.54-1.73 0.13-0.73 0.03-0.08 0.07-0.12 

CP 200-1510 40-560 6.1-8.8 1.1-1.7 0.04-1.71 0.56-1.79 0.14-0.76 0.03-0.09 0.07-0.12 

MFR 205-470 34-350 5.0-8.4 0.7-1.2 0.03-0.38 0.41-0.996 0.1-0.15 0.02-0.06 0.03-0.09 

SFR 103-460 28-195 3.1-3.8 0.2-0.5 0.002-0.193 0.09-0.425 0.02-0.08 0.005-0.015 0.006-0.031 

AC 184 13 12 0.8 0.003 0.01 0.003 - - 

G 13 13 4.3 0.2 0.003 0.01 0.003 - - 

 

The distribution of the estimated annual pollutant export across the land use categories 

(Figure 11, see Appendix C for pollutant load distributions for all parameters) was 

examined using estimations based on the Local dataset (Tables 7 and 8). These export 

estimates varied widely for different pollutants. Loads of suspended solids (Figure 11a) 

were  fairly  evenly  distributed  except  of  the  peak  associated  with  the  industrial  areas.  

Green areas contributed a notably small portion of suspended solids export in relation to 

their total size in the study area. The spatial pollutant export patterns of suspended 

solids were also reasonably similar to those of all heavy metals (Appendix C), with the 

exception of lead.  

 

As there were no large differences in average total nitrogen concentrations between the 

different land use classes (Table 7, Figure 9b), the distribution pattern of total nitrogen 

export mirrors that of the estimated runoff volumes in the study area (Table 11). The 

exception is the SR construction site, for which Sillanpää (2013) reported a range of 

approximately 6-70 kg/ha/a for the annual total nitrogen export rates, almost an order of 

magnitude more than for the VK and SR sites. This trend can also be observed in Figure 

9b and should be kept in mind when estimating total nitrogen loads form construction 

sites. 
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Figure 11. Distribution of the estimated annual pollutant loads across the land use categories (Table 4) for suspended 
solids (a), COD (b), total nitrogen (c) and total phosphorous (d). Annual load estimates were based on average 
pollutant concentrations determined from the local stormwater data analysis (local dataset in Tables 7 and 8) and the 
runoff volumes in Table 11. 
  

Notably, runoff from roads and highways was a significant contributor despite the 

relatively small area they occupied in relation to the other land use classes. Industrial 

areas were the largest single source for all estimated heavy metals export except for 

lead, for which highways were the main source with approximately 28% of the 

estimated total load.  

 

In Finland, the leaching from agricultural areas has traditionally been regarded as a 

major source of surface water nutrient loading. For example, according to a recent 

estimate by the Central Finland ELY Centre (2013), the amount of nitrogen and 

phosphorous leaching from agriculture amounted to 21.3% and 33.4%, respectively, of 

the total estimated nitrogen and phosphorous loading in central Finland. The estimated 
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fraction  of  nutrient  export  from  the  agricultural  areas  in  the  Lahti  study  area  was  

roughly similar, 25%, for total nitrogen and significantly less, 18%, for total 

phosphorous. Notably, the amount of estimated total phosphorous export form 

highways and industrial areas was almost equal to that from agricultural areas (Figure 

9d), highlighting the comparatively more even total phosphorous distribution pattern 

found in the partly urbanized study area. By the same Central Finland ELY Centre 

(2013) estimate the portion of natural (i.e. originating from areas with no human 

activity) nutrient loading was 30.4% for phosphorous and 34.3% for nitrogen. In this 

thesis, by contrast, the portion of total phosphorous export from the (roughly 

equivalent) green areas was estimated at 28% and that of total nitrogen at 49%. In total, 

most of the estimated nutrient load, 74% (total nitrogen) and 46% (total phosphorous) 

originated from agricultural and green areas (Figure 9c and 9d). Fairly similar results 

were obtained by Nordeidet et al. (2004) when estimating the total phosphorous 

loadings in stormwater discharge in the Alna watercourse in Oslo despite differences in 

land use classification. Using a volume-concentration approach similar to the one 

applied in this study, Nordeidet et al. (2004) estimated that 57% of the total 

phosphorous discharge originated from green areas and outlying fields. Additionally, 

the agriculture nutrient export rates published in the Central Finland ELY Centre (2013) 

report, 3-13 kg/ha/a for total nitrogen and 0.2-0.7 kg/ha/a for total phosphorous are in 

line with the estimated ranges presented in Table 13 despite the much larger study area 

of the ELY Centre report. 

