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1. INTRODUCTION 
 
Stormwater in the world is garnering greater attention as extreme events 
become more frequent, increasing the cases of flooding and pollution load to 
receiving waterbodies, and in particular increasing mass load and eutrophication 
in coastal areas. Water protection and ecological restoration have been goals for 
many countries for some time and they have enforced acts and regulation 
individually and in a combined way towards this end. In that regard, the current 
status and change over the years in stormwater pollutant concentrations provide 
information about the effectiveness of the initiatives. It is essential in 
stormwater management to obtain information regarding the level and source of 
pollution, compliance evaluation of the pollution reduction activities and 
feedback for further improvements. For these, the monitoring programmes 
should acquire the representative data of all storm events because the 
uncertainties in the prediction of runoff and pollution load can be misleading in 
many regards e.g. misconception on the stormwater quality and quantity, 
inappropriate and ineffective control designs and location as well as weak 
stormwater management strategies. In addition, a resource constraint always 
interfers performing comprehensive monitoring programme in many countries. 
In this study, the measures to approach the actual runoff and pollution load are 
investigated in cases where limited resources are available. To ensure effective 
management strategies, it requires the introduction at an early stage of a suitable 
monitoring programme, effective control measures and predictive instruments 
that balance the available resources. 
 
1.1. Regulation in Stormwater management  

 
Water is a precious natural commodity that needs to be protected and preserved. 
In the US, the national pollution discharge elimination system permit 
programme has regulated the control of point source pollution from urban 
stormwater, industrial discharges and construction activities. In Australia and 
New Zealand, the national stormwater guidelines-2000 have been the regulatory 
documents in striving to achieve sustainable use of the nation's water resources 
by protecting and enhancing their quality while maintaining economic and 
social development. In Europe, the EU member states have created a common 
ground with the EU water framework directive in protecting water resources. 
The main environmental objectives are to achieve and maintain a good status 
for all surface waters, including coastal waters and groundwaters. The target 
date was 2015, but this has been derogated out to 2027, with three cycles: 2015, 
2015-21 and 2021-27. By 2015, much progress had been made in water 
protection in Europe, in individual Member States, and in tackling significant 
problems at European level. But water protection is still a great challenge and 
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requires increased efforts with the involvement of citizens to get Europe’s 
waters clean or keep them clean. 
 
In regard to stormwater specifically, among the EU directives, the Urban 
Wastewater Directive (91/271/EEC) states that national authorities should 
ensure to take measures to limit the pollution of receiving waters from 
stormwater overflows via collecting systems under unusual situations, such as 
heavy rain. The more strignent regulation is from the HELCOM commission. 
As Estonia is a country in the Baltic Sea region, it is a requirement to undertake 
the recommendations of the Helsinki Commission (HELCOM) in addition to 
EU directives. Valid HELCOM recommendation 23/5 on the reduction of 
discharges from urban areas through the proper management of stormwater 
systems focuses on the runoff volume and first flush in a separate system and 
most polluted overflows in the combined system (HELCOM, 2002). Measures 
are recommended at the source to minimise the volume and prevent the 
deterioration of stormwater quality in separate and combined sewer systems. 
Similar to WFD, the aim of the HELCOM Baltic Sea Action Plan (BSAP) is to 
restore the good ecological status of the Baltic marine environment by 
2021(HELCOM, 2007). 
 
One of the main problems in the Baltic Sea region is eutrophication, in which 
Estonia also contributes substantially (Iital et al, 2010). Urban runoff also plays 
a substantial part in the degradation of coastal waters, including a rise in the 
nutrient level (King et al, 2007; Erm et al, 2014; TCG, 2015). Apart from 
eutrophication, the goal of BSAP is also that the Baltic Sea environment will 
not to be hampered by hazardous substances. Estonia enforces the requirements 
of EU directives and HELCOM recommendations through national acts and 
regulations. The Estonian Water Act (RTI, 2015b) regulates the activity of 
protecting all waters against pollution to achieve the good status and promoting 
sustainable water and wastewater. The Public Water Supply and Sewerage Act 
(RTI, 2016) regulates the collection and treatment of wastewater and 
stormwater, according to which the local government develops plans and 
activities for stormwater management. Outside the buildings, stormwater and 
sewerage system are constructed, rehabilited, maintained and operated 
according to the Estonian standard EVS 848:2013. The principle is based on 
returning stormwater to nature either by possible infiltration and delay at 
sources or by reuse. Based on the Water Act, Government Regulation no. 99 
(Gov. Reg. No. 99), 29 November 2012 (RTI, 2013a) “The requirements of 
wastewater treatment and discharging waste and stormwater to the recipient, the 
limit values for waste and stormwater pollution indicators and the control 
measures of the compliance check” was adopted by the Government of Estonia. 
It provides threshold values for wastewater effluents, waste and stormwater 
dicharges as well as complaince verfication measures. According to the 
requirements of national and international regulations, it is essential to assess 
the status of stormwater for the compliance verification, such that the 



13 

compreshensive interpretation of the monitoring data can be possible to form 
the basis for the planning and implementation of protection measures.  
 
1.2. Stormwater dynamics in Tallinn 
 
In the context of regional level, Tallinn has issues regarding the drainage 
system, as it encounters frequent flooding during heavy rainfalls and snowmelts 
(RTI, 2013b). Moreover, the pollution loads from stormwater outlets have a 
substantial part to play in coastal water degradation, especially in Tallinn Bay 
(Erm et al, 2014) and Kopli Bay (TCG, 2015). It is argued that they are one 
potential source for the impact on water transparency and depletion of the 
oxygen level; however, they found the long term negative dynamics in the 
Paljassaare and Miiduranna sea areas. Therefore, the trends of stormwater 
pollutants are essential for understanding the temporal changed share of 
pollutant discharges in the ecological status of coastal water. Some of the 
initiatives introduced in the 2000s by the City of Tallinn have begun to reduce 
runoff and pollution load. Many action plans and activities are formulated in the 
Tallinn Development Plan 2014–2020 (RTI, 2013b), Tallinn Stormwater 
Strategy to 2030 (RTI, 2012) and Tallinn Water Supply and Sewerage 
Development Plan 2010–2021, such as reducing the pollution load by street 
cleaning, minimising hydrocarbon through the installation of oil filters, 
reducing nutrients building treatment plants, the construction of separate system 
and the reconstruction of the combined sewer system, etc. The compliance of 
these initiatives with the reduction of pollutants needs to be ensured in the long-
term and short-term in order to make decisions on further planning. 
 
1.3. Approach to actual pollution load  
 
In Estonia, the Environmental Monitoring Act (RTI, 2015a) directs 
environmental monitoring at three different levels. They are: national 
monitoring for a long-term programme undertaken under sectors including the 
Estonian Environmental Agency, Estonian Environmental Board and national 
institutions; local government monitoring by local authorities; and the 
monitoring by an undertaking body for the area affected by its activities or by 
discharged pollutants. The regional department of the Environmental Board 
under the Ministry of Environment issues special water permits to water users. 
According to the special water permit, water users or the owner of this permit 
should ensure the monitoring of wastewater and stormwater volumes as well as 
pollutant concentrations based on the locations and frequency specified by the 
permit. The permit issued by regional Environmental Boards establishes the 
rights and obligations for water users, including security measures and 
monitoring responsibilities related to water use. The Environmental Board is 
responsible for the organisation and verification of the compliance of 
monitoring activities. The local government provides a procedure for 
implementing the environmental monitoring programme and for processing and 
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storing environmental monitoring data. Several studies investigate stormwater 
quantity and quality randomly, but they have only given a general picture of 
stormwater because all investigations are occasional not continuously 
functioning and characterising situation. The revised Environmental Charges 
Act (RTI, 2005) did not elicit the expected reduction in pollutant discharge into 
waterbodies because the stormwater pollution load is not easily measurable. A 
mean concentration to measure that backlogs assessing actual load and 
stormwater impacts to the receipients is yet unclear (Lääne & Reisner, 2011). 
The development of a stormwater monitoring programme in the Tallinn 
Development Plan 2014–2020 (Tallinn City Council Regulation no. 29, 
13/06/2013) (RTI, 2013b) and the Tallinn Stormwater Strategy until 2030 
(Tallinn City Council Regulation no. 18, 19/06/2012) (RTI, 2012) have been 
emphasised as important activities. Therefore, an effective and affordable 
monitoring programme is the first essential step towards stormwater 
management in Estonia.  
 
In addition, the development of a model based on basin principle and providing 
stormwater drainage solutions are primary tasks for the Tallinn Development 
Plan. Indeed, they are the feasible solution for understanding stormwater 
dynamics within and beyond the period of study when only limited data 
resources are available. It is an alternative to extensive monitoring campaigns, 
which are largely constrained by technical problems (e.g. collection of 
representative samples) and resource availability (e.g. analytical equipment and 
budgets necessary for measurement) (Vezzaro & Mikkelsen, 2012). 
 
The study proceeds with the investigation of the stormwater position in terms of 
quality and quanity in Tallinn where the data from different sources will be 
analysed. Further, the temporal change in stormwater concentrations and their 
possible causes will be analysed. Data representativeness and certainty of 
results are evaluated. Two ways of achieving good data will be investigated. 
First, the monitorting programmes in research literature will be sought out to 
provide a suitable sampling programme and to recommend an optimal and 
effective sampling programme that is suitable for Tallinn catchment area. The 
second is the development of modelling based on the pilot basin using limited 
data resources for estimating and predicting runoff and pollution load. 
 
1.4. Objectives  
 
The main objective of this thesis was to study the status of stormwater quantity 
and quality in Tallinn city as to provide possible solutions for its management in 
controlling runoff and pollution load. It was focused on four specific objectives, 
which were 
1. to assess the stormwater quantity and quality status in the urban area of 

Tallinn city (Paper I). 
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2. to investigate the trends of stormwater quality over the years and the 
influence of dry and wet weather flow (Paper II). 

3. to provide effective monitoring solutions for more effective stormwater 
management through reviews of numerous previous studies and ultimately 
to propose a general sampling programme for Tallinn (Paper III).  

4. And, to develop a model application at limited resources to provide possible 
solutions for reducing stormwater runoff and pollution loads after analysing 
the pilot basin (Paper IV). 

1.5. Novelty and significance of the study 
 
Many research focus on automatic sampling method, which is not always 
feasible and/or affordable. The inclusion of site selection, best practied manual 
sampling and integration of manual and automatic sampling approaches are 
found to be applicable and effective at limited resources.  
 
The separation of roads and roofs in GIS, based on the connectivity to storm 
drainage and their impact analysis due to build up and wash off components, is 
rarely found in previous studies. The results suggest that the effective treatment 
measures should focus on the runoff from these land uses. The resulting 
impervious percentage due to mixed land use in large catchment basins was 
found to be low.  
 
The estimations from grab sampling have greater uncertainty. The model 
application is a useful tool to validate the data. When applying grab sampling, 
the samples need to be taken for medium and large events within 6 hours of 
storm commencement to best represent the storms and provide near accurate 
results.  
 
1.6. Outline of Thesis 
 
This thesis is based on four appended papers. The thesis starts with a brief 
introduction of the study where the problems are stated that give an overview of 
the context of the study. Chapter 2 contains a comprehensive literature review, 
which includes a brief history on Tallinn stormwater managment, recent 
compliance criteria, sources of pollutants, previous studies related to Tallinn 
stormwater, monitoring programmes and modeling. Chapter 3 gives a brief 
description of the study site, data resources, methods and tools used in the 
research, while in Chapter 4 the results from the four papers are summarised, 
the findings in relation to the literature, overlooked limitations and suggestions 
for future work are discussed. The conclusions and recommendations of the 
research presented in this thesis are presented in Chapter 5. 
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2. LITERATURE REVIEW 
 
2.1. Brief history of stormwater management in Tallinn 
 
In the history of water and sewerage managment in Estonia, the first mentioned 
sewer lines were the underground wooden pipes in the old town that date back 
to 1422, which were used for almost 400 years (Juuti & Katko, 2005). In the 
17th century, sewers were constructed in most of the streets in the old town with 
limestone canals in a few streets. In 1843, the wooden pipes were replaced with 
cast iron pipes. The territory of the city expanded over the years, and the 
sewerage work began in the suburbs at the cost of owners and city council. 
Natural waterbodies and drain ditches were used for transporting the sewerage 
according to gravity. From 1881, Härjapea river was used as sewage collector. 
For around a century, this river area was the most densely populated area. The 
river had turned into an open smelly sewer and it was eventually covered over 
with wooden planks after 1923. The combined sewer lines expanded from 46 
km in 1905 to 130 km in 1937, discharging to Tallinn and Kopli bays. In 1945, 
the sanitary situation of Tallinn’s sewerage was unsatisfactory. Even Kopli Bay 
was closed for swimming. Extensive sedimentation, flooding, economic crisis 
due to World War II, the construction of new houses and industries had 
worsened the situation. At the beginning of the 20th century, the network was 
divided into 8 independent systems, two of which flowed into Kopli Bay and 
six into Tallinn Bay, but before this in 1945, there used to be 46 sewer outlets to 
the Tallinn and Kopli bays, plus outlets from the factories. Pipes became 
norrower to growing amount of wastewater. Separate sewer systems were built 
in new residential areas and stormwater was directed to Kopli Bay (Hanni, 
1999). The new system was planned to consist of two main sewers and a main 
pumping station in Paljassaare. All the wastewater was to be treated in 
mechanical treatment facilities and then led to the sea. Construction work 
started, and in 1962 a main sewer was completed to serve the western part of 
town. Meanwhile, it became evident that the system was inefficient, and the 
increase in wastewater demanded an updated plan. 
 
In 1966, a new centralised sewerage system was designed in the city 
development strategy based on future needs. With the establishment of Tallinn 
water works and sewerage management (later AS Tallinna Vesi) in 1967, this 
system was connected from newly constructed sewers in the central and eastern 
part of Tallinn, Õismäe residential area and Lasnamäe area from 1968 to 1972. 
By the end of 1970s, two collector sewers, the main pumping station and a sea 
outlet were completed. The mechanical treatment plant became operational in 
1980 and its biological treatment facilities in 1994. The biological wastewater 
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treatment plant began to operate in 1994. The treated wastewater is discharged 
into the Gulf of Finland via 3 km long sea outlet pipes (Hanni, 1999). 

Stormwater related pollution problems arose in the 1970s when western 
countries started to construct wastewater treatment plants. Since the 1980s, 
there have been several changes in the legal documents that have also affected 
pollution levels. One of the first international recommendations 
(Recommendation No. 5/1) concerning stormwater transported contamination 
was adopted by HECOM at its fifth meeting in 1984. This recommendation 
mainly dealt with limiting oil products (hydrocarbons) until the second 
recommendation (Recommendation No. 17/7) in 1996 for controlling suspended 
solids was introduced. In 2000, these two recommendations were merged into 
Recommendation No. 23/5. A later recommendation was upgraded and updated 
and it has been valid since 2002, where attention has been paid to reduce 
volume through local infiltration system, prevent the deterioration of quality 
controlling water from the streets with heavy traffic and heavily polluted area 
and minimise the effect of first flush. It was also identified that the control 
through combined sewer overflows and the number of overflows prevents the 
amount of pollution. 

The principal components of national water legislation were introduced in the 
early 1990s after gaining independence from Soviet era, and they were 
elaborated in the first phase of Estonian Water Act, which the Estonian 
Parliament adopted on 11 May 1994. On the basis of the Water Act, 
requirements related to the discharge of pollutants into soil or water were 
adopted by government (RTI, 2001), where the water protection measures 
followed on from HELCOM recommendations. Since the early 2000s, these 
components have been modified to incorporate EU WFD requirements since 
accession to the European Union.  