 

The amount of pollutant export from city centre areas was considerable in relation to 

their size, particularly for heavy metals. For example, city centre areas contributed 6%, 

5.5% and 6.4% of the estimated export of total zinc, chromium and nickel, respectively, 

despite  occupying  only  0.8%  of  the  total  study  area.  The  selection  of  a  more  limited  

study  area  (for  example  the  area  draining  to  a  specific  lake  or  river)  could  drastically  

increase  the  role  of  runoff  from  city  centre  areas.  Single-family  residential  areas,  by  

contrast, did not contribute notably to the estimated total pollutant export of any 

particular pollutant despite comprising 15% of the whole study area and 49% of the 

study area classified as urban. 
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4.2.3 Uncertainties in pollutant load estimations 

Table 14 shows the estimated errors in annual pollutant load estimations for all 

pollutants and urban land uses, estimated based on variations in EMC- and 

imperviousness data used (see section 3.2.2). Generally the largest uncertainties were 

associated with heavy metal load estimations, mirroring their smaller sample sizes. 

Estimates for city centre areas possessed the smallest uncertainties for all parameters, 

most likely due to the fact that the variation in imperviousness, and hence, in the runoff 

volume estimations was also smallest there. This was expected as several studies 

(LeBoutillier et al. 2000; Brezonik and Stadelmann 2002; McLeod et  al. 2006) have 

concluded that rainfall depth and thus runoff volume was the most important 

explanatory variable for stormwater event pollutant loads. Additionally, regarding the 

data from the Espoo study sites, Sillanpää (2013) reported a strong correlation between 

the event pollutant loads and precipitation/runoff. 

Table 14. Average errors (%) associated with pollutant load estimations for the urban land use classes (Table 4) and 
the cumulative uncertainties for total load estimations. The numbers represent the cumulative uncertainties 
introduced into the final pollutant load estimations by the known uncertainties in SMC and imperviousness 
estimations and the individual land use pollutant load estimations (Eq. 11 and 12, Ku 1969), as described in chapter 
3.2.2. 
 

Land use Pollutant 

  SS TN TP COD Cr Ni Zn Cu Pb 

CC 9.5 8.2 16.5 12.9 20.3 23.7 15.5 20.5 24.4 

CP 10.3 9.1 16.9 13.5 20.7 24.0 16.0 20.9 24.7 

IND 10.2 9.0 16.9 13.5 20.7 24.0 16.0 20.9 24.7 

MFR 11.5 16.6 17.7 38.6 20.3 21.6 15.2 21.2 23.4 

SFR 10.8 15.0 17.3 15.5 23.9 22.0 16.5 19.8 23.6 

Total 10.9 13.7 17.4 17.3 21.9 25.1 16.5 22.0 25.7 

 

The average errors for the total pollutant load estimations were in most cases smaller 

than the largest errors for individual land use classes. This was due to the fact that the 

errors (expressed as absolute values) were weighted by the total estimated pollutant 

loads from their respective land uses, lessening their impact on the combined error. For 

example, the largest individual estimated suspended solids load (approximately 610000 

t/a) originated from industrial areas. The corresponding average error was 10.2%, or 

approximately 62000 t/a. By contrast, the land use class with the largest average error 

for suspended solids (11.5% or 26000 t/a), from multi-family residential areas, only 
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contributed approximately 230000 t/a to the estimated total emissions. It must also be 

emphasized that the while the errors resulting from the average imperviousness values 

assigned to the urban land use classes is included in the combined uncertainty estimate, 

a more accurate EIA measurement of the classes in question would likely yield smaller 

runoff volume estimations for all land use classes. The effect of increasing the accuracy 

of imperviousness measurement on projected runoff volumes was analysed by Lee and 

Heaney (2003) and is discussed in more detail in chapter 4.1.2. 

 

4.2.4 Comparison of pollutant load estimations with different inputs 

Figure 12 shows the annual pollutant loads calculated with the different sets of SMCs 

listed in Tables 7 and 8 and constant runoff volumes (Table 11). The estimated total 

pollutant loads obtained using the SMC dataset based on measurements by Melanen 

(1981) were the largest across all pollutants. Total nitrogen and total phosphorous 

estimates showed the least amount of variation, an average of only 0.8% and 3.9%, 

respectively, from the mean annual load estimate. Lead load estimates had the largest 

variation from the mean (310%) followed by chemical oxygen demand (61%), 

suspended solids (49%), nickel (41%), copper (40%), chromium (33%) and zinc (25%). 

 

The results are in line with those obtained by Park et al. (2009) when comparing results 

from different studies using variable SMC data inputs. Park et al. (2009) found that the 

estimates made using historical pollutant concentration data, in their case collected for 

the Nationwide Urban Runoff Program (NURP) in the U.S. during the late 1970s – 

early 1980s (U.S. EPA 1983), were the largest by a considerable margin and no longer 

suitable for characterization of stormwater quality. The same applies to the SMCs based 

the measurements made by Melanen (1981); Sillanpää (2013) noted that the average 

annual total phosphorous and total suspended solids concentrations measured in the 

Espoo study catchments were lower than those reported by Melanen (1981) for urban 

residential catchments. 
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Figure 12. Total estimated annual pollutant loads for suspended solids (SS), chemical oxygen demand (COD), total 
nitrogen (TN), total phosphorous (TP) and heavy metals based on four different SMC datasets (Tables 7 and 8) and 
constant runoff volumes (Table 11). See section 4.2.1 for detailed dataset descriptions. 
 

When examining the effect of using different runoff coefficients on the annual pollutant 

export estimations less variation is observed (Figure 13). Total nitrogen (an average of 

3.5% difference from the mean annual load estimate) and total phosphorous (5.8%) had 

the smallest ranges between the largest and smallest estimations. Chromium and nickel 

(15.2%) had the largest variation, followed by zinc (14.2%), copper (13.2%), suspended 

solids (11.1%) and chemical oxygen demand (7.0%). These are naturally a direct result 

of the difference in estimated runoff volumes from the different land use areas resulting 

from the use of different runoff coefficients to characterize them. It is difficult to 

directly compare these results to those obtained by Park et al. (2009) as they did not 

address how using different runoff coefficients affect the pollutant export estimates, 

preferring instead to examine the combined effect of runoff coefficients and the SMCs 

used in the different modelling efforts on the produced export estimates. Park et al. 

(2009) noted that the combined effect of different runoff coefficients and land use 

definitions resulted in differences of up to 25% in runoff volume estimations. This 
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implies that the effect of runoff coefficients selected to characterize land use classes on 

final pollutant export estimates is the largest, naturally, for land use classes that 

comprise large portions of the study area. This was especially notable for total nitrogen 

and total phosphorous emissions where the majority of the estimated mass discharge 

originated from few land use classes with large areal fractions. 

 

 

 

Figure 13. Total estimated annual pollutant loads for suspended solids (SS), chemical oxygen demand (COD), total 
nitrogen (TN), total phosphorous (TP) and heavy metals based on four sets of runoff coefficients (Table 10) and 
constant local SMCs (Tables 7 and 8). See section 3.1.3 for detailed descriptions on the runoff coefficients used. 
 

4.3 Monitoring program formulation 

4.3.1 Marginal benefit analysis 

The monitoring system outline presented in this study was designed with the goal of 

including 80% of the total estimated stormwater pollutant discharge in the study area in 

the monitoring network (MassDEP 1997). The key results of the marginal benefit 

analysis (section 3.3.1) are shown in Table 15. The theoretical optimal number of 

monitored land uses, i.e. the one with the largest associated marginal benefit, was lower 
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than the number needed to cover 80% of the total estimated pollutant discharge for all 

the pollutants studied except chromium and nickel.  

Table 15. Results of the marginal benefit analysis for different pollutants. The optimal (i.e. the number with the largest 
marginal benefit) number of monitored land uses (LUs) is shown, along with the corresponding coverage of the total 
study area and the number of land uses that would need to be monitored to achieve 80% coverage of the study area. 
 

Parameter Optimal number 
of monitored LUs 

Coverage (%) 
achieved with 

optimal number  

Number of LUs 
needed for 80% 

coverage 

SS 4 69.96 6 
COD 3 60.24 5 
TN 2 74.05 3 
TP 4 76.02 5 
Pb 4 75.08 5 
Zn 4 76.73 5 
Cu 4 70.85 6 
Cr 4 81.45 4 
Ni 4 86.70 4 

 

The only parameter where the 80% or more of the total discharge came from three land 

use classes was total nitrogen (Figure 14), for all the other parameters four or more land 

uses  would  need  to  be  monitored  to  achieve  80%  coverage.  If  more  land  use  classes  

were included in the characterization phase it seems likely that the number of land use 

classes  to  be  monitored  would  also  rise  as  the  estimated  pollutant  discharge  would  be  

more spread out between them. 

 

In Figure 14, for example, it can be seen that in order to achieve 80% coverage for 

monitoring the annual total nitrogen export from the study area at least three top-ranked 

land uses would need to be included. In the case of total nitrogen, these would be the 

green, agricultural and single-family residential land use classes (Figure 11c). For 90% 

annual total nitrogen export coverage an additional two land uses would need to be 

included. 
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Figure 14. The marginal benefit analysis plot for total nitrogen.  In the graph the number of monitored land use classes 
has been plotted against the estimated cumulative pollutant mass discharge (%) (Figure 11c). The dashed line indicates 
optimized monitoring where the land use classes are monitored starting with the largest estimated mass dischargers. 
The solid line indicates random monitoring and the distance between the two lines the marginal benefit achieved by 
optimized monitoring. 