To meet the requirements of the European Union and to apply the HELCOM 
recommendation, Tallinn City Environment Department has been reconstructing 
and expanding the networks as well as centralising the sewerage system. AS 
Tallinna Vesi, a special water permit owner that became a stock company in 
1997, has been taking care of stormwater since 2001. It is responsible for the 
collection, discharge and treatment of stormwater. This century, there has been 
extensive stormwater and sewerage network construction and renovation in 
Tallinn, which lasted almost a decade (Figure 2.1.). Tallinn’s public sewerage 
system now comprises 1,104 km of sewerage networks, 478 km of stomwater 
networks and 174 sewerage pumping stations. According to AS Tallinna Vesi 
(2014), 97 % of the Tallinn area was connected to the public sewerage system 
by 2006 and, in collaboration with the City of Tallinn, the company had covered 
99 % with the public sewerage network by the end of 2010. In addition, the 
City of Tallinn has initiated street cleaning methods in most of the areas in 
the past 



18 

few years, along with the installation of sand and oil filters on major roads and 
car parks (RTI, 2013b; Tallinna Vesi, 2014). 

 
Figure 2.1. Stormwater and sewerage network extension and reconstruction in 
Tallinn. 
 
Stormwater management technolgies are not yet well practiced in Tallinn city. 
The first example is the construction of the stormwater drainage system of 
Ülemiste junction, which is designed to reduce the stormwater impact on the 
sewerage pipelines and was completed in 2012. In the course of construction, 
water was directed to the historical Kadriorg Park, where it feeds the park’s 
canals. The historical circular canal with cascades in front of Kadriorg Palace 
was reconstructed and stormwater facilities, a cascade with five levels, a pond 
and stormwater outlet into the sea were built in the course of the reconstruction 
work (TCO, 2016). The second is the renewal of a section of Lepiku 
watercourse situated in Tallinn Botanical garden in order to reduce the impact 
on River Pirita. It is a small natural drainage watercourse where width and depth 
were constructed to vary such that the water flow retains the improving 
sedimentation of suspended particles. Plants were also added along the course 
both on the bottom and sides as to function a natural barriers and nitrogen 
fixation. It is a good example to demostrate that the water elements can 
diversify nature and bring recreational values to the area instead of directing the 
water into a pipe system (CITYWATER, 2016). The third is green roofs, which 
is applied in some houses in Tallinn. Quality reduction through green roofs in 
Estonia is sceptical (Teemusk & Mander, 2011), though in recent years the 
practice of green roofs on public and private houses has begun. Rain water 
harvesting is also not common in Tallinn except one in an office building, 
which has been used since 2014. Beside these, trenches and natural drain 
ditches have traditionally been built alongside the roads. 
  
In recent years, Tallinn has seen more problems associated with stormwater 
drainage as roads, streets and real estate flood during periods of heavy rain and 
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snow melting. As already mentioned, a list of activities about stormwater 
managment were planned in the Tallinn Development Plan 2014–2020 (Tallinn 
City Council Regulation no. 29, 13.06.2013) (RTI, 2013b), Tallinn water supply 
and sewerage development plan 2010-2021(Tallinn City Council Regulation no. 
54, 18.11.2010) and Tallinn Stormwater Strategy until 2030 (Tallinn City 
Council Regulation no. 18, 19.06.2012) (RTI, 2012). The aim is to improve the 
state of the urban environment from one of the perpectives that includes 
stormwater managment. The main activities concerning stormwater are: 
minimise stormwater volume and pollution using stormwater as a resource, 
regulating stormwater flows, treating near natural stormwater managment 
solution, reconstruction and improvement approach to the combined system, 
establishment of a proper stormwater monitoring programme, drainage solution 
through basin based model development, etc. The enforcing national acts for 
implementing and montoring these activies are: Estonian Water Act, Public 
Water Supply and Sewerage Act, Local Government Organisation Act, 
Environmental Monitoring Act. The updated regulations are: Gov. Reg. No. 99 
and regulation for hazardous pollution stated in national Water Act. The 
international enforcing regulations are EU directives-Urban Wastewater 
Directive (91/271/EEC) and Flood Directive 2007/60/EC, and HELCOM 
Recommendations- No. 23/05 and no. 28E/5 (adopted 15 Nov 2007 about urban 
wastewater treatment and nutrients disposal). 
 
2.2. Stormwater compliance criteria:  
 
According to Estonian Gov. Reg. No. 99, stormwater discharges to the 
waterbodies and soil should not exceed the limit values that apply to wastewater 
under the pollution level for 2000−9999 PE, with the exception of suspended 
solids (SS), which should not exceed 40 mg/l, and hydrocarbon oil content, 
which should not exceed 5 mg/l (RTI, 2013a). The limit values are presented in 
Table 2.1. If the stormwater pollution indicators do not meet the characteristics 
specified in Table 2.1, then it needs purification before discharging to the 
recipient. In the case of combined sewers, the overflows should be designed in 
such a way that the wastewater should be diluted as one part of the effluent 
wastewater with at least four parts of stormwater.  
 
 Table 2.1 Limit values of stormwater pollution outlet 

Parameters Limit values 
pH 6−9 

Suspended solids, mg/l 40 

BOD5, mgO/l 15 

Total Nitrogen, mgN/l 45 

Total Phosphorus, mgP/l 1 

hydrocarbon, mg/l 5 
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According to Minister of Environment Regulation No 44 of 28 July 2009 
“Procedure for establishing parameters of surface waterbodies and their lists, 
limit of classes, state of the classes corresponding to the values of quality 
indicators and the procedures for determining the status of classes”, the surface 
waterbodies can be evaluated as very good to very bad status as in Table 2.2 
based on the values of quality indicators that lie within the limits of classes 
(RTI, 2010).  
 
Table 2.2 Watercourses physicochemical parameters and limits of classes for 
types I, II, III B 

Attributes Unit 
Class 
very 
good 

good weak bad 
very 
bad 

Dissolved 
O2 

10 % 
collateralisation 

 % 
saturation 

>70 70-60 <60-50 
<50-
40 

<40 

BOD5 Arithmetic mean mgO/l <1.8 1.8-3.0 
>3.0-
4.0 

>4.0-
5.0 

>5.0 

TN Arithmetic mean mg/l <1.5 1.5-3.0 
>3.0-
6.0 

>6.0-
8.0 

>8.0 

TP Arithmetic mean mg/l <0.05 
0.05-
0.08 

>0.08-
0.1 

>0.1-
0.12 

>0.12 

NH4
+ 

90 % 
collateralisation 

mgN/l <0.10 
0.10-
0.30 

>0.30-
0.45 

>0.45-
0.60 

>0.60 

pH 
10 % 
collateralisation 

pH unit 6-9 6-9 6-9 6-9 <6-9> 

 
The European Union, as well as Estonia, has restricted microbiological 
parameters exceeding 1000 cfu/100ml Escherichia Coli (E. coli) and 400 
cfu/100ml Enterococci for good bathing water quality (EU, 2006; RTI, 2008). 
 
2.3. Common stormwater pollutants and their sources  
 
Stormwater pollutants originate from different sources during the course from 
runoff generation to the end to the receiving water body (Figure 2.2). Runoff 
generation varies greatly between different rainfall events and locations, as a 
result of dry and wet weather conditions such as rainfall intensity and duration, 
seasonal variation and antecedent dry days (ADD) (Donald W. Glenn & 
Sansalone, 2002). When precipitation occurs, it washes off the built up of 
pollutants from the atmosphere and the urban surfaces. While transporting, it 
carries the accumulated deposits in sewers. In addition, the subsurface flow can 
add up the pollutants. The common urban stormwater pollutant groups are 
sediments, heavy metals, organics, nutrients and micro-organisms coming from 
dust and dirt accumulation, vehicular wear, traffic and industries emissions, 
weathering of roofs and surfaces, construction and commercial activities, 
highway activities, plant/leaf and litter debris, animal/bird excreta, leakage and 
spillage (Göbel et al, 2007; Lundy et al, 2012). The illicit and cross connection 
of sewers as well as exfiltration in sewers and ground water intrusion (shown by 
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dotted arrow in Error! Reference source not found.) add pollutants to the 
receiving waterbody. In Error! Reference source not found., highways and 
road gully chambers function as both sinks and reservoirs. Because some 
temporary storage of water can occur at these stages, it creates time for pollutant 
transformation and, ultimately, the pollutants will be different than the one 
starting at the sources (Lundy et al, 2012). Being the potential sinks, they can be 
taken as the principal source in a conveyance system, even though the most 
effective control measures must be applied at the original source in order to 
minimise receiving water risks. Another significant factor is the meteorological 
conditions. The accumulation and removal of pollutants differ considerably 
between winter and non-winter conditions because the pollutants accumulate as 
a snowpack during long period of negative temperature, which generally melts 
within short time period resulting in peak concentration in runoff (Westerlund et 
al, 2003; Sillanpää, 2013). Early snowmelt fraction in a first flush includes ions 
and water-soluble substances while later fraction of snowmelt mostly contains 
particle bound pollutants (Viklander, 1997; Sillanpää, 2013). 
 

Emission from traffics, 
and industries 

(sediments, nutrient, 
metals, pH)

Amenity, road verge 
pesticides, Fertilizers 

(herbicides, pesticides, 
nutrients,, organics, metals

Vehicle washing 
(organics, metals, 

nutrients)

Construction sites 
(sediments)

Garden lawns, open spaces, 
golf courses (pesticides, 

nutrients, FIOs)

Weathering of 
buildings/structures 

(metals, sediments, pH)

Sewer exfiltration

Atmospheric 
Deposition 

(sediments, nutrient, 
metals, pH)

Highway surfaces 
(sediment, 

nutrients, metals, 
FIOs, pH)

Road gully chambers 
(FIOs, sediment, 
nutrients, metals, 

organics, pH)

Surface water sewers 
(sediment, organics, 

nutrients, FIOs, 
metals, HCs, 

pesticides, pH)

Receiving waters   
(metals, FIOs, nutrients, 
organics, sediment, pH)

Combined sewer, cross 
connection (metals, 

organics, FIOs)

Roof surfaces (FIOs, 
sediments, nutrient, 

metals, pH)

Vehicle and 
pavement wear 

(metals, sediment)
Oil leak (HCs, 

organics)

Retail/commercial/tr
ading estates etc 
(organics, metals)

Spillage and illegal 
connection (FIOs, 
metals, organics, 

nutrients, pH)

Erosion of surfaces 
and materials 

(sediment, pH, 
nutrients, organics)

Sewer exfiltration

FIOs - Faecal Indicator Organisms;  HCs - Hydrocarbons
 

Figure 2.2 Common stormwater pollutants and their sources (modified from 
(Lundy et al, 2012; Revitt et al, 2014)) 
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Table 2.3 shows the range of pollutants frequently reported to be present in the 
urban runoff of European countries and those of Estonia’s neighbours. Data 
recorded in research are in two forms: one is event mean concentration (EMC) 
and the other is instantaneous concentration, usually from grab sampling. The 
first type of data, i.e. EMC, considers the mean concentration of each single 
event to define a non-extreme event and applied to estimate site mean 
concentrations (SMCs)/ annual mass loads. The second type of data is to 
compare with consent limits or environmental quality standard (EQS) such as 
the maximum allowable concentration and annual average, to protect against 
short term or acute exposure and long term or chronic effects. The pollutant 
quality and quantity vary considerably between sites due to land use type and 
intensity as well as the drainage system, such as illegal connection, exfiltration 
of sewers, etc., (Göbel et al, 2007; Lundy et al, 2012) as in Table 2.3. For 
instance, high traffic densities on highways, motorways and parking areas can 
increase the rate of road surface abrasion, tyre abrasion, combustion emission 
and drip losses. Not only suspended solids but also heavy metals and 
hydrocarbons are emitted in high quantities from these road surfaces. 
 
Pollutants in urban runoff are found in both dissolved and particulate matters. 
However, the majority of pollutants are associated with a particulate phase. 
Suspended solids are important carriers of both metals and organic pollutants, 
and are often used as a universal water quality parameter (Björklund, 2011; 
Selbig et al, 2013).  
 
2.4. Previous studies related to Tallinn stormwater 
 
Stormwater in Tallinn has been the focus of attention since the early 1990s after 
the Paljassaare wastewater treatment plant became operational and the effluent 
became clean enough to discharge deep into the sea (Pauklin et al, 2005-2011). 
The regular monitoring of the stormwater condition in Tallinn was then started. 
Tallinn Environment Department commissioned the Environmental Research 
Centre to conduct monitoring until 2011, AS Tallinna Vesi and Tallinn 
University of Technology, Department of Environmental Engineering for 2012-
2014 and the Estonian, Latvian and Lithuanian Environmental group for 2015. 
Over the last 15 years, the impact of stormwater on the receiving waterbodies 
were investigated and they came to the conclusion that the pollutants in 
stormwater systems have decreased, thereby improving the quality of 
stormwater considerably as in Table 2.4 (Pauklin et al, 2005-2011; TCO, 2016). 
The limit concentration of hydrocarbon oil products and heavy metals has not 
been exceeded in the last 10 years. 
 
Nevertheless, the degredation of coastal waters is prevalent and pollutants 
discharge from stormwater have a considerable contribution, especially in 
Tallinn Bay (Erm et al, 2014) and Kopli Bay (TCG, 2015). The study conducted 
in 2009 for the ecological status of coastal water in Tallinn city showed 
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moderate ecological status in two of the three studied waterbodies of Tallinn 
Bay (Miiduranna, Pirita) and one in Paljassaare Bay; however, it was bad in one 
waterbody of Tallinn Bay (Kalaranna-Russalka) and one of Kopli Bay 
(Stroomi)(TCG, 2015). Yet, the long-term improvement trends were observed 
in the Paljassaare and Miiduranna sea areas, the study suggested that the 
stormwater has a potential impact on water transparency and depletion of the 
oxygen level. The foul smell in Tallinn Bay is still a problem. The cause was 
investigated by the Estonian Marine Institute and the University of Tartu, and it 
was found that the concentration of phosphorus was a limiting factor in 
enhancing algal growth, accumulation and decaying in the shallow coastal water 
on the beach where the concentration of hydrogen sulphide (H2S) and the 
unpleasant odour are present (Erm et al, 2014). From studies by the Estonian 
Environmental Research Centre (Pauklin et al, 2005-2011) it was determined 
that the Kadriorg outlet of Tallinn Bay receives half of the amount of nitrogen 
delivered to the bay by stormwater outlets. In 2012, Estonian Ministry of 
Environment initiated the study to clarify factors corresponding to spreading of 
algae on the coastal waters of Kadriorg-Maarjamae area and to offer solutions 
for the problem. The Marine Systems Institute at Tallinn University of 
Technology was involved. They sampled 100 grab samples from two rivers and 
stormwater outlets, 150 seawater and 142 sediment samples from coastal area. 
They found that nutrients influx from stormwater outlets also have a 
considerable contribution in biomass production. In rainy or summer periods, 
the nutrients influx, and in particular the nitrogen concentration, is severe and 
can play a major role in algal bloom (Erm et al, 2014).  
 
Table 2.4 Pollution loads of the two largest stormwater outlets in Tallinn 
(Lauluväljak and Rocca al Mare) from 2004-2014  

Indicator 

Lauluväljak   Rocca al Mare 

2004-
2009 

2011 2012 2013 2014   2004-
2009 

2011 2012 2013 2014 

Suspended 
solids, t/y 

24 17.1 19.8 48.5 19.8   126 236 38.8 82.0 37.2 

BOD7, t/y 10.3 10.5 11.6 8.5 5.1  33.7 40.0 12.1 11.1 17.9 

TN, tN/y 13.6 21.4 20.8 8.2 6.9  11.1 13.4 9.8 6.2 5.2 

TP, tP/y 0.403 2.03 1.07 0.57 0.38   2.19 2.26 0.96 0.76 0.61 

source: adapted from TCO, 2016. 

There are few studies on quality dynamics for large catchment basins. In 
Estonia, the modeling of stormwater is rarely found. Hood et al.(2007) used the 
SWMM model to estimate flow and pollution load of moderate size of the 
Tallinn sub-catchment. They found the modelled runoff and pollution loads 
(TSS, TN and TP) for 2004 from the Lasnamäe basin were higher than the 
estimated amount by the Estonian Environmental Research Centre and AS 
Tallinna Vesi. The predictive capabilities were not evaluated and unclear about 
the uncertianty. The six small sub-catchments with distinctive land use 
(transportation, residential and commercial) in Tallinn were analysed for runoff 
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and suspended solids by Koppel et al. (2014). They identified a varying runoff 
coefficient minimum in June and maximum in September, as it ranged from 
0.41 to 1 for commercial areas and 0.19 to 0.77 for residential areas. They 
suggested the suspended solids peak at the start of water flow. However, the 
correlation between the modelled and measured flow rates was weak in their 
analysis. Both studies used rainfall data from Harku station, which is almost 
5−7 km away from the studied sites, which increases uncertainties in the results. 
The runoff dynamics of mixed land use can be different from single land use as 
they provide a resultant runoff coefficient that is different from individual land 
use (Lee et al, 2009). There is also a room to look at the impact of directly 
connected impervious areas. Lee and Heaney (2003) modeled the hydrologic 
performance of DCIA and reported that DCIA is the main contributing area of 
runoff and has the most pronounced effect on urban hydrology. DCIA or the 
connectivity to the urban area at the catchment scale influences the hydrologic 
response (Yang et al, 2011; Burns et al, 2015) .  
 
2.5. Review on stormwater monitoring  
 
Stormwater monitoring is a quantitative approach for evaluation of a stormwater 
management programme (US EPA, 2009). There are many guidelines and 
procedures proposed in documents for stormwater monitoring by national, 
regional or local governments. For example, the Australian and New Zealand 
Environment and Conservation Council (ANZECC) and the Agriculture and 
Resource Management Council of Australia and New Zealand (ARMCANZ) 
(ANZECC & ARMCANZ, 2000) have preapared Australian Guidelines for 
Water Quality Monitoring and Reporting; the US EPA have developed the 
NPDES Storm Water Sampling Guidance Document and Industrial Stormwater 
Monitoring and Sampling Guide (US EPA, 2009), Geosyntec Consultants and 
Wright Water Engineers (GC & WWE, 2009) have released Urban Stormwater 
BMP Performance Monitoring, etc. The collection of reasonably accurate data 
is one of the most challenging aspects of stormwater monitoring (GC & WWE, 
2009; US EPA, 2009). Many sampling programmes in the guidelines have not 
been designed precisely with a deductive consideration of the objectives and 
sampling requirements (Bertrand-Krajewski et al, 2000; Fletcher & Deletic, 
2007). In this study, the sampling approaches are briefly reviewed, but the 
extensive review was performed in Paper III.  
 
In previous research, approaches for appropriate site selection, selecting 
minimum parameters and choosing options based on the degree of required 
certainty and cost are rarely given any attention. The variation in stormwater 
quality and quantity is large between the catchments and even in a single 
catchment. The monitoring of numerous sites is resource costly. The proper 
method of site selection limits the potential sites, reduces cost and increases 
accuracy (Lee et al, 2007; Langeveld et al, 2014). It is also important to select 
the most important few parameters that will ensure broad-spectrum testing and 
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comparable datasets (Ingvertsen et al, 2011). Several studies have reported 
potential organic and inorganic parameters (Makepeace et al, 1995; Göbel et al, 
2007; Madrid & Zayas, 2007; Ingvertsen et al, 2011; Lundy et al, 2012), 
physicochemical parameters (Paschke, 2003; Göbel et al, 2007; Madrid & 
Zayas, 2007) and priority pollutants (Eriksson et al, 2005; Zgheib et al, 2008; 
Gasperi et al, 2012; Kegley et al, 2014), which are either harmful to human or 
aquatic life and/or both. The approach of sampling surrogate parameters assists 
in minimising the number of resource intensive and time consuming sampling 
parameters (Settle et al, 2007; Miguntanna et al, 2010). 
 
Uncertainty in discharge measurement comprises 7 to 23 % and sample 
collection comprises 14 to 36 % (Harmel et al, 2009), and it can be reduced 
significantly through a proper sampling programme. Uncertainty in discharge 
measurement is built up through the type of methods used, type of equipment 
and staff skills (Sauer & Meyer, 1992; Slade, 2004; McIntyre & Marshall, 2008; 
Sauer & Turnipseed, 2010; Nord et al, 2014). For example, the velocity area 
method to construct stage discharge relationship has a lower error factor of 
2−20 % than Manning’s Equation method which has an error factor of 15−35 % 
(Sauer & Meyer, 1992). The illustrations of different methods of discharge 
measurement are found in many hydrology books, manuals and USGS 
documents (Buchanan & Somers, 1968; Brakensiek et al, 1979; Maidment, 
1993). In the sample collection system, samples can be taken manually and/or 
automatically. There are practical guidelines that have been illustrated for 
automatic sampling (Harmel et al, 2006b; David & Daren, 2014). Though 
automatic sampling is the most common practice producing higher accuracy, it 
is not always feasible and/or affordable. Grab sampling has been favoured when 
performing long-term sampling (Leecaster et al, 2002; Fletcher & Deletic, 2007; 
Lee et al, 2007) and measuring certain toxic elements and oil/grease compounds 
(Khan et al, 2006; Lee et al, 2007). Moreover, uncertainty in samples collection 
differs whether it is taken as single or integrated (Taylor et al, 2005; Harmel et 
al, 2006a; McCarthy et al, 2008; McCarthy et al, 2009), flow or volume or time 
weighted and composite or discrete samples (Miller et al, 2000; Harmel et al, 
2002; King & Harmel, 2003; Harmel et al, 2006b). 
 
Nevertheless, the required level of uncertainty is often unclear; therefore, the 
appropriate frequency and timing of sampling is not well understood (Leecaster 
et al, 2002; Fletcher & Deletic, 2007). For some time, several studies have been 
carried out to provide effective time of sampling (Harmel et al, 2002; Harmel et 
al, 2006a), frequency of sampling (Leecaster et al, 2002; King & Harmel, 2003; 
Harmel & King, 2005; Harmel et al, 2006a; Khan et al, 2006; Lee et al, 2007) 
and number of storms to be sampled (Leecaster et al, 2002; May & Sivakumar, 
2009; Maniquiz-Redillas et al, 2013). It is essential to periodically refine 
frequency, timing and sampling methods to attain representative, quality and 
high certainty data (Fletcher & Deletic, 2007). 
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The monitoring programme in Estonia is based on Gov. Reg. No. 99 (RTI, 
2013a). The limit values are set for parameters and stormwater discharges 
should not exceed that limit. The sampling method is specified as time or flow 
proportional sampling where samples are taken after 30 min from the start of 
runoff at every 30 min interval for at least 2 hours or until the runoff stabilises. 
The frequency of this sampling must be at least once per year and not 
emphasised to take frequently. Runoff calculation should be based on the 
standard EVS 848 or equivalent standards. The regulation is unclear about the 
kind of concentration to compare with limit values because flow or time 
proportional samples are mainly aimed for EMCs and peak concentrations. On 
the one hand, the number of storm events needs to be specified because EMCs 
depends on the intensity and duration of storm events. On the other hand, if 
peak concentrations are compared with limit values, they can frequently exceed 
e.g. SS and BOD are found several times higher than limit values. In the case of 
the high fluctuation of flow and pollutants, the automatic sampling system is 
favourable. Indeed, these issues need to be addressed in the Tallinn stormwater 
strategy where one of the aims is to establish a proper monitoring programme 
(RTI, 2012).  
 
2.6. Review on stormwater modeling 
 
A wide variety of models addressing stormwater quantity and quality have been 
developed. The review on the stormwater models by Elliot and Trowsdale 
(2007) and Jayasooriya and Ng (2014) found that EPA SWMM has better 
performance in simulating stormwater quantity and quatity. SWMM has 
reasonable accuracy when model outcomes are calibrated and validated 
(Jayasooriya & Ng, 2014). It is a comprehensive hydraulic and hydrological 
model used for a single and continuous event (Rossman, 2010). Its conceptual 
model is built with four environmental compartments. The first compartment 
works with atmospheric objects e.g. rain gauges, temperature, wind speed, etc, 
which accounts for precipitation and pollutants from air. The second 
compartment is based on land surface e.g. sub-catchments, which models runoff 
and pollutants generation. The third compartment is related to ground water 
objects e.g aquifers, which receives infiltration from land surfaces and provides 
input to the fourth compartment called transport compartment. This 
compartment consists of objects such as pipes, channels, etc. to route flow from 
the runoff source. SWMM has broad applicability for simulating runoff and 
quality dynamics e.g. hydrology assessment for pre/post development condition 
(Jang et al, 2007), pollutant washoff water quality analysis (Temprano et al, 
2006; Lee et al, 2010), combined sewer overflow modelling and assessment 
(Zhang & Li, 2015), flood forecasting (Han et al, 2014), and stormwater 
treatment facilities modeling and assessment (Aad et al, 2010; Burszta-Adamiak 
& Mrowiec, 2013). It is free software available with a graphical user interface. 
As it is a physical based deterministic model, it requires various input data that 
need to be calibrated and validated before use as a predictive model. 
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For calibration and validation, manual or automatic techniques can be used. In 
manual calibration, the optimised set is determined through manual trial and 
error method, whereby one or more input parameters will be changed and a 
measure of goodness of fit between model results and calibration dataset is 
noted. Manual calibration can be effective if approached systematically (e.g., 
stratified sampling approaches) (McKay et al, 1979), and when the number of 
parameters to be calibrated is limited. Many studies have applied this technique 
for calibration and validation to assess runoff and loads (Tsihrintzis & Hamid, 
1998; Temprano et al, 2006; Nazahiyah et al, 2007; Tan et al, 2008; Lee et al, 
2010; Chow et al, 2012; Mancipe-Munoz et al, 2014). However, most of them 
are based on small catchment basins. In a large catchment, the mixed land use 
produces a higher variability in stormwater quality, as there will be a high 
interspersion of various land use types (Lee et al, 2009). Tan et al. (2008) and 
Mancipe-Munoz et al. (2014) worked on comparatively large urban catchments 
but mainly focused on runoff calibration, though they worked for continuous 
events too. There are few studies on quality calibration for the large catchment 
basins. Moreover, in our knowledge with a local context, only a basin in Tallinn 
of moderate size was modelled by Hood et al. (2007), but the calibration and 
validation is not explicitly performed for model predictability.  
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3. MATERIAL AND METHODS  
 
In this chapter, the complete material and methods applied in the study will be 
described. Familiarising the study site, details of data sources, sampling 
methods and the statistical methods for assessing the status and trends of 
stormwater in Tallinn will be given an overview. Further, discussing the review 
process for sampling approaches and the methods used in model development 
will be illustrated.  
 
3.1. Study Site Description  
 
Tallinn, the capital of Estonia, is situated in the north-western part of Estonia on 
the shores of the Gulf of Finland. It has a total area of 156 sq. km where 
approximately 32 % of population is centred. The climate is humid continental 
with warm to mild hot summers and cold snowy winters. The average air 
temperature between 1961 and 2010 ranges from -5.9 to -1.0 in January and 
12.7 to 21.9 in July (EWS, 2015). Total annual rainfall is 704 mm and average 
monthly rainfall varies from 32 mm in April to 86 mm in August. Snow cover 
usually lasts from mid-December to late March. The average rainfall is 550–750 
mm and the mean runoff is 280–290 mm per year. Most of the land in Tallinn is 
urbanised, with impervious areas forming about 50 % of the total area. There 
are 66 stormwater outlets (EELIS, 2015). Among them, 47 outlets discharge to  

 
Figure 3.1 Stormwater outlets in Tallinn 
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Table 3.1 Area coverage of most important catchment basins and their 
characteristics 

Basin 
Area, 
ha 

 % 
Cover
age 

Receiving 
water 
body 

Characteristics 

Rocca al 
Mare 816 21.3 Kopli Bay 

storm and surpluswater from the block houses 
areas, mostly, from pools in zoo during water 
exchange, increase in impervious areas is 
noticed in the catchment. 

Pirita/Saare 
tee 156 4.1 Tallinn 

Bay 

storm and drainage waters from private house 
area, collected via open ditches and 
Varsaallika spring (basin 1.6 km2), sewage 
discharges from the private houses area can 
occur 

Lasnamäe/ 
Lauluväljak 961 25.1 Tallinn 

Bay 

mostly high density area with impervious area 
one third of total area. Runoff collected from 
residential and industrial. sewage discharges 
can occur from this area  

Russalka 

734 19.1 

Tallinn 
Bay 

consist mostly from the Ülemiste polder storm 
and drainage waters and Lake Ülemiste 
surplus water after heavy and continous rains, 
and during snowmelt period. 

Ülemiste 
polder 

Tallinn 
Bay 

storm and drainage waters from industrial 
district and private houses area, airport treated 
stormwater and runways stormwaters, 
Ülemiste polder drainage water  

Mustoja  1128 29.4 Kopli Bay 

storm and drainage waters mostly from 
private houses area, block houses and 
industrial district collected via ditches, open 
channels and pipes into the Mustoja River, 
increase in impervious areas is noticed in the 
catchment, sewage discharges from one of the 
private houses area can occur. 

Härjapea ~40 ~1 Tallinn 
Bay 

includes the areas of Põhjaväila and the streets 
of Lootsi and Ahtri along with suburbs of the 
central city. The Old Town with its historic 
buildings, medieval stonewalls, churches, 
stone pavements and old houses have 
possibility of partial discharge to this outlet. 

Total 3835 

 
the coastal sea. The major outlets that discharge to Tallinn Bay are Härjapea, 
Saare tee/Pirita, Lasnamäe, Russalka, Ülemiste Polder and to Kopli Bay are 
Rocca al Mare and Mustoja as shown in Figure 3.1. Their catchment 
characteristics along with the coverage area are presented in Table 3.1. The area 
of the stormwater system of Tallinn is about 6,500 hectares and the length of the 
stormwater pipeline was 478 km in 2014 (Tallinna Vesi, 2014). Stormwater 
from residential and industrial areas is either diverted to municipal wastewater 
treatment plants (WWTPs) and treated with sewage or is collected in a separate 
stormwater system and mainly discharged to waterbodies without any treatment. 
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Altogether, these 7 outlets cover a total approximate area of 3,900 ha. Among 
them, Mustoja basin is the largest and covers almost 30 % of the total area.  
 
Mustoja is the pilot study basin for stormwater modeling and approximately 
10.24 km2 of the territory was covered in simulation. Most of the area spread 
over the Kristiine and Mustamäe districts in the upstream side. Runoff flows 
mainly through underground pipe networks and ditches to the downstream 
natural channel where three pipes under Marja, Haabersti and Mustjõe streets 
intersect. Finally, this water is discharged to Kopli beach and into the Baltic sea. 
The land use within the catchment is mainly residential covered with private 
and apartment buildings in the upstream side. Industrial and commercial areas 
are dominant features in the downstream side within the catchment. 
 