4.3.2 Selection of monitored areas 

Figure 15 shows the land use classes ranked by their contribution to the total amount of 

estimated pollutant discharge in the study area (section 3.3.2). The wide distribution of 

pollutant  loads  across  the  different  land  use  classes  meant  that  all  classes  except  city  

centre areas should be monitored to achieve 80% coverage for all pollutants. It must be 

stressed that the only criteria applied to the ranking of the land use classes were the 

aforementioned need to achieve 80% coverage for all pollutants and the relative 

pollutant generation from each land use class for each parameter. While these ensured 

that the land uses estimated to produce the largest pollutant loads were adequately 

represented, the presence of local issues affecting the monitoring effort should be 

considered as well. Such issues include priority pollutants or areas that are relevant for 

reasons other than their projected mass discharges, e.g. areas under construction. 

Assigning any weights to land use classes or pollutants when ranking the land use 

classes with the aim of determining which of them should be monitored is highly 

subjective, depends on the area being studied and should be considered with great care.  
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Figure 15. Land use classes ranked by their estimated pollutant generation. For the ranking, each land use class 
received an amount of points equal to its percentage contribution to the total estimated annual pollutant load of each 
parameter (Figure 11, Appendix C). The numbers presented are the point totals for each land use class. 
 

Once  a  ranking  of  the  land  use  classes  has  been  obtained,  the  results  can  be  used  to  

prioritize  the  monitoring  effort;  any  monitoring  effort  should  be  started  from  the  top-

ranked land uses, moving to lower ranked ones when additional resources become 

available (Burton and Pitt 2001). 

 

4.3.3 Estimation of the required number of samples 

Table 16 shows an estimation of the sampling numbers required to obtain reliable 

estimates of average stormwater pollutant concentrations (section 3.3.3). All the 

estimated sample numbers were calculated with log10-transformed EMC values when 

possible. A maximum acceptable error of 10% from the true mean was used. The 

variation in the three estimations for the required sample count was greatest for the KP, 

TP and VK sites, with some exceptions (total nitrogen and copper). Total nitrogen 

sampling numbers in particular were universally the lowest, owing to the relatively low 

amount  of  variation  observed  in  the  total  nitrogen  EMCs  (Figure  9b  and  Table  5).  It  

should be kept in mind that the log-normality assumption is typically only valid for the 

10th to 90th percentile of observations, with values less than the 10th percentile usually 

being smaller and values greater than the 90th percentile larger than those predicted by 

the log-normal probability plot (Burton and Pitt 2001). Taking this and other uncertainty 
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factors (e.g. sampling or analysis error) into account, more total nitrogen samples than 

indicated in Table 16 should likely be analysed.  

Table 16. Results of the sample count estimation by study site (see Table 3 for study site descriptions). The numbers 
represent the minimum number of events that should be analysed to obtain an SMC estimate that is 95% likely to be 
within 10% of the true mean. A dash indicates that the sample population was neither normally nor log-normally 
distributed.  Estimations were calculated with Equations 13 (Cochran 1963), 14  (Gilbert 1981) and 15 (Milton and 
Arnold 1986), presented in Section 3.3.3. 
 

   Site    
  AP KP LL SR TP VK 
SS       

Eq. 13 32 66 28 28 17 25 
Eq. 14 22 45 19 19 12 17 
Eq. 15 13 27 12 12 7 10 

TN       
Eq. 13 - 4 1 3 3 2 
Eq. 14 - 4 2 4 9 3 
Eq. 15 - 2 1 2 6 2 

TP       
Eq. 13 164 31 27 133 153 64 
Eq. 14 54 16 9 23 35 29 
Eq. 15 33 10 5 14 21 18 

COD       
Eq. 13 78 40 17 - 30 - 
Eq. 14 49 22 6 - 14 - 
Eq. 15 30 13 4 - 9 - 

Cr       
Eq. 13 72 - - - 124 - 
Eq. 14 49 - - - 84 - 
Eq. 15 30 - - - 51 - 

Ni       
Eq. 13 120 200 - - 163 - 
Eq. 14 81 135 - - 110 - 
Eq. 15 49 82 - - 67 - 