3.2. Data sources and sampling strategy 
 
For this study, data from four sources have been obtained (Figure 3.2). The first 
source of data (S1) is monitoring reports from Pauklin et al. (2005–2011) for the 
years 2005 and 2008–2011. In this monitoring system, grab samples were 
collected 4–6 times a year from the stormwater outlets by the Estonian 
Environmental Research Centre. The data was measured only once in 2010. The 
second source (S2) is monitored data provided by AS Tallinna Vesi, a special 
water permit owner that has measured samples each month from 1996 to 2014 
in 6 outlets: Härjapea, Lasnamäe/Lauluväljak, Pirita/Saare tee, Mustoja, Rocca 
al Mare and Russalka. Besides these, one other outlet is Kadriorg, which has 
only two years of data and is excluded for analysis. Six parameters – pH, SS, 
TN, TP, BOD7 and HC – were measured with grab sampling. The third source 
(S3) consists of samples measured by both the department of Environmental 
Engineering of Tallinn University of Technology (TUT) and AS Tallinna Vesi 
for the period 2012–2014 in six outlets excluding Härjapea and Kadriorg, 
though Ülemiste polder was included. The samples were tested for parameters 
such as dissolved oxygen, conductivity, pH, temperature, SS, TN, TP, BOD7, 
HC, salmonella, E. coli and Enterococci using analytical methods based on ISO 
and Estonian water quality standards (listed in Paper II). All of these are 
competent bodies according to EN ISO/IEC 17025:2005 for conducting tests in 
the field of water analysis (accreditation scope on the Estonian Accreditation 
Centre). The sampling procedure was in line with Estonian Environment 
Minister Regulation “Sampling methodology” as stated in the Water Act. EVS-
EN 25667-2, EVS-EN ISO 5667-3:2012 or any equivalent internationally 
recognised standard should be followed. The fourth source (S4) is monitored 
data from the department of Environmental Engineering of Tallinn University 
of Technology.  
 
At the Mustoja basin outlet, TUT installed a water level measurement gauge to 
form a discharge-rating curve. The time interval sampling approach, sampling 
approach 1 (SA1), was used to collect the samples during the events. Grab 
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samples were also taken two times a week and total of 104 samples were taken 
during the period from 06/11/2014 to 16/12/2015 under the random sampling 
approach or sampling approach 2 (SA2). On each sampling day, water flow was 
measured using an acoustic flow tracker. The water level was registered from 
water level stock for the calculation of runoff and curve once a day. The 
parameters and the methods analysed in the laboratory were similar to the 
second source. Additionally, heavy metal samples were also taken every week, 
and a total of 30 samples were determined for analysing the content of Cd, Cr, 
Cu, Pb, Ni, Fe, Zn. 
 
Data from sources S1 and S3 were used in Papers I and III (see Figure 3.2), 
where source S3 had data up to 2012 when the study was conducted. The 
measurement was continued up to 2014 and Paper II used data of all grab 
samples from 1995 to 2014 for the outlets of 7 watersheds in Tallinn. Dissolved 
oxygen, conductivity, temperature and microbiological parameters had data for 
either less than 10 years or inconsistent. Therefore, these parameters were 
excluded from the data analysis. Since 2012, records have been available for 
discharge and sampling times, which assist in separating data into baseflow and 
stormflow. Paper IV used the data from source S4 where it has data of storm 
events, 104 grab samples from 2014 to 2015 and 30 heavy metal data for 
Mustoja basin. Other input data sources are described in the “Model 
development” section in this thesis and in Paper IV. 
 
To date, the rainfall data from Tallinn-Harku meteorological station, which is 
approximately 6-20 km from the study area, was used for stormwater runoff 
estimation. For this study, the hourly consistent rainfall data from the same 
station was obtained from the Estonian Meteorological and Hydrological 
Institute (EMHI) for 10 years from 2005 to 2014. Paper I, II and III used these 
rainfall data. Rainfall depends on the time, space and altitude in the catchment 
and it suggests the measuring equipment should be in close proximity so that 
the consideration of climatic factors, characterisation and modeling of 
stormwater drainage system can be taken in a reliable way. Since 2013, rainfall 
data from other 9 stations installed by As Tallinna Vesi has been available. TUT 
also installed a tipping bucket rain gauge named “Saarma” station in May 2014 
within the Mustoja basin on the downstream area near Saarma street. After 
applying the Thiessen polygons method in ArcGIS, the “Tondi 90” and 
“Saarma” stations were found to be influential for the Mustoja basin. One-
minute rainfall data from these two stations were integrated for simulation in 
Paper IV. 
 
The average monthly temperature (in Harku station) and rainfalls recorded in 
three stations (Tondi 90, Saarma and Harku) during Jan 2014 to Feb 2016 are  
presented in Figure 3.3. August 2014 and July 2015 were the wettest months 
while February to April were dry months in 2014 and 2015. Besides these, 
October 2015 was the driest month. Compared with the normal rainfall pattern 



33 

Figure 3.2 Data sources for Papers I−IV 

Figure 3.3 Monthly temperature, monthly rainfalls in three rain gauge stations 
and long-term average rain. 

of Harku station (1981−2010) (EWS, 2015), these two years were dry years 
with approx. 34 % and 26 % less rain in 2014 and 2015 respectively. There 
were slight differences in the rainfall records in these three stations. In 2014, 
total rainfall in Harku station was 568.4 mm, but in Tondi 90 it was 466 mm, 
with a difference of 102.4 mm (Table 3.2). Rainfall charateristics such as 
rainfall intensity, peak rainfall, total rain and duration measured in Harku 
station was slightly higher than Tondi 90. In 2015, total rain in Saarma station 
was higher than Tondi 90 and Harku station was higher than Saarma Station. 
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Most of the rainfall characteristics in Saarma station were also slighly higher 
than the Tondi 90 station. These differences indicate rainfalls have local origins 
and stations near the reference catchment can minimise the error of spatial 
variation. 
 
Table 3.2 Rainfall events comparison among Tondi 90, Saarma and Harku 
stations  

Station 
(Months) 

Year 
No. of 
events 

total 
rain 

(mm) 

Mean 
Rainfall 
Intensity 
(mm/hr) 

Peak 
(mm/hr) 

Total 
Event 
Rain 
(mm) 

Duration 
(hrs) 

Inter-
Event 
Time 
(hrs) 

mean  mean mean mean  mean 
Tondi 90 
(I - XII) 

2014 150 466 0.6 1.2 1.6 6.8 58.2 

Harku  
(I-XII) 

2014 154 568.4 0.7 1.5 1.8 7 56.7 

Tondi 90    
(V-XII) 

2014 107 363.4 0.4 1.3 1.7 7 52.8 

Saarma    
(V-XII) 

2014 98 423.2 0.5 1.9 2.2 6.5 57.7 

Tondi 90  
(I-XII) 

2015 156 522.7 0.3 1.1 1.7 8.1 55.2 

Saarma     
(I-XII) 

2015 144 549.6 0.4 1.3 1.9 7.7 59.8 

Harku      
(I-XII) 

2015 NA 591 NA NA NA NA NA 

 
3.3. Data processing, reviews and analysis  

 
In this section, the methodology applied for gaining the objectives of the study 
as in Figure 3.4 will be discussed, which includes methodologies for assessing 
stormwater status in Tallinn, determining trends, assessing suitable sampling 
approaches and model development.  
 
3.3.1. Assessment of stormwater status in Tallinn 
 
The first aim was to assess the status of stormwater in Tallinn. At the beginning 
of this PhD study, the Estonian government had not initiated stormwater 
strategy; this remained the case until June 2012 when it first adopted the 
regulation “Tallinn Stormwater Strategy until 2030”. It was necessary to 
overlook the position of stormwater runoff, pollution load, variability and the 
data representativeness to estimate true loads because the type of mean 
measurement was not explicit. Data were available up to 2012 when Paper I was 
prepared, the monitoring programme was continued and the complete data up to 
2014 were used in Paper II. Therefore, the updated analysis was performed 
where the descriptive statistics was applied to summarise the data for mean, 
median, range, 10th and 90th percentile. Correlation coefficient was estimated 
to look at the relationship between parameters. Seasonal indices were calculated 
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to analyse the seasonal variation. The method of simple average was used to 
measure seasonal index, which measures how a particular season compares to 
the average season. When it is above or below 1, it indicates seasonality. 
Monthly seasonal indices were compared with relative average rainfall depth. 

Figure 3.4 Methodology applied in the study 

3.3.2. Determination of trends 

The second objective was important in terms of understanding the temporal 
change in stormwater concentrations over the years. Monotonic trends in time 
series on the watershed basis were analysed using the Seasonal Mann Kendall 
(SMK) test (Hirsch & Slack, 1984), the details of which are explained in Paper 
II. Water quality data are usually not normally distributed and exhibit a seasonal
pattern (Gilliom & Helsel, 1986). SMK tests are non-parametric tests for the 
detection of trends in time series. It provides a way for the accounting of ties 
and missing values. The test estimates the test statistics called SMK statistics 
(SMK-stat). The dataset was first separated into seasons and MK statistics was 
estimated for each seasons to bring together all signs of differences in the 
dataset. MK statistics were summed over all seasons to get SMK statistics. The 
test statistic has approximately standard normal distribution according to the 
central limit theorem. In this test, variance was corrected for ties and serial 
correlation among seasons during this test (Hirsch & Slack, 1984). 
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The data was splitted into two sets for baseflow and stormflow. Baseflow 
includes the data taken after a period of at least 3 days without rain (Schiff, 
1997; Francey et al, 2010) or rainfall <2 mm/hr (a minimum threshold)(Butler 
& Davies, 2004); otherwise, the data belongs to stormflow. Two sets of data 
were formed such that the long-term (18-19 years) data from 1995 to 2014), 
short-term (10-year data from 2005 to 2014), baseflow and stormflow (same 10-
year data) trends could be analysed. SMK statistics and significance levels were 
estimated, trend analysis was made, differences between trends were evaluated 
and the possible causes were investigated. After performing a two-tailed test, 
significance ranks were provided as 3 for p ≤ 0.05 indicating statistically 
significant, 2 for p > 0.05 and < 0.20 indicating trends could exist if p < 0.20 
and no trend for p > 0.20. The positive and negative sign determines an upward 
and downward trend. There are three factors that drove the performance of the 
short-term trend test. First, some sites did not have 19 years of data but only 10 
years, as in the Ülemiste polder. Second, consistent hourly rainfall data was 
only available for this period in order to categorise stormflow and baseflow. 
And third, the trends observed in the long term could disappear in the short term 
or vice versa.  
 
3.3.3. Approach to effective sampling programme 

 
After understanding the status and trends of stormwater over the years, it was 
found that the variability and consequent uncertainty are high in data 
measurement, and even higher within a single year. The question arised as to 
how the representative data to all storm events can be acquired. The sampling 
programme has a high contribution in uncertainty development. Therefore, the 
third objective was obliged, in which the study was based on the literature 
reviews of relevant published papers, robust monitoring programmes, protocols 
and guidelines (Paper III). The important aspects of the monitoring programme 
are the selection of monitoring locations, sampling parameters selection, 
discharge measurement and the sample collection system that includes sampling 
mode, frequency and storm numbers. Different methods, criteria and 
uncertainties from previous analyses related to these aspects were studied. 
Effective and recommended methods were assessed so that the selection of 
methods for monitoring could be made according to the required criteria and 
certainty. The results were reduced to suitable sampling approaches and 
ultimately to propose an optimal sampling programme that was recommended 
for Tallinn city. In most cases, the cost of sampling methods is proportional to 
the increase in certainty but the constraint in the budget often intervenes to 
apply a more advanced method. Therefore, information about the options of 
methods with relative uncertainties will be helpful in picking the one that 
balances budget and quality output. While forming an optimal and effective 
monitoring programme, the local criteria and budget constraints were also 
considered. 
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3.3.4. Model development  

The final objective was to use the model as an alternative approach acquiring 
stormwater quality and quantity when it is not possible to perform the 
comprehensive sampling programme. In addition, it is to evaluate the cost 
effective sampling approaches that can produce representative data to compare 
the results from modeling and time based sampling programme for events. The 
emphasis is also given in imperviousness because the mixture of different land 
uses in a large catchment basin has a significant effect on stormwater quality 
(Lee et al, 2009).  

Figure 3.5 Model development 

The model was developed in SWMM using the methodology described in 
Figure 3.5, the summarised picture of model development from Paper IV. 
ArcGIS was applied for preparing the conveyance system and the input sub-
catchment properties e.g., sub-catchment area, width, surface slope, impervious 
percentage, etc. Other input parameters of sub-catchment properties, such as 
pervious and impervious depression storage (Dper and Dimp), pervious and 
impervious surface roughness (Nper and Nimp), infiltration parameters, buildup 
and washoff components, were set by adopting values from SWMM user’s 
manual (Huber et al, 1988), books (Bedient & Huber, 1988; Wanielista, 1990) 
and published papers (Temprano et al, 2006; Nazahiyah et al, 2007; Chow et al, 
2012). Rainfalls in time series from the Tondi 90 and Saarma stations, which 
are close to the basin, were spread over the sub-catchments.  
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Sub-catchments were delineated using the drainage networks and surface slope. 
AS Tallinna Vesi provided the details of drainage networks, which include 
location/elevation, manholes, pipe diameter, pipe material and year constructed. 
In the Mustoja catchment basin, separate drainage systems were mainly 
constructed over the course of 79 years. Approximately 51 km length and 
0.15−2m diameter of drainage pipes with 4 km of drain ditches were found. The 
surface slope was determined using a 1m resolution digital elevation model 
(DEM) provided by the Estonian Land Board. The total number of sub-
catchments is 378 ranging in size 0.06−23.8 ha, slope 0−11.1 % and width 
25.8−3002.8m. 

 
Figure 3.6 Land use details within the catchment 
 
Identifying a directly connected impervious area and its impact on the total 
runoff and pollution load was sought to find the specific DCIAs, which require 
more attention in order to implement the control measures effectively. At the 
first stage when the land use map obtained from the Estonian Land Board for 
the year 2014 was investigated, approx 50 % of land in the Mustoja basin was 
found to be impervious, covered mostly by roads, fields of production sites and 
buildings (Figure 3.6), whereas pervious surfaces mainly consist of green areas 
and forest/private yards, forming ¼ and 1/5 of the total catchment area. Total 
impervious area (TIA) (in Table 3.3) was estimated using runoff coefficients 
acquired from Estonian standard EVS 848:2013. However, this TIA does not 
contribute to the actual runoff because the portion of it that is hydraulically 
connected to the storm sewer system is an important parameter (Lee & Heaney, 
2003; Ebrahimian et al, 2016). Therefore, DCIA was identified and separated 
from directly not connected impervious areas (DNCIAs) in accordance with the 
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procedure explained in the paper by Lee and Heaney (2003). In ArcGIS, the 
imperviousness was anlaysed after determining DCIA using field investigation, 
aerial maps, online maps and stormwater network layout. A simplified land use 
was prepared as in Table 3.3 by grouping various land uses into residential, 
commercial, industrial, forest, waterbodies, roads and roofs. Approximately, 
55.7 %, 7 %, 10.2 %, 23 %, 3.9 % and 0.2 % of areas were determined as 
residential (R), industrial (I), roads (Rd), residential roofs (Rr), commercial  
 
Table 3.3 Simplified land use classified into DCIA and DNCIA of TIA and EIA 

Simplified  
Land use 
(LU) 

Area 
(ha) 

Total 
%LU 

TIA 
(ha) 

EIA 
(ha) 

Land use details 

DCIA 
Commercial 
Roof 

55.9 5.5 50.3 33.8 
commercial building, manufacturing 
building  

Industrial 32.9 3.2 14.0 17.6 field of production  

Residential 
Roof 

38.6 3.8 34.7 10.4 
building under construction, 
commercial building, private building, 
shelter 

Road 147.5 14.4 118.0 94.2 
bridge, roads (road as drain, DCIA road, 
feeder road, one side vegetated street)  

Total 274.8 26.8 217.0 156.0 
DNCIA 
Commercial 
Roof 

13.6 1.3 12.2 1.4 DNCIA manufacturing building  

Industrial 71.3 7.0 26.4 3.6 field of production 
Mixed 
Residential & 
Commercial 

4.5 0.4 2.1 1.4 residential and commercial building  

Residential 481.8 47.1 75.3 24.7 
basement, cellar, garage, green area, 
horticulture land, other open area, 
private yard, Private yard, ruins 

Residential 
Roof 

48.1 4.7 43.3 4.8 
DNCIA building, manufacturing 
building 

Road 88.1 8.6 70.5 6.1 
side vegetated street , road (road along 
with swale, road along with swale 
channel) 

Forest 39.8 3.9 2.0 0.4 forest, shrubbery 
Water 1.9 0.2 0.0 0.0 pond, stagnant waterbody - unknown 
Total 749.2 73.2 231.9 42.4 

 
roofs (Cr), forest and water, respectively. In the DCIA part of the table, DCIA 
was found to be nearly 27 % (278 ha) of which TIA was 79 % (217 ha) and 
effective impervious area (EIA) of 57 % (156 ha). EIA was estimated because 
again all the runoff does not enter the inlets despite the fact that the DCIA only 
represents the land use connected with the drainage system. Nevertheless, when 
the DNCIA was included, TIA was 44 % (448.9 ha) and EIA was 19 % (198.4 
ha). DCIA roads are the major EIA, then DCIA commercial roof, followed by 
industrial areas and residential areas. 
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Table 3.4 Sampled storm events 

Events 
Antecedent 

dry days 
Duration 

(hrs) 

Mean 
Rainfall 
Intensity 
(mm/hr) 

Peak 
(mm/hr) 

Total 
Event 

Rainfall 
(mm) 

Identity 

Events for Calibration 
9/9/2014 12.1 2.3 2.2 8.7 5.1 Event 1   

12.6 26 0.8 3.3 6.2 Event 2   
22/9/2014- 
23/9/2014 
4/12/2015- 
5/12/2015 

1.5 13.5 1.2 3.1 9.7 Event 3   

Events for Validation 
8/6/2014 0.9 9 2.12 6.5 3.5 -
6/11/2014 1.5 8.7 1 3.1 18.7 - 
21/05/2015 1.1 8.8 1.11 2.4 8.13 - 
6/8/2015 3 6.2 1.4 4.3 1.9 -

The model was carried out and the error was checked using four indicators: 
correlation coefficient (CC), relative error (RE), normalised objective function 
(NOF) and Nash-sutcliffe coefficient (NSF). The details of these indicators 
were described in Paper IV. Three storm events were used for calibration and 

four events for validation. The details of the events are presented in Table 3.4. 
The input parameters were changed in the range specified in Table 3.5 and 
predictive capabilities were checked through those indicators until the best-fit 
input parameters were found. The sensitivity of the input parameters that 
measures the effect of change was also analysed by estimating sensitivity 
coefficient (Sc). The output results of runoff and pollution load after calibration 
and validation were used for further analysis. First, the impact of DCIA was 
assessed and second the sampling approaches were evaluated. 

Table 3.5 Range of calibration and calibrated values for input parameters 
while simulating runoff quantity 

Parameters Range (Reference)
Calibrated 
Values 

 % Imp factor ±10 % 0.9 
Width factor ±10 % 1 
Impervious depression storage 0.3 to 2.3 (Huber et al, 1988) 0.7 
Pervious depression storage 2.5 to 5.1 (Huber et al, 1988) 3 
Impervious surface roughness 0.01 to 0.03 (Wanielista et al, 1997) 0.0135 
Pervious surface roughness 0.02 to 0.45 (Huber et al, 1988) 0.2 
Maximum infiltration, mm/hr 50 to 200 (Bedient & Huber, 1988) 50 
Minimum infiltration, mm/hr 0.5 to 12 (Nazahiyah et al, 2007) 0.5 

Decay constant, L/hr 
0.000389 to 0.0039 L/s i.e 1.4 to 14 
L/hr (Nazahiyah et al, 2007) 

4 
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4. RESULTS AND DISCUSSION  
 
4.1. Stormwater quantity and quality 
 
As stated in Chapter 1, the study reported here examined in details the status of 
stormwater quantity and quality in Tallinn city by addressing the first research 
question. It first reports the general statistics of stormwater in Tallinn by 
analysing 19 years of data from 1995 to 2015; it then examines the relationship 
between the sampled parameters; and finally it investigates the seasonality of 
those parameters. The results are based on Paper I and Paper II.  
 
4.1.1. Overview of stormwater quantity and quality inTallinn 
 
The spatial distribution of concentrations was illustrated based on descriptive 
statistics: percentiles, mean, median, minimum and maximum at seven outlets 
during the 1995−2014 period as in Figure 4.1. Over the 19-year period, the 
range of pH was more consistent as the mean and median were close to each 
other. The range of pH varies from 6.9 to 11.3 with mean ranging 7.4−9.0 and 
median ranging 7.4−8.9. Besides Härjapea, 90th percentiles of the observations 
were below pH of 8. In Härjapea, it was up to 10, exceeding the maximum 
allowable value. The stormwater in this outlet includes the possibility of 
discharges from Tallinn Old Town where the sewerage pipes were constructed 
during the medieval time and carbonate source as they are connected to old 
buildings, stonewalls, churches and stone pavements. The measurement of pH 
indicates acidity, basicity, alkalinity and neutrality in terms of hydrogen ions 
concentration in solution. The most preferable range of pH for the aquatic 
organisms is from 6.5 to 8, though the US EPA suggests 6.5 to 9 in freshwater 
as water quality criteria. The lower and higher ends of this range affect many 
species in terms of reproduction, growth and diseases. In Estonia, the pH of 
discharged water to the coastal area should be between 6 and 9 (RTI, 2013a). 
pH can occasionally exceed the limit in Härjapea, Lasnamäe and Rocca al Mare. 
However, the mean and median pH is smilar to neighboring countries as in the 
mixed urban in Vilnius city district where 224 samples showed the pH to be 
4−8.7 (mean 7.3−8.1) (Karlavičienė et al, 2008). Similar results were obtained 
in Paris, France, where three studies in the residential area with private houses 
(261 ha), urban dense area with apartments (230 ha) and mixed urban land use 
(30 ha) showed a pH range of 6.99−7.87 (mean 7.43)(Zgheib et al, 2012). 
 
Large variations were observed in SS, BOD and HC at ranges 1−774 mg/l, 
0−303 mg/l and 0−17.1 mg/l respectively (Figure 4.1). On several occasions, 
TSS exceeded the national stormwater value of 40 mg/l and it accounts as 
17.85 % of total samples. Also, the 90th percentile values ranged 42−110 mg/l 
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excluding Lasnamäe and Ulemiste Polder, which indicates that SS has a higher 
possibility of exceeding the consent limit and degrade the water quality. 
Nevertheless, the mean and median of SS were 6−50.2 mg/l and 4−30 mg/l, but 
it did not exceed this limit aside from Rocca al Mare. Among the catchments, 
the catchment inducing discharge at Rocca al Mare was the most polluted in 
terms of suspended solids whereas the catchment’s outfall to Ulemiste polder 
was the least polluted. The upstream of Rocca al Mare has water exchange 
activities e.g. wastewater discharges from the zoo, etc, which contribute to an 
increase in SS concentration. Ülemiste polder has a natural stormwater 
treatment system – wetland – that treats stormwater and decreases the harmful 
effects on the receiving waterbodies. Several studies in European countries 
found SS in large range e.g. 4−800 (mean 80−200) mg/l in Vilnius 
(Karlavičienė et al, 2008), 0.2−11560 (mean 68.2−133.6) mg/l in Espoo, 
southern Finland (Sillanpää, 2013), 1.8−736 (mean16.9−55.3) mg/l in the Polish 
city of Poznań (Baralkiewicz et al, 2014) and 11−874 (mean 106−413) mg/l in 
Paris (Zgheib et al, 2012). Even the event mean concentrations were larger than 
average concentrations as in Table 2.3. The average SSs in Tallinn were 
comparatively less than those studies. Nevertheless, the variation is high and the 
maximum amount of these parameters peaked up on several occasions. Higher 
peaks can be associated with heavy rainfall and snowmelt. Therefore, it is hard 
to conclude the clear effect of SS in most of the sites. 
 
BOD concentrations within the period of 19 years were below the stormwater 
national limit value (15 mg/l) as in 6 out of 7 basins, 90th percentile BOD varies 
1.7−14.0, excluding Rocca al Mare, which reached up to 19 mg/l (Figure 4.1). 
Yearly median shows that most of the observations taken before 1997 in the 
Mustoja and Rocca al Mare basins were higher than the limit. After that, only 
Rocca al Mare had several years with a higher than 90th percentile.  
 
Nutrients causes potential impacts on the aquatic environment through 
eutrophication, and the Baltic Sea action plan has targeted reducing them from 
surface water flows in the coming decade. The stormwater limit in Estonia for 
TN is 45 mg/l and TP is 1 mg/l. These limits are excessively high than coastal 
water class 5 limit (0.97 mg/l of TN and 0.67 micromole/l of TP) and river’s 
bad quality limit (6mg/l of TN and 0.1 mg/l of TP) (RTI, 2010). In 19 years of 
measurements, TN varied 0.8−145 mg/l and TP varied 0.1−8.8 mg/l, indicating 
a high variation in nutrient concentrations. During these observations, the 90th 
percentile of TN never exceeded limit value ranging 5.1–16.9 mg/l while 90th 
percentile TP were close to the limit value at two sites, as Pirita reached 1 mg/l 
and Härjapea 0.9 mg/l. The highest mean TN was at Russalka (8.3 mg/l) and the 
lowest was at Rocca al Mare (3.5 mg/l). Russalka, Lasnamäe and Ulemiste 
Polder had a higher mean TN than the others. However, the TP mean in 
Russalka and Ulemiste Polder were lower than other five sites. Indeed, Ulemiste 
Polder had the lowest of all at 0.1 mg/l.  
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Figure 4.1 Concentration range at different stormwater outlets during 
1995−2014 
 
To illustrate findings of BOD and nutrients, based on recorded 90th percentile 
concentration and established limit values, BOD, TN and TP of stormwater has 
less impact on the water quality of the receiver. However, the studies conducted 
for the ecological status of coastal water in Tallinn Bay and Kopli Bay 
suggested that the coastal waters are in moderate to bad condition, and nutrient 
flux and oxygen depleting elements from stormwater have a considerable role in 
this (Erm et al, 2014; TCG, 2015). BOD occasionally exceeds the limit in Rocca 
al Mare and Russalka and the reason can be suspected from discharges of 
sewerages and old sewer line systems. It was found in the studies conducted in 
European countries, as in Table 2.3, that EMCs are higher in gully liquors and 
illegal connection to sewer systems (Lundy et al, 2012). Roofs and high density 
traffic roads are also contributors to a substantial amount of BODs (Göbel et al, 
2007; Lundy et al, 2012). Nutrients from this study were higher campared to 
other European countries. For example in Espoo, Finland, TN ranged 0.2−24.6 
(mean: 1.4−6.6) mg/l and TP 0.03−7.7 (mean: 0.11−0.22) mg/l (Sillanpää, 
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2013) whereas in Poland, TN was found to be 0.69−14.6 (mean: 2.7−5.7) and 
TP 0.02–0.57 (mean: 0.12−0.22) (Baralkiewicz et al, 2014). Sometimes, the 
concentrations during heavy rainfall with first flushes were found to reach the 
mean concentrations of inlet wastewater with yearly 90th percentile of 36.9 
mg/l (TN) and 4.8 mg/l (TP). In many cases, a high TN can be expected from 
Russalka and Ulemiste polder whereas a high TP can be expected from 
Härjapea, Lasnamäe, Pirita and Rocca al Mare. 
 
The Estonian stormwater limit value for HC is 5 mg/l and the measurements 
seldom surpass this limit (i.e. only 2.2 % exceeded) since 90th percentiles were 
below this limit varying from 2–2.6 mg/l based on catchment basins during the 
the 1995–2014 period (as in Figure 4.1). The range of HC was 0.3−17.1 mg/l, 
showing that occasional higher oil contents mostly occured during higher 
runoff. It was noticed that the annual 90th percentile between 2002 and 2004 
exceeded the limit values in the Pirita and Rocca al Mare outlets. Oil products 
in stormwater runoff have been controlled effectively. Similar concentrations 
were observed in Vilnuis city (Karlavičienė et al, 2008), but they are higher 
than EMCs found in the studies of European countries (Lundy et al, 2012).  
 
Dissolved oxygen (DO), conductivity and microbiological parameters were 
analysed in six sites because Härjapea did not have the data for these 
parameters. In Figure 4.2, the concentration range for DO and conductivity are 
presented. The mean concentration of DO in stormwater typically varies from 
6.3 to 10.0 mg/l, with Ulemiste Polder at the lowest and Russalka the highest. 
Four other sites had better oxygenated runoff since they had consistent DO 
concentration with narrow range 8.8−9.6 mg/l. One study in the Polish city of 
Poznań found an even lower mean DO range from 4.9 to 7.2 mg/l (Baralkiewicz 
et al, 2014). In Ulemiste and Russalka sites, there were occasional high and low 
DO concentrations. In Ulemiste polder, 50 % data were below 5.1 mg/l of DO 
and 1st quartile data had DO concentration below 1.7 mg/l, indicating a deficit 
in oxygen content, which could influence fish life. However, the impact on the 
oxygen balance is important if secondary pollutants such as oxygen demanding 
sediments exist. Electric conductivity (EC) has high variation ranged 39.5 to 
7900 µS/cm with mean 623.7−1368.5 µS/cm. Göbel et al. (Göbel et al, 2007)in 
their paper mentioned that EC are low from roofs at 25−269 µS/cm but high 
from densely traffic area at 108−2436 µS/cm. The high conductivity can be 
associated strongly with application of salts e.g. from deicing material. The data 
in Mustoja basin showed there is strong correlation of 0.97 between EC and 
chloride ions during the period from Nov 2014 till Dec 2016.   
 