Zn       
Eq. 13 9 - - - - - 
Eq. 14 6 - - - - - 
Eq. 15 4 - - - - - 

Cu       
Eq. 13 39 - - - 61 - 
Eq. 14 26 - - - 41 - 
Eq. 15 16 - - - 25 - 

Pb       
Eq. 13 144 - - - 258 - 
Eq. 14 97 - - - 174 - 
Eq. 15 59 - - - 106 - 

 

The sample counts for all the pollutants except total nitrogen appear high when 

compared to earlier studies where researchers have attempted to determine minimum 

sample numbers needed to obtain reliable mean estimates of pollutant concentrations by 

analysing stormwater EMC data. Leecaster et al. (2002) concluded that single storms in 
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Santa Ana in California, USA were adequately characterized by 12 flow-weighted 

samples for suspended solids and seven storms gave a good estimation of the site-

specific flow-weighted SMC value. The authors did note that the 1997/1998 season in 

California, for which their analysis was based on, was unusually wet leading to 

diminished variability between sampled events. 

 

May and Sivakumar (2009) analysed stormwater data collected during the Nationwide 

Urban Runoff Program (NURP) in the U.S. during the late 1970s – early 1980s (U.S. 

EPA 1983) and estimated that for total phosphorous SMCs, a between five and seven 

storms would need to be sampled to obtain a reasonably accurate estimate. May and 

Sivakumar (2009) used the logarithmic mean to estimate the site-specific SMC values. 

The logarithmic total phosphorous SMCs determined in this study (Figure 9c) show 

significantly less variation between study sites when compared to flow-weighted means, 

which suggests that a similar estimation made for the Finnish study sites would yield 

smaller sample sizes and less difference between she sites. 

 

Mourad et  al. (2005) carried out tests with subsets of data to determine how many 

events would be needed to estimate biological oxygen depletion, chemical oxygen 

demand and total suspended solids SMCs. Due to the variability of EMC data from 

different catchments, they could not propose a standard number of EMC values that 

would need to be measured to evaluate the SMC of a catchment with a given 

uncertainty. The large amount of variability observed in this study (Table 5) seems to 

have led to similar results in regard to most sample count estimates.  

 

4.4 Monitoring program implementation 

The preceding sections have outlined the variables necessary for formulating a 

monitoring effort for the study area. While a detailed monitoring plan is beyond the 

scope of this study it would be counter-productive not to include any information on 

how to transfer the presented results into practice. The following sections briefly outline 

issues that affect the final design and implantation steps involved. 

 

 

 



 
 
 
 

75 
 

4.4.1 Selection of monitoring locations  

Burton and Pitt (2001) offered little guidance on the specifics of the issue of selecting 

monitored land uses based on the results of the land use ranking. They noted that while 

the top-ranked land uses should be selected for monitoring, local monitoring targets as 

well as any study area specific circumstances that might affect the selection process 

should be taken into account and precise instructions are therefore difficult to be 

outlined. The monitoring locations should be selected randomly from the indicated land 

use classes, the upstream areas should be homogenous, and locations should be 

accessible and have no safety problems. Monitoring equipment should consist of 

automatic water samplers, flow sensors and a tipping bucket rain gauge (Burton and Pitt 

2001). 

 

Implementing the stormwater monitoring effort should be started from the top-ranked 

land uses (Figure 14), moving to lower-ranked ones when resources become available. 

The  order  in  which  the  monitoring  locations  are  established  can  also  differ  from  the  

established priority ranking should any local issues make it necessary. (Burton and Pitt 

2001). The number of monitored locations per land use category will depend on 

available resources. Additionally, the land uses chosen for monitoring can be 

categorized into groups according to their projected discharges, with the most critical 

ones receiving the most comprehensive monitoring efforts while the lowest group might 

only have basic flow monitoring supplemented by manual sampling. Due to the effort 

required to find and establish monitoring sites Burton and Pitt (2001) estimated that a 

maximum of 10 sites can be established per year.  

 

4.4.2 Sampling, estimated timetable and costs 

The sampling counts listed in Table 16 should be regarded as estimates on when the 

monitoring results can be considered reliable for each pollutant. Samples should be 

obtained  as  flow-weighted  composites,  requiring  only  one  sample  to  be  analysed  per  

event and saving laboratory resources. Paired sampling should be performed whenever 

possible to enable comparisons between different sites (Hvitved-Jacobsen et al. 2010). 

 

It  is  difficult  to  estimate  the  amount  of  time required  to  complete  the  steps  needed  to  

obtain the necessary information to formulate monitoring parameters. The available 
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resources, the amount of land use information and the size of the study area all influence 

the amount of time needed to characterize the study area and make the necessary 

estimations. For this study the process was completed in approximately six months, 

while Burton and Pitt (2001) estimated seven months and Stenstrom and Lee (2005) 

completed in just a few months, albeit with considerable resources available to speed up 

the work. 

 

Once the desired monitoring variables have been established and monitoring locations 

selected an average of two to three months is needed to obtain and install the monitoring 

equipment (Ryynänen 2013, personal communication). After monitoring has started 

Table 16 should be referred to for the minimum number of storm events that would 

need to be analysed in order to obtain reliable estimates of the average pollutant 

concentrations in any locations resembling the study sites (Table 4) closely enough. 

 

As the  total  costs  associated  with  implementing  a  stormwater  monitoring  program are  

heavily dependent on the scale of monitoring undertaken, they have been estimated on 

an individual component basis. The components estimated were human resources costs 

(before and after monitoring has started), material costs and sample analysis costs. 

Equipment costs were estimated based on an expert opinion (Ryynänen 2013, personal 

communication), the sample analysis costs based on average prices from 3 commercial 

environmental analytics laboratories (SGS Inspection Services Oy, Novalab Oy and 

MetropoliLab Oy) and human resources costs based on a recommended minimum salary 

for municipal employees (Local government employers 2014), plus expenses (The 

Federation of Finnish Enterprises). Analysis costs were estimated separately for 

comprehensive and basic water quality indicators. Appendix D contains a complete list 

of the individual analyses and their average costs.  

 

The approximate total costs associated with a monitoring program of a given scale can 

be determined based on these component cost estimations (Table 16). For example, a 

monitoring program with an initial estimation/planning period of six months, five 

bought monitoring stations and 20 analysed events (basic tests only) per year would in 

2014 cost approximately 80000 € to set up and incur 3600 € as running analysis costs 

per year, assuming no new personnel would need to be hired. 
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Table 17. Estimated monitoring costs in 2014 for each main category. 
 

Category Estimate Notes 
Equipment costs 16000 € / monitoring 

station (buy) 
Consists of a sampler capable of flow-
weighted composite sampling, remote data 
access and continuous water flow, rainfall & 
turbidity measurement 12000 € / year / 

monitoring station (rent) 

Sample analysis 
costs 

810 € per sample 
(comprehensive) 

Includes: COD (total and soluble), TOC, 
DOC, SS,  N (total and soluble), P (total and 
soluble), Ph, EC, PAHs, Metals (Cu, Pb, Zn, 
Ni, Cd, Cr, total and soluble), Oils, 
Hydrocarbons (C4-C10) and Mineral oils 
(C10-C40) 

180 € per sample (basic) Includes: TOC, SS, TN, TP and Metals (Cu, 
Pb, Zn, Ni, Cd, Cr) 

Human resources 
costs 

29000  € / year per 
additional employee 

Salary and expenses, if additional personnel is 
required 

 

4.4.3 Implementation in other locations 

The methods applied in this study can also be used for the estimation of stormwater 

pollutant loads and the design of monitoring efforts in other cities. This section gives 

recommendations on how best to plan and carry out such a process.  

 

The first thing to consider before the start of the monitoring plan should be the 

availability of data for the characterization of the study area and the selection of land 

use classes to be used. To enable the delineation of the selected land use classes, digital 

aerial photographic data at the very least should be available. Existing land use- and 

imperviousness datasets can also be helpful but should not be relied on without ensuring 

that no systematic errors are contained within the datasets. Based on observations made 

while carrying out the delineation process in this study it is recommended that the 

delineation is conducted by hand with existing land use data used for verification when 

there  is  uncertainty  on  which  land  use  class  a  particular  area  belongs  to.  While  time-

consuming, this approach ensures that the land use division accurately characterises the 

study area. 

 

The availability of stormwater quality data is another thing to consider. So far no up-to-

date monitoring data exists for most Finnish cities. If this was the case a land use 

classification similar to the one used in this study should be used along with the 
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corresponding SMC values. If no reliable information was available on traffic 

intensities a single Transportation category should be used instead of separate categories 

for roads and highways and the SMC values of the two presented in Tables 7 and 8 

merged before being used for characterization. If additional stormwater monitoring data 

were available the land use categorization should be modified accordingly. 

 

Once the available characterization data is identified and a land use classification 

decided upon, local monitoring targets and other local issues affecting the 

characterization process should be considered. Examples include large construction 

projects or known point sources of stormwater emissions that warrant special attention. 

A useful approach that was considered for this thesis but dropped due to time 

constraints is the inclusion of a separate, catchment-based delineation layer that would 

enable the estimation of pollutant loads for specific receiving waters. Lastly, before 

actual characterization of the study area is started the available time, personnel and 

financial resources should be considered and a preliminary timetable and budget agreed 

upon. 