Coastal water, if mainly used for bathing purposes, should not be contaminated 
with bacteria and microbes. There are three public beaches on the Tallinn 
coastline that are not far from the stormwater outlets. The indicators used to 
investigate for faecal or bacterogical contamination were Escherichia coli (E. 
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Figure 4.2 Dissolved oxygen concentration and conductivity ranges at different 
stormwater outlets during 1995−2014 

Figure 4.3 Microbe ranges at different stormwater outlets during 2010−2014 
 
coli), Enterococci and salmonella. The European Union, as well as Estonia, has 
restricted microbiological parameters up to 1000 cfu/100ml E. coli and 400 
cfu/100ml Enterococci for good bathing water quality (EU, 2006; RTI, 2008). 
The observations during the period 2010 to 2014 (in Figure 4.3) showed that 
microbilogical parameters in stormwater were often high ranging median values 
2750−47500 cfu/100ml E. coli and 485−13500 cfu/100ml in 5 out of 6 sites, but 
Ulemiste polder had the lowest median E. coli (195 cfu/100ml) and enterococci 
(29 195 cfu/100ml). The variation was very large as E. coli ranged 0−64E5 
cfu/100ml and Enterococi ranged 0−7.8E5 cfu/100ml, with extremes several 
times higher than the bathing water limit values occurring in Lasnamäe, Pirita 
and Rocca al Mare outlet. Rocca al Mare consists of water from the pools of the 
zoo and it is possible that some sanitary waste in those basins mixes with 
runoff. The studies revealed that in the urban cities, especially in the estuaries, 
the study of E. coli dynamics is quite difficult. The variability of E. coli in 
coastal water is rather large depending on the season, temperature and 
precipitation (Panasiuk et al, 2015). Stormwater studies shows E. coli 
concentrations are often very high, more than 50 000 cfu/100ml (Daly et al, 
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2013). Comparing with this, the lower median values indicate the status is 
moderate as suggested by the Estonian environment information centre 
(Estonian Environment, 2013). The trophic level in the coastal sea is still quite 
high despite the fact that the pollution load of Tallinn WWTPs has decreased 
remarkably since 1990 and discharges via deep outlets that extend beyond the 
coast; therefore, stormwater is still affecting the coastal sea. 
  
In summary, the average concentrations of pollutants are not extremely high, 
aside from microbiological parameters. Even the 90th percentiles of pH, HC, 
TN and TP are below national permit levels. However, 90th percentile of BOD 
and SS in Rocca al Mare can exceed limit. Compared to coastal microbiological 
parameters, stormwater has moderate contamination. High content of pollutants 
can be expected in some basins, e.g, pH in Härjapea; SS in Härjapea, Mustoja, 
Pirita and Rocca al Mare, BOD in Rocca al Mare and Russalka; TN in Russalka 
and Ulemiste; TP in Härjapea, Lasnamäe, Pirita and Rocca al Mare; and 
microbilogical parameters in Lasnamäe, Pirita and Rocca al Mare. DO content 
is less in Ülemiste Polder. 
 
4.1.2. Relationship between parameters  
 
Analysis results for correlation coefficients (CC) for different parameters are 
shown in Figure 4.4, Figure 4.5 and Figure 4.6. The relationships between 
parameters and flowrate in individual sites are illustrated with CC in Figure 4.4, 
between parameters and suspended solids (TSS) in Figure 4.5, and between 
parameters themselves in Figure 4.6. Flow did not have conclusive one sided 
positive or negative impacts on parameters aside from conductivity, which had 
weak negative correlation (-0.01to -0.29). Four out of six sites had positive 
correlation with SS ranging from 0.13−0.66 with Mustoja being the most 
correlated, and TN ranging from 0.06−0.52 with Ulemiste Polder being the 
most correlated (Figure 4.4). Microbiological parameters had opposite but weak 
relationships at five out of six sites, E. coli at -0.01 to -0.26 and Enterococci at -
0.02 to -0.24. At least three parameters such as SS, BOD and TN in Mustoja, 
Lasnamäe and Rocca al Mare were positively correlated with the stormwater 
runoff rate and all the parameters had inverse relationships with flowrate in 
Russalka. Nevetheless, the overall relationship with flow in Figure 4.6 also 
shows flow did not have a strong correlation with any parameters. The 
relationships were quite site specific. For example, as mentioned above, SS had 
CC ranged from 0.13 to 0.66 but overall as in Figure 4.6, it showed a weak 
positive relationship at 0.13. This is due to the combined influence of negative 
relationships in Russalka and Ulemiste Polder sites. Ulemiste Polder receives 
water after natural treatment and, during heavy rainfall, the overflows from this 
outlet are discharge to the drain to Russalka. This activity on the upstream is the 
possible cause for the negative relationship in these two outlets.  
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Figure 4.4 Site specific correlation coefficient of parameters with respect to 
flowrate  

Figure 4.5 Site specific correlation coefficient of parameters with respect to 
Suspended solids  

The results contradict when parameters are correlated with SS. Most of the 
parameters are positively correlated with SS (Figure 4.5). BOD, TN, TP and 
Enterococci had positive correlation in all sites whereas E. coli was negatively 
correlated in Mustoja alone. A higher and more consistent degree of 
relationships were found for BOD and TP at 0.33−0.60 and 0.19−0.54. 
Microbiological parameters were site specific as they had no relationship or a 
negative relationship in one site and high up to 0.77 in another site. Similar 
characteristics were also found for conductivity. DO had a weak negative 
relationship with SS in all sites. In Figure 4.6, the overall data verifies that SS 
can be moderately correlated with BOD, TP, microbiological parameters and 
HC, and weakly with TN, DO and conductivity. Similarly, BOD−TN and 
TN−TP had a moderate positive relationship at 0.41 and 0.39. A higher degree 
of relationship more than 0.6 was found for BOD−TP and microbioligical 
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parameters with BOD, TP and TN. It was also revealed that oxygen content is 
associated with the presence of BOD, TN and TP; where their amount was 
higher in water, DO content was less. 
 

 
Figure 4.6 Correlation coefficient between parameters  
 
To sum up, correlations between parameters are site specific. Flow has positive 
correlation with SS, BOD and TN in at least half of the studied basins in a range 
of 0.13−0.66 and 0.06−0.52, but the strong relationship is rare. While SS can be 
correlated moderately with BOD (CC: 0.33−0.60), TP (CC:0.19−0.54), 
microbiological parameters and HC, and weakly with TN, DO and conductivity. 
A higher degree of relationship more than 0.6 was found for BOD−TP and 
microbioligical parameters with BOD, TP and TN. 
 
4.1.3. Seasonal variation 
 
The method of simple average was used to measure indices for analysing 
seasonal variation. The seasonal index measures how the particular season 
compares with the aveage season. In other words, it compares the measured 
value to the one when there is no seasonal effect. When it is above or below 1, it 
indicates there is seasonality. Monthly seasonal indices are compared with 
relative average rainfall depth as in Figure 4.7 and Figure 4.8. Winter and spring 
had less than the average precipitation against the summer and autumn, and the 
snow period during winter and the start of spring had crucial runoff rates. In 
winter and spring, rain in Harku station was below the average in December 
until May (Figure 4.7), but the average runoff rates were nearly one and a half 
times more in the early two months of winter and early first month of spring, 
and that can be related to the consequences of snowmelt which resulted in 
increased runoff. During summer and autumn, however, the rain exceeds the 
average at 9 to 47 % in summer and 14 to 33 % in autumn for only three months 
i.e. early summer and the late months of autumn appeared to have higher than 
average, while other months have a deficit of runoff, indicating fewer runoffs 
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were measured and the possible reason associated is the fewer number of storms 
that were recorded.  

Figure 4.7 Seasonal indices for flowrate, SS and HC 

SS and HC concentrations were higher during the end of winter and start of 
spring. During the seasons as a whole, February in winter, March in spring and 
November in autumn were crucial months for the higher than average discharge 
of both SS and HC, as they were found 20 %−29 % and 11 %−39 % more than 
average in the stormwater runoff. Among these months, February had low 
rainfall resulting in low runoffs, but SS was high and HC followed the 
seasonable variability. In Tallinn, there is usually snow cover for most days in 
winter. The dirt and emissions from vehicles gradually accumulate on the 
surfaces, which concentrates in the runoffs in the late months of winter. When 
the temperature mostly becomes positive at the end of February and in the first 
half of March, the snow starts to melt and the built up of pollutants are washed 
off producing high runoff and pollutants in the month of March, as in Figure 4.7 
The temperature starts to rise from March and for a further two months, the dry 
period proceeds. Seasonal first flush mainly occurs in June and the heavy 
rainfall occurs during July and August. The runoff concentration during heavy 
rainfall depends on the antecedent dry days, catchment properties and the 
upstream human activities. The observations during July, August and 
September did not represent the rainfall patterns and the SS and HC were below 
average, except in July, which had a 35 % higher SS concentration than the 
average.  

The effect of seasonal first flush were clearly observed for TP and BOD in two 
months (Figure 4.8): March, the start of spring and snowmelt where TP was 
7 % and BOD was 69 %, and June the start of summer and rainfall after a 
long dry period where TP was 12 % and BOD was 36 % above the average. 
They were low at the dry weather (spring: April) and snow period (winter: 
December). The 
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TN seasonal index starts to peak as the winter proceeds and declines from 
spring. All months in winter had TN seasonal indices greater than 1 with a peak 
24 % higher than average, showing that winter is crucial for TN build up.  

 
Figure 4.8 Seasonal indices for TP, TN and BOD 
 
In summary, as for seasonal variation, higher concentrations of SS and HC 
along with a large volume of runoff are transported during the end of winter and 
start of spring, yet the actual runoff in summer and autumn is missing which 
masks the results during these two later seasons. Seasonal first flush for TP and 
BOD can be expected during the start of spring and start of summer while TN 
build up mainly occurs in winter time and wash off starts from spring. Similar 
results for seasonal variation of SS and runoff was suggested in Paper I, but the 
observations were few in the paper. Another difference from the previous paper 
is that the runoff is compared with rainfall in this study.  
 
4.2. Trends in stormwater quality 
 
This section is organised in terms of the second research question about finding 
the trends of stormwater quality to determine whether there is change in 
concentration amount over the years or not. An increase and decrease in the 
stormwater quality over the long term or short term provides information about 
how well the stormwater reduction activities have worked once implemented, 
the possible causes to the changes and the feedback on further strategies. This 
study aimed to find those trends in assessing the long-term (1995−2014) and 
short-term (2005−2010) period, as well as the influence of baseflow and 
stormflow on them. The results are based on Paper II. 
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4.2.1. Long-term and short-term trends 
 
Statistical SMK test results from trend analysis were presented in Table 4.1. The 
majority of stormwater monitoring stations in Tallinn showed a decreasing trend 
for HC, SS, BOD and TN during the last 10 years. However, only HC, BOD 
and TN had significant trends in at least half of the basins, indicating that they 
are decreasing significantly. From the trend analysis results, significant trends 
were found for HC in 6 sites (at P-value (p) = 0.001 to 0.036), BOD in 3 sites 
(at p=0.021to 0.039), TN in 4 sites (at p=0.01 to ~0.05), SS in a site (p=0.037) 
and TP in two sites (p=0.02 to 0.022) out of 7 sites over the last 10 years. Less 
significant decreasing trends (p > 0.05 and < 0.2) were identified for SS, BOD, 
TN and TP where the trends of SS were three, but others were one. 
 
Upward trends were observed for pH and TP. Statistically significant long-term 
upward trends of pH were revealed in 5 basins−Lasnamäe, Mustoja, Pirita, 
Rocca al Mare and Russalka −at p ≤ 0.001(Table 4.1), but only Pirita had 
continued the trend in the last 10 years. Ülemiste Polder has pH data from 2005 
and a SMK test for this period reveals a significant upward trend at p-value 
0.008. Four other basins still have less significant short-term upward trends 
where the p-value ranged 0.067−0.139. The change in trends indicates 
improvements in pH reduction. Nevertheless, the pH values were within the 
limit range of 6−9 (Figure 4.1), aside from Härjapea, which had 90th percentile 
of 10, but there did not exist any trends. For TP of Härjapea, there is an increase 
seen in the past 10 years and baseflow (at p = 0.089) is mainly contributing to 
this result. 
 
The illustration of the causes for decreasing and increasing trends were 
explained in detail in Paper II. Here, they are summarised in brief. The 
downward trends of HC in Tallinn city can first be associated with the practice 
of street cleaning initiated through the city development action plan (RTI, 
2013b; Tallinna Vesi, 2014) and second with the installation of sand and oil 
filters on the major roads and car parks (RTI, 2013b). Several studies have 
indicated that highways, car parks, roads and vehicle washing areas are the 
potential land uses that contribute high amount of HCs (Stenstrom et al, 1984; 
Göbel et al, 2007). 
 
According to Paper II, the reduction in SS in a few sites can be associated with 
the reduced particulate matter in the air (EKK, 2015), the connection of WW to 
sewerage pipes (Tallinna Vesi, 2014) and reduced salt de-icing practices. 
Though four sites showed decreasing trends after 2005, the conclusive 
significant trend was less and did not ensure a reduction in SS within the whole 
Tallinn area. It was more site specific. It can be reasoned back to the high 
variation in SS concentrations (Figure 4.1). Overall, SS in Tallinn, though 
decreasing in 4 sites after 2005, neither has conclusive significant trends nor a 
clear influence from stormflow and baseflow. 
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The improvement in sewer networks, street sweeping (Tallinna Vesi, 2014), the 
decline in the use of agricultural land (Iital et al, 2010; Statistics Estonia, 2015) 
and in turn fertilisers have favourably influenced the decrease in BOD and 
nutrients (Paper II). There are other diffuse sources of BOD and nutrients in 
stormwater runoff. Rainfall is more concentrated with them once it flows 
through the surfaces e.g. roofs where there are organic pollutants like leaves, 
animal or bird excreta, flowers and pollen (Göbel et al, 2007). Vegetation in 
drains and ditches enhances decay and the decomposition of organic compounds 
to increase nutrients. 
 
Increased pH trends in most of the basins were associated with four factors in 
Paper II. The first was increased alkalinisation due to acidic precipitation as the 
analysis of rainfall data from Harku station showed that the pH of the rainfall 
has a significant decreasing trend in becoming more acidic. The consequent 
phenomenon was the weathering of carbonate aggregates (Barnes & Raymond, 
2009; Kaushal et al, 2013) in carbonate lithology (Reintam et al, 1999) and 
buiding materials (Bityukova, 2006; Notton & Systra, 2010). Additionally, 
sewage discharges and alkaline dust from roads were also causes for pH 
increase. The similar reasons were mentioned for a pH increase in the Härjapea 
stormwater outlet. Records showed the annual pH level increased to a maximum 
of 9.78 in 2002, and began to decline from 2003. However, it was not steady as 
in 2007 there was a high pH of 9.58 and in 2013 it reached 8.87. The fall in pH 
was related to the city government’s initiation to improve the environment of 
Tallinn core city area. Nevertheless, the further investigation to ensure the cause 
for the high pH requires attention.  
 
Table 4.2 shows how the sites are effective in reducing concentrations over the 
past 10 years. As we can see, Mustoja, Pirita and Härjapea were significant in 
decreasing oil, biological oxygen demand and nutrients, though Härjapea had an 
increasing trend of phosphorus. Also, Lasnamäe, Rocca al Mare and Russalka 
were crucial sites in decreasing oil content. Ülemiste polder was less important 
in decreasing BOD and TN. In contrast, only Rocca al Mare was seen to be 
active in decreasing SS, though Mustoja, Pirita and Härjapea showed decreases 
in SS to some extent. All sites except Härjapea contributed to increased pH, 
while Pirita and Ülemiste polder had higher relevance. The analysis of trends 
provided more details in the change in concentration over time. It contradicts 
the conclusion provided by AS Tallinna Vesi and Tallinn City Department 
where they concluded that the pollutants in stormwater systems have decreased, 
thereby considerably improving the quality of stormwater over the last 15 years 
(Pauklin et al, 2005-2011). Some of the parameters e.g HC, BOD and TN, have 
showed clear decreasing trends in at least half of the studied basins, but TP and
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SS were still in doubt, since they have either less significant trends or the 
number of sites having significant trends are less than half. Moreover, pH has 
been increasing in most of the basins. Therefore, it can be concluded that, in 
general, most of the studied parameters are in decreasing trends in most of the 
basins except pH, which has a clear increasing trend. Significant TP and SS 
trends are still unclear, and these parameters require more reduction activities. 
pH requires more attention to ensure potential causes.  
 