 

The estimation of stormwater runoff volumes, the corresponding pollutant loads from 

the land use classes selected and the uncertainties involved can be made using the tools 

presented in this study, based on the results of the study area characterization. Once the 

modelling phase and the marginal benefit analyses have been completed the only 

remaining step is the grading of the different land use classes to produce the ranking on 

the  basis  of  which  the  selection  of  monitored  land  use  classes  will  be  made.  The  

numerical ranking system used in this study can be modified to accommodate different 

weighing factors for individual pollutants or land use classes. As mentioned in section 

3.4.2, the selection of the factors used to assign weights to different pollutants or land 

use classes should be conducted with great care to ensure that any local monitoring 

targets and other concerns are accounted for. If a catchment-based pollutant load 

estimation approach is applied several rankings should be produced, reflecting the loads 

associated with each receiving water body in the region. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

The  main  objective  of  this  thesis  was  to  use  locally  available  stormwater  monitoring  

data  to  estimate  the  stormwater  pollutant  export  and,  based  on  this,  determine  the  

parameters necessary for the design and implementation of a stormwater monitoring 

effort  for  the  study  area  of  Lahti  city,  Finland.  Additional  objectives  included  the  

quantification  of  uncertainties  involved  as  well  as  the  comparison  of  the  pollutant  

export estimates to those calculated based on average imperviousness and pollutant 

concentration values found in literature. 

 

Estimates of the amount and spatial disposition of the stormwater runoff volumes and 

pollutant export in the Lahti area were successfully produced using a volume-

concentration estimation model with the results of local land use- and imperviousness 

analyses  as  well  as  data  collected  in  recent  stormwater  studies  in  Espoo  and  Lahti  as  

inputs. The volume-concentration estimation approach selected for the study was 

straightforward to implement. It also allowed for easy revision of the pollutant load 

estimations as new information became available and can be recommended for other 

studies where large-scale stormwater loads are being estimated. While the uncertainties 

involved in such estimates are typically problematic to quantify, the large stormwater 

datasets available allowed for the estimation of the uncertainties introduced into the 

final estimated pollutant exports by the SMCs and average imperviousness values used. 

These uncertainty estimates ranged from 10.9% to 25.7% for suspended solids and lead, 

respectively. The quantification of additional uncertainties from the land use class 

delineation phase, while outside the scope of this study, could benefit further studies. 

 

The most important part of the process from the end result point of view was the study 

area characterization phase. Aerial photographic data for the study area was found to be 

the minimum requirement for carrying out the analyses required. Land use- and sewer 

network  data  can  also  prove  helpful  but  must  be  inspected  by  hand  to  ensure  that  no  

inaccuracies that could introduce errors in to the characterization process are present. 

The study area characterization phase also included the highest potential to skew the 

results of the pollutant load estimation, which proved to be quite sensitive to input data. 

This sensitivity was evident in the different pollutant export estimates calculated with 

different inputs. These showed large variations between the different input datasets. 
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Average stormwater pollutant concentrations based on measurements conducted in 

Finnish urban areas in the 1970s (Melanen 1981) were found to be too high to 

accurately characterize current stormwater runoff quality for all studied pollutants with 

the exception of total nitrogen.  

 

The SMCs for different pollutants, determined in the local stormwater data analysis, can 

be utilized in stormwater planning and stormwater pollutant load estimation if local 

stormwater quality data is unavailable, which is currently the case for most other 

Finnish cities. Additionally, nonlinear equations were established for suspended solids 

and total phosphorous SMCs that can be used for the estimation of approximate 

pollutant concentrations based on known imperviousness values. The locally 

determined SMC values differed in part from those presented outside Finland. 

Suspended  solids  SMCs,  in  particular,  were  significantly  (as  much  as  four  and  a  half  

times) higher than literature values for all land use classes with the exception of single-

family residential areas. Of the analysed heavy metals, lead SMCs were approximately a 

third lower and chromium SMCs as much as four times higher than the average 

literature values used for comparative pollutant export estimations. Being based on 

long-lasting local measurements, the SMCs determined in this study are however likely 

to better approximate stormwater quality in urban Finnish sites. The pollutant 

concentration values used to characterize the roads, highways, agriculture and green 

land use classes were obtained from Finnish literature sources that used a different 

method than the stormwater studies in Lahti and Espoo for determining average 

pollutant concentrations. As such, they could be biased and areas belonging to these 

land use classes should be considered potential candidates for future stormwater studies. 

Green, or undeveloped areas, in particular are an interesting and important land use 

class as they are spatially numerous and some types have been shown to be a significant 

source of nutrients and suspended solids. 