Table 4.2 Trends detail based on sites 

 

Sites 
Decreasing   Increasing 

Significant 
Less 
significant  

Significant 
Less 
significant 

Mustoja HC,BOD, TN, TP SS     pH 
Härjapea HC,BOD, TN,  SS TP 
Lasnamäe HC pH 
Pirita HC,BOD, TN, TP SS pH 
Rocca al Mare HC,SS pH 
Russalka HC pH 
Ülemiste polder   BOD, TN   pH   

 
Most of the basins’ trends have been influenced by stormflow rather than 
baseflow. For instance, HC’s short term decreasing trends of 6 sites were the 
effect of 5 decreasing trends during stormflows. Similarly, stormflow is more 
influential for pH increase (3 out of 7 sites) than baseflow (1 out of 7 sites). In 
most cases, the decreasing trend in nutrients was formed during stormflow. 
Therefore, stormflow has a greater influence on HC, SS, pH, BOD, TN and TP 
trends than baseflow. 
 
4.2.2. Accuracy of Mean 

 
Stormwater characteristics in most of the cases are elaborated with event mean 
concentrations, annual runoff and mass loads. In order to understand the 
average effect, mean concentration and mean flow are basic elements. The 
consistency of mean values provides accuracy in results, but it depends on the 
dispersion of data. First, the coefficient of variance (CV) was estimated to 
measure the variability of data for different parameters, as in Figure 4.9, such 
that the possibility of central tendency can be analysed. The parameter with CV 
<1 has data less dispersed than the parameter with CV >1. Second, the relative 
standard error (RSE) was estimated, as in Figure 4.10, to have a percentage that 
can quantify uncertainty. It is the standard error divided by mean. The 
parameter with lower relative standard error has higher certainty with precise 
measurement, since it has relatively less sampling variation around the mean. In 
fact, data organisations often set reliability standards that their data must reach 
before publication. For example, the U.S. National Center for Health Statistics 
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typically does not report an estimated mean if its relative standard error exceeds 
30 %. 

 
 
Figure 4.9 Coefficient of variance of parameters 
 
In Figure 4.9, the CV of pH is near to zero, which indicates pH data have the 
highest consistency. Dissolved oxygen, temperature and conductivity have less 
variable data since CV is less than 1. CVs of flowrate, HC, TN and TP from 
some of the basins slightly exceed the value 1, suggesting the existence of 
variability, but not larger than that of the SS, BOD and microbiological 
parameters. The largest dispersion of data is found in microbiological 
parameters because the CVs in few basins are more than 3 while SS and BOD 
have CV around 2. When the data variability is linked with relative standard 
error, the influence of variability is seen in tandem. In addition, a large number 
of observations (n) assist in reducing the errors. Similar to CV results, RSE % 
for microbiological parameters are the highest at an average of >40 %; SS and 
BOD at an average of around 10 %; HC, TN and TP slightly <10 %; and other 
parameters below 10 %, except flow which is around 20 % (Figure 4.10). Flow 
data samples were fewer in number, as it has only 35 observations on average. 
When a few observations are taken, the error becomes expanded. For example, 
microbilogical parameters have few samples (n = 22), which increased their 
percentage of RSE. It implies that variability induces uncertainty and a lower 
number of observations increases error. In that sense, to produce high certainty, 
a large number of observations and/or less variability in measurements are 
required. It will be costly to collect and test the large number of samples and in 
most of the cases it is not feasible in the short term. It is challenging to obtain a 
few samples that have high certainty in results. Several studies have suggested 



 

56 

representative data to the storm events can produce relatively high accuracy. In 
further chapters, we will dicuss the approaches in detail that can be used for 
acquiring coherent and representative data for stormwater quality and quantity.  
 

 
Figure 4.10 Relative standard error of parameters 
 
4.3. Effective sampling programmes 
 
A third research question arose when uncertainty is associated with the 
representativeness of data. Several researches revealed that uncertainty is higher 
in the data collection system, which is reflected due to error in sampling 
programme. This research question is covered in this section approaching the 
effective sampling programmes through literature reviews that are applied for 
setting an optimal sampling for Tallinn. 
  
The results from the reviews are briefly summarised: first as suitable sampling 
approaches in Table 4.3, which includes the likely site selection approaches, 
monitoring parameters and sample collection systems, and second as the 
optimal sampling programme that was recommended for Tallinn city applying 
those information in Table 4.4. The details of these sampling approaches were 
described in Paper III. The important aspects from the suitable sampling 
approaches are: 
 
 Site selection approach is important to optimise the number of sites because 

monitoring numerous sites is not only difficult to mobilise staff and 
equipment but also expensive in terms of cost. Moreover, it is applicable and 
cost effective to categorise sites into intensive and less intensive sites. 
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 While forming a minimum set of parameters to monitor, the approach of 
surrogate parameters can assist in choosing easy to measure parameters that 
minimise resource intensive laboratory experiments. 

 Continuous measurement is indispensible, especially for mass load 
estimation and runoff volume. Stage discharge measurement is highly 
recommended because it has an associated stage-discharge relationship and 
provide reliable and accurate flow data with minimal maintenance. At 
limited location, velocity area method is excellent for determining an 
accurate discharge. Instantaneous flow measurement provides only snapshot 
flow at the time of measurement that can be used for developing database for 
stage-discharge rating. 

 Automatic sampling is recommended for continuous measurement as it 
reduces human error, but grab sampling also has substantial certainty when 
properly sampled. Grab sampling is mostly preferred for certain parameters 
such as oil and grease. The parameters that do not have large variation 
throughout the storm can be monitored using grab sampling or baseline 
sampling. Automatic sampling gives an exact total pollution load but it is not 
very good when investigating natural processes requiring extreme 
concentrations. 

 Flow interval/proportional sampling is superior to time interval/proportional 
sampling and grab sampling, as it has higher accuracy than others. However, 
whether to proceed with discrete, composite or grab sampling or a 
combination of them depends on the purpose of sampling (details in Paper 
III). 

 In order to achieve a sufficient degree of certainty at a reasonable cost, the 
flow interval sampling frequency provided by King et al. (2005) and King 
and Harmel (2003) can be recommended for discrete sampling when the 
purpose is estimating peak flow/concentration, temporal variability and/or 
their combinations. The comparatively better sampling for estimation of 
EMC, SMC and mass load is flow interval composite sampling. If manual 
sampling has to be performed, 12 random samples could be the first priority 
(Leecaster et al, 2002) in comparison to other grab sampling frequency and 
timing because it could address the variability of contaminants in storm 
event and rainfall effects. The final alternative if the first priority is not 
affordable is to take a grab sample between 1–6 h of runoff or the middle of 
the storm. 

 It would be a better option to sample at least 7 medium and large storms to 
attain higher certainty. 

 
In Lithuania, sampling methods were changed from grab sampling irrespective 
of storm event in early research (Karlavičienė et al, 2008) to flow proportional 
composite sampling in recent research (Mancinelli et al, 2015). More up-to-date 
funded projects in Finland have used flow proportional composite sampling 
methods in order to attain a higher certainty of EMCs and pollutant loads 
(Sillanpää, 2013; Koivusalo et al, 2014; Valtanen et al, 2014). Nevertheless, it is 
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Table 4.3 Summary of suitable sampling approaches 
Sampling 
programme 
components 

Suitable approaches 
Related 
References 

Site 
Selection 

 optimising the number of sites through pre-screening, 
screening, quick scan and final selection 

1 

 dividing into intensive and less intensive sites  

Selecting 
potential 
Parameters 

 using prepared contaminant profile 2 

  preparing minimum set of parameters e.g., 
physicochemical (pH, TSS), Nutrients, Heavy metals 
(Cd, Cr, Cu, Pb, Zn), PAH and PCB 

  use of surrogate parameters -EC, turbidity, TSS, 
TDS, TOC and DOC 

3 

Discharge 
measurement 

 stage discharge measurement  4 

  velocity area method 5 

Sampling 
mode 

 Automatic sampling for continuous measurement 6 

  grab sampling (especially for less variable 
parameters) 

7 

  single intake sample  8 
  Flow interval/proportional sampling 9 
  selecting sampling method based on purposes using 

flowchart 
10 

Sampling 
frequency 

 flow interval composite sampling for discrete 
sampling  

11 

  single composite sample 12 
  12 flow interval discrete sampling method  13 
  12 random samples for grab sampling 13 
  grab sample between 1–6 h of runoff or the middle of 

the storm 
14 

Number of 
storms 

 7 medium and large storms per year 15 

   a maximum of 10 storms for temporal variability 
study 

16 

1= Langeveld et al, 2014; Lee et al, 2007; 2= Eriksson et al, 2005; Gasperi et al, 2012; 
Göbel et al, 2007; Ingvertsen et al, 2011; Kegley et al, 2014; Madrid & Zayas, 2007; 
Makepeace et al, 1995; Paschke, 2003; Zgheib et al, 2008; 3= Fletcher & Deletic, 2007; 
Miguntanna et al, 2010; Settle et al, 2007; 4= Slade, 2004; Harmel et al, 2006a; 
Buchanan & Somers, 1968; Sauer & Turnipseed, 2010 ; 5= McIntyre & Marshall, 2008; 
Nord et al, 2014; 6= Leecaster et al, 2002; Fletcher & Deletic, 2007; Lee et al, 2007; 7= 
Khan et al, 2006; Lee et al, 2007;8= Taylor et al, 2005; McCarthy et al, 2008; McCarthy 
et al, 2009; 9= Miller et al, 2000; Harmel et al, 2002; King & Harmel, 2003; Harmel & 
King, 2005; 10= Flow chart in Paper III; 11= King et al, 2005 and King & Harmel, 
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2003; 12= Harmel et al, 2006a, King & Harmel, 2003 and shih et al. (1994); 13= 
Leecaster et al, 2002; 14= Fletcher et al, 2007 ; Khan et al, 2006; Lee et al, 2007; 15 = 
Leecaster et al, 2002, May & Sivakumar, 2009, Maniquiz-Redillas et al, 2013;16= 
Mourad et al, 2005. 
 
not always the case when available resources are limited and the number of sites 
is more rather than a few. The optimal programme has to be selected to meet 
these resources. The detail of this programme is illustrated in the section “an 
optimal and effective sampling programme”.  
 
4.3.1. Optimal sampling programme for Tallinn 
 
The general monitoring programme (detail in Paper III) was deducted as in 
Table 4.4 using suitable sampling approaches for the usual conditions. In usual 
conditions, the purpose of sampling is to obtain the concentration to compare 
with the permissible limit and the usual issue in many countries is limited 
budget and resources. The site selection approach of optimising the number of 
sites and categorising into intensive and less intensive sites can be applied. For 
instance, in Tallinn, the available 66 monitoring sites, after screening using the 
method of site selection, can be reduced to 4 sites in one category requiring 
intensive sampling [sites A] and 4 sites in another category requiring less 
intensive sampling [sites B]. The procedures for selecting sites and parameters 
were illustrated in Paper III. The monitoring parameters can be categorised into 
primary and secondary parameters. In Estonia, some parameters are mandatory 
for monitoring according to the Estonian Water Act, Regulation No. 99. In 
addition, the primary parameters include those that have a potential risk and a 
great chance of occurrence in stormwater. Secondary parameters pose a 
potential risk to human or aquatic life if they are present in stormwater, but their 
presence often depends on upstream catchment characteristics and special 
activities. Comparatively, primary parameters need more intensive sampling 
than secondary parameters. Those recommended parameters may differ 
according to local conditions. 
 
The sampling method depends on the purpose of sampling as already mentioned 
above. The sampling programme here described is for capturing peak 
concentration or the poorest concentration during storm events. Therefore, it is 
ideal to collect a large number of samples throughout the storm event. Since it is 
expensive to do such sampling in all outlets, it is practical and reasonable to 
perform intensive sampling for sites A and less intensive or grab sampling for 
sites B as shown in Table 4.4. This programme has another benefit in that the 
samples collected for peak concentration can be composited manually or 
automatically during intensive sampling in order to use them to calculate EMC, 
SMC and annual loads. Grab sampling is not recommended for intensive 
sampling unless there is a single site and short distance to the site because it is 
difficult to mobilise sampling staff and equipment to different sites at the same 
time. Nevertheless, it can be performed in sites B to find the peak concentration 
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where a single sample is taken within 1 hour of storm commencement during 
first flush or seasonal first flush. Additionally, the installation of automatic 
water level measurement devices is recommended so that it can also measure 
some surrogate parameters continuously. In fact, the defined usual condition is 
also the practical situation in Tallinn city. Due to the similar conditions, this 
general sampling programme can be recommended for Tallinn watershed. 
 
Table 4.4 General monitoring programme 

Aspect  Sites A requiring intensive sampling
Sites B not requiring intensive 
sampling

Location At point of discharge into receiving 
environment; and/or downstream of 
discharge in well-mixed area 

At point of discharge into 
receiving environment; and/or 
downstream of discharge in 
well-mixed area 

Flow 
measurement

Preference 1*or Preference 2* 
(required as a surrogate for flow 
hydrograph) or Preference 3* 

Automatic stage measurement 
with surrogate parameters  

Sampling method for stormflow  
Sampling 
mode 

volume/flow-proportional automatic, 
but grab samples may be also feasible 
in some circumstances (e.g., short 
distance to sampling site, for oil and 
grease parameter etc) 

 
Grab sampling 

Minimum 
threshold 

at least 3 days and/ or rainfall intensity 
2mm/hr 

at least 3 days and/ or rainfall 
intensity 5mm/hr 

Sampling 
frequency 

sample collection is more frequent 
during periods of higher or at initial 
runoff (0.5 mm) and greater interval 
for remainder (1.5 - 2.5 mm) as 
specified by McCarthy et al.(2008) 

within first 1 hr for peak 
concentration during first flush 
and seasonal first flush; within 
1-6 hr of storm event for 
EMC, SMC or annual loads as 
specified by Lee et al. (2007) 
and Khan et al (2006) 

Number  
of samples

At least 12 discrete samples per event; 
at least 1 composite sample 

at least 1 sample for peak 
flow; at least 1 sample for 
EMC, SMC or annual loads 

Storm size at least 7 storms medium and large 7 storms medium and large  
Parameters primary and secondary parameters  primary and secondary 

parameters  
Preference 1*: stage-discharge measurement with the precalibrated structure installed 
preferably on the stable channel; Preference 2*: stage measurement using stillwell; 
Preference 3*: velocity area method using acoustic doppler flow meter 
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4.4. Model development for quality and quantity 

The results from model development are based on Paper IV that aimed to achieve 
the final objective of this study. The alternative approach to attain stormwater 
dynamics that uses limited resources was already described as model 
development, and here its capability is analysed through model predictability and 
the findings of EMCs and total loads. Further, the model’s beneficial implication 
about imperviousness, first flush and sampling approaches will be illustrated to 
provide the information for stormwater managment. 