 

It would be theoretically possible to improve the accuracy of pollutant load estimations 

by increasing the number of land use classes but this would also require more up-to-date 

SMC data that could be used to accurately characterize the runoff from these areas. 

Additional monitoring data especially from commercial/public and industrial areas as 

well as different types of undeveloped areas is a prerequisite for such improvements in 
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land use characterization. Based on available literature it seems likely that conducting 

field measurements to more accurately determine the amount EIA for different land use 

classes could result in differences of over 200% in projected runoff volumes. 

 

While the distribution patterns of the estimated annual pollutant export from the Lahti 

city area varied from one pollutant to the next, some patterns were evident. The runoff 

from roads and highways was considerable, especially taking into account the limited 

area they occupied in the study area, 1.28% and 1.30%, respectively, of the total. 

Agricultural and green areas were the most significant sources of the estimated nutrient 

export and, interestingly, the amount of natural runoff from green areas, 49% of the 

total, was estimated to produce almost double the amount of total nitrogen export 

compared to that from agricultural areas, 25%. This was likely due to the scale of the 

study area; as there was little difference in the average nitrogen concentrations used to 

characterize the different land uses the pollutant export estimations closely mirrored the 

runoff volumes. When the land use classes were ranked based on their relative estimated 

pollutant generation the top-ranked land uses were the industrial, green and roads land 

use classes. The numerical ranking system used to rank the land use classes can be 

adapted to accommodate additional criteria other than the relative pollutant export used 

in this study. Additionally, land uses or pollutants considered particularly important 

could be weighted accordingly.  Great care should be taken to make sure that the 

numerical ranking system used accurately takes into account the concerns and priorities 

in local stormwater policy as well as monitoring targets. 

 

The amount of sampled events needed to achieve accurate estimations of pollutant 

concentrations in monitored sites were estimated based on the available stormwater 

quality data. The variation in these proved to be high, ranging from a mere handful of 

samples (total nitrogen in most sites) to several hundred (lead). Most sample amounts 

were, however, in the range of approximately 15-100 samples.  The stochastic and 

variable nature of the stormwater phenomenon itself and, thus, the large variation in 

most of the analysed datasets contributed to this. Accordingly, the largest numbers of 

required samples were associated with the smallest and most variable datasets. Larger 

measurement datasets could likely reduce the uncertainties involved, but only to a 

degree. Given the high estimated numbers of samples required, a major part of the 
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estimated implementation costs for the stormwater monitoring effort outlined in the 

study were the laboratory costs associated with sample analyses. It would probably be 

possible to lower these costs by engaging in co-operation between cities and local 

universities and undertaking concerted monitoring/research efforts. 
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APPENDIX A: Suspended solids (SS), total nitrogen (TN), total phosphorous (TP), 

chemical oxygen demand (COD) and heavy metals SMCs (site mean concentrations) 

determined for summertime (S), wintertime (W) and all events (A) using four different 

methods (section 3.1.4). 
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APPENDIX B: Flow-weighted means for suspended solids (SS), total nitrogen (TN), 

total phosphorous (TP), chemical oxygen demand (COD) and heavy metals plotted 

against the total impervious area (TIA) of the study catchments with a non-linear 

relationship, the corresponding equation and the coefficient of determination (R2). Data 

points marked with an x denote the Lahti study sites (Valtanen et al. 2013) and those 

marked with a circle the Espoo sites (Sillanpää 2013).  
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APPENDIX C: The distribution of estimated annual pollutant loads for suspended 

solids (SS), total nitrogen (TN), total phosphorous (TP), chemical oxygen demand 

(COD) and heavy metals by land use category (Table 4). 
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APPENDIX D: Average prices for typical water quality analyses from three commercial 

analytics laboratories, SGS Inspection Services Oy, Novalab Oy and MetropoliLab Oy. 

The values are basic list prices in 2014; actual prices will likely be lower due to packet 

discounts involved in large orders. 

 

 

Analysis Average price (€, VAT included) 

COD 33.94 
 COD, soluble 34.35 

 TOC 38.55 
 DOC 40.22 

Suspended solids, GFC  14.89 
Faecal coliform bacteria 23.20 

TN 29.17 
N, soluble 32.92 

TP 22.49 
P, soluble 25.34 

 Ph 7.03 
EC 7.03 

 PAHs 110.78 
Metals: Cu Pb, Zn, Ni, Cd, Cr 76.57 

 Metals, soluble 77.09 
Oils and greases 88.11 

Hydrocarbons, C4-C10 73.44 
Mineral oils, C10-C40 89.97 
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