4.4.1. Model predictability 

Results of model calibration for the prediction of stormwater quantity shows the 
modeled runoff is close to the observed runoff because three indicators are in the 
acceptable range. Correlation coefficient is 0.87−1 i.e. close to 1, NOF is 0.1−0.3 
i.e. between 0 to 1 and NSC is 0.3−1 i.e. close to 1. However, RE is beyond 
±10 % at flow error less than 20 % and peak error between -27.4 to +21.2 %. In 
contrast, quality prediction capability is moderate as NSC for TSS is poor but it is 
good for TP at 0.4−0.7 while RE for both quality parameters can go beyond the 
acceptable range; however, CC is yet in acceptable range as it stands at the range 
of 0.4−1. Similar results are found while verifying the storm events, RE % for 
volume is between ± 10 % in a range -9.6 to 6 % and peak flow is nearly ± 10 % 
in a range -11.0 % to 7.8 %, indicating the model can sufficiently predict 
stormwater runoff, but the quality prediction is not in acceptable range having 
RE % beyond ± 10 %. Overall, the model is acceptable for runoff quantity and it 
provides less accurate estimation for quality performance. Calibration through an 
increasing number of events can reduce the error to some extent. 

After successful calibration and validation (details in Paper IV), calibrated 
values for quantity are presented in Table 3.5. The % imperviousness is 
obtained as 19.7 %, where the runoff coefficients for different land use varies as 
residential: 0.05 to 0.2, residential roofs: 0.15 to 0.20, mixed residential and 
commercial: 0.2 to 0.26, industrial: 0.09 to 0.45, commercial roofs: 0 to 0.56 
and roads: 0.03 to 0.57, depending on the proximity to drainage system. The 
imperviousness is low, but other studies where the residential land use is 
dominant found rather lower impervious percentages e.g., 15.9 % in residential 
areas in Spain (Temprano et al, 2006) and 7.2 % in highly residential areas 
(Hood et al, 2007). A large area of pervious area and mixed land use probably 
resulted in such low imperviousness. Calibrated depression storage for 
impervious area is 0.7 mm, which is higher than the values of 0.15 and 0.29 as 
proposed for local context by Hood et al. (2007) and Koppel et al. (2014). In 
this study, this value is used as the average of dry and wet weather applied by 
Chow et al. (2012). Buildup and wash off parameters for quality calibration fit 
the values (Paper IV) that largely correspond to the findings of Chow et al. 
(2012). Build up is slightly higher in commercial areas than residential, and 
industrial has a slightly higher rate than commercial area. As a consequence, if 
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the imperviousness of land use increases, washoff also increases. Wash off 
coefficients for DCIA roads and roofs are found to be higher than DNCIA, 
which indicates they are the potential land use for pollutant loads in runoff.  
 
4.4.2. Pollutant loads 
 
After simulation, EMCs for three events were estimated that were illustrated in 
Paper IV. TSS are 33.6, 50.3 and 69.1 mg/l; TP are 0.5, 0.5 and 0.7 mg/l; and 
mean runoff are 229.8, 187.6 and 422.6 l/s for event 1, 2 and 3 respectively. The 
total volumes of runoff are 16.3,16.0 and 20.0 million litres (ML) from 5.1, 6.2 
and 9.7 mm rainfall events. EMCs of TSS in event 2 and event 3 exceed the 
national stormwater limiting value of 40 mg/l where as TPs are below the 
national stormwater limit value of 1 mg/l  and in poor status of river quality 
levels being greater than class IV  limit (i.e. 0.1 mg/l in annex 4, Regulation No. 
99)(RTI, 2013a). The peak concentrations are higher, approximately 3 to7 times 
the national TSS limits and 1.4 to 2.7 times the national TP limits.  When 
estimating event loads, stormflows in all three events are more polluted than 
baseflows at nearly 90 % of total load for TSS and TP (Figure 4.11). The 
stormflow volume has increasing tendency proportional to total rainfall whereas 
stormflow mass load seems to increase in proportion to rainfall intensity.  
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Figure 4.11 Event based baseflow and stormflow details 
 
The annual outfall loadings are found to be 97.8 tons TSS, 1.5 tons TP from 
4,400 million litres (ML) of runoff in 2014 and 110.7 tons TSS, 1.7 tons TP 
from 4,500 ML of runoff in 2015 (Figure 4.12). The simulated SWMM results 
were different from three other monitoring programmes. The first one was a 
monitoring programme during 2012−2014 conducted by Tallinn University of 
Technology, the department of environmental engineering (TUT DEE) and AS 
Tallinna Vesi at the outlet of the Mustoja basin approximately 500m 
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downstream from the studied outlet. This programme was commissioned by 
Tallinn Environmental Board and the samples were taken 6 times per year. The 
same methodology was continued in the second monitoring programme but it 
was conducted by Estonian, Latvian & Lithuanian Environment (ELLE) group 
in 2015. The third monitoring programme was SA2, which was different in 
methodology in terms of sampling interval as the samples were taken twice a 
week. The differences in runoff and loads in these three sampling programmes 
are, indeed, not surprising because in ELLE measurement, there is high flow 
rate and extreme mean concentration, which develop high runoff and loads; in 
TTU DEE, there is low flowrate and low mean conconcentration, resulting in 
low runoff and loads; and in SA2, it is mainly due to the measurement of low 
concentrations. The consequent output runoff and loads produced a high error 
since the runoff calculation was based on daily average flow and load 
calculation based on mean flow and mean concentration.  

However, the annual rainfalls in the SWMM system resulting from the 
combination of Tondi 90 and Saarma stations are less than rainfalls in Harku 
station by 25 % in 2014 and 11 % in 2015, the induced runoffs in other 
monitoring programmes are not proportional to rainfalls (Figure 4.12), pointing 
to errors in those programmes. Nevertheless, when comparing monthly patterns 
of rainfalls with their induced runoffs from SWMM, the results – particularly 
the runoffs – follow the trends of rainfall patterns as shown in Figure 4.13. 
Simulated runoffs and loads are the highest in August 2014 and July 2015, 
while lowest in September 2014 and October 2015 similar to the rainfall depth. 
January to April 2014 and January to March 2015 had effect of negative 
temperature and the simulation did not consider this effect due to less available 
data.  

Figure 4.12 Total annual runoff, average flow rate and total mass 

Acccording to Leecaster et al. (2002), volume weighted mass load estimation 
from the time weighted sampling has less error. As in Figure 4.14, SWMM 
results are close to the flowrate and annual load estimations from applied the 
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time weighted sampling (SA1); however, there is a considerable difference in 
TSS and TP loads. These differences are probably due to the model’s predicted 
uncertainty in quality estimation. 
 

 

 
Figure 4.13 Monthly temperature, rainfall, runoff, loads in year 2014(upper) 
and in year 2015(lower). 
 
4.4.3. Model’s implication 
 
Evaluation of sampling approaches 
 
The data representativeness in so far as they address the storm events and which 
sampling strategy at limited resources provide less error is always a question, 
and the answer is sought in this part. For this, outputs from SWMM, time 
weighted sampling (SA1) and three grab sampling approaches: random grab 
sampling (SA2), grab sampling within 6 hr irrespective of storm size (SA3) and 
grab sampling within 6 hr of medium and large storms (SA4) were compared 
for annual average flow, annual average concentration and annual load as in 
Figure 4.14. SA2 is a random sampling that does not respond to the 
corresponding time of storms. SA3 and SA4 are distinct from SA2 in terms of 
recorded time of sampling. In SA3, samples were taken within 6 hrs after the 
commencement of rain, but it does not take account of the influencing storm 
size, whereas in SA4, grab samples were taken within 6 hrs of medium and 
large storm events as recommended for grab sampling by Lee et al. (2007) and 
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Khan et al. (2006). The volume of total runoff is calculated based on runoff 
coefficient, catchment area and runoff depth.  

As already mentioned, the volume weighted estimation of flowrate and annual 
loads using data from SA1 sampling method are close to SWMM simulated 

Baseflow and simulated: SWMM outputs, SA1: time weighted sampling and SA2: 
random grab sampling, SA3: grab sampling within 6 hr irrespective of storm size and 
SA4: grab sampling within 6 hr of medium and large storms  

Figure 4.14 Comparison of simulated annual average flow and loads with four 
different sampling campaigns 

results. Based on the predictive capabilities of the developed model and 
suggestion from Leecaster et al. (2002), the time weighted sampling with 
volume weighted calculation can be assumed to have less error. For analysis of 
sampling approaches, it was considered as actual load. Random sampling (SA2) 
often developed low estimates, even less than half flow and 2/3 loads. It seems 
that this approach grabbed samples during small rainfall or baseflows. 
Compared to other sampling approaches, SA4 with mean estimation is nearer to 
actual flow, TSS and TP. Nevertheless, this approach has limitations in 
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identifying medium and large storms because the storm size before the end of 
rainfall is hard to determine. Alternatively, samples taken in SA3 can be used 
after the storm details are retrieved. Due to difficulties in performing SA4, SA3 
is a suitable sampling approach that assists in finding the samples of medium 
and large storms within 6 hrs after the start of rainfall; however, this requires 
rainfall data, time of sampling and a greater number of samples than SA4.  
 
In evaluating the sampling approaches, the concluding remarks is when the grab 
sampling is applied; it should focus on the medium and large events within 6 hr 
of storm commencement to obtain better mass estimations. 
 
Contribution of DCIA on impervious land use 
 
The directly connected impervious area or DCIA portion in the effective 
impervious area was found to be very important for producing runoff and loads, 
as in Figure 4.15, as the runoff and quality output from this part of imperivous 
area are 80.1 % peak flow, 75.1 % total runoff volume, 70.5 % TSS and 66.1 % 
for TP. The area of DCIA was determined to be 26.8 % of the total land use 
area (from Table 3.3). The DCIA road area and commercial roof occupy nearly 
77 % of the total effective impervious area. Therefore, DCIA roads and roofs 
have a higher contribution to the runoff and pollution load. Nevertheless, the 
overall runoff coefficient is found to be less at 0.18. Most of the areas are either 
pervious or not connected to storm drainage. It is about 73.2 % of the total area. 

  
Figure 4.15 Contribution of DCIA on impervious land use 
 
To conclude, the imperviousness is lower at 19.7 % due to abundant pervious 
land cover. However, the impact of DCIA, in particular roads and roofs, that 
have a relatively lower area significantly impacts runoff production up to 75 % 
and loads up to 66 to 71 %.  
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First flush 
 
Whether implementing stormwater treatment measures to control the initial 
portion of runoff as specified by HELCOM recommendation is effective or not, 
the first flush phenonmenon for the measured four storm events was analysed as 
described by Bertrand-Krajewski et al. (1998). Figure 4.16 was plotted with the 
cumulative fraction of TSS and TP against the cumulative fraction of runoff 
volume. The deviation above the diagonal line indicates higher load during storm 
runoff (Lee et al, 2004), but for the intensity of the first flush, measurement was 
followed according to Nazahiyah et al. (2007) and Temprano et al. (2006), in 
which the pollution load swept along by 30 % of the volume was measured. The 
degree of first flush for event 2, event 3 and event 5 are not high, but after 40 % 
of runoff volume, the deviation from the diagonal line is clear, suggesting that 
flushing of the pollutant load is higher in a later portion within 60 % of storm 
runoff. ADD was less influential than the intensity of rainfall. There were studies 
that show the first flush has not been observed in relatively pervious areas 
(Maestre & Pitt, 2005) or the effect can occur at the end of an event (McCarthy, 
2009). In contrast, the snowmelt event as in event 4 has a higher influence of first 
flush at 50 % for TSS and 45 % for TP. Lee et al. (2004) suggested that a seasonal 
first flush can occur in most of the cases. Before event 4, there was an extensive 
period of negative temperature and pollutant was accumulated with the snow 
packing, which was washed off after the temperature became positive during this 
event. Therefore, the control of stormwater pollution load at the initial portion 
cannot be ensured unless it is snowmelt runoff. It needs further investigation in 
terms of first flush before implementing control techniques. 
  

  

Event 2: September 2014 with ADD 2.6 days, Event 3: 4−5 December 2015 with ADD 
1.5 days, Event 4: 26−28 January 2016 during snow melt period and Event5: 9 
January−1 February 2016 immediate after snow melt  
 
Figure 4.16 First flush phenomenon for TSS (left) and TP (right) 
To sum up, the treatment measures at the initial portion of runoff seemed to be 
less important than the later 60 % of the runoff for pollution load discharging, 
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since the first flush at the initial stage was suppressed during the observed storm 
events. The opposite result was obtained for the snowmelt period. However, the 
analysed storm events are few and this conclusion needs further investigation.  
 
4.5. Further Discussion 
 
In the above individual results sections, the findings are illustrated and 
compared with previous studies. In this section, the limitations of the study and 
implications for further study as well as implications in practice will be 
discussed.  
 
4.5.1. Limitations and further research 
 
During the data processing for studying status of stormwater in Tallinn city, the 
data variation in most of the parameters was found to be high but this is a usual 
condition in stormwater monitoring. However, some parameters e.g. 
microbiological parameter, flow rate, etc. have few numbers of observations, 
which increase uncertainty in the results. Similarly, the data set did not have 
records for many storm events, which has resulted in low runoffs, particularly in 
the summer and autumn months. This has affected the quantity of runoff and 
concentrations during seasonal variation (Figure 4.7 and Figure 4.8). Obtaining 
large observations is costly. Therefore, it is recommended to perform a suitable 
sampling programme to obtain high accuracy in the quality and quantity of 
stormwater. Microbiological parameters have unavoidable impacts on 
stormwater and this demands a robust sampling programme that measures those 
parameters. 
 
All the observations were at the outfalls or end of the drainage sytem. The study 
lacks the stormwater dynamics between the start and end of discharges, e.g the 
sources of pollution, pollutant transformation during travel time, self 
purification, illegal sewage connection, etc. Therefore, the potential causes of 
increase in pH, particularly in Härjapea, cannot be ensured and require further 
investigation. It is recommended to perform sampling programmes at different 
points along the drainge route to determine the actual source of pollution 
through differential analysis. 
 
In the field of monitoring, passive sampling and online monitoring system have 
been increasing in attention, but reviews on these methods in this study are not 
covered. The study was based on the research reviews and has compiled the 
effective approaches; however, the uncertainties are not analysed through 
statistical measures. The real cost is not incorporated in analysing affordability; 
thus, there is a possibility of futher study to provide cost-based scenarios. The 
optimal sampling programme, though containing cost effective methods, does 
not provide higher certainty in all cases. Another recommendation is to evaluate 
the proposed sampling programme being implemented in a pilot basin. 
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In model development, the quality calibration and validation lacked 
observations, which has limited the application of the model when high 
accuracy is required. Calibration and validation using more quality observations 
will strengthen the quality performance of the model. The model is for 
stormflow routing and snow effect is not considered due to less available data. It 
is revealed that the first flush exists during snowmelt period. It has a 
considerable impact on runoff and pollution load. It will be interesting to 
simulate snowmelt once there are sufficient input parameters and observations. 
Our study is limited to SS and TP because the parameters e.g BOD, TP, 
microbilogical parameters and HC (Figure 4.5), can be correlated with SS. 
Nevertheless, the heavy metals and TN are also important parameters in 
stormwater. Heavy metals legislation is stricter now and there is a need to pay 
special attention to the monitoring of them, despite the fact that there was not an 
acute problem found during our study in Mustoja basin. It is recommended to 
use the model to further analyse these parameters in order to detemine the loads 
and their impacts. 
 
The result about the first flush contradicted our assumption because the initial 
portion of runoff is less important than the later portion in the observed storms. 
This is a crucial result but it needs more data to strengthen the conclusion. 
Therefore, it is recommended to sample more storm events to cover all weather 
conditions. 
 
4.5.2. Implication in practice 
 
The study has beneficial aspects for developing an effective stormwater strategy 
because the status of stormwater as well as the trends provides the information 
about the potential parameters with the potential sites so that stormwater 
management can be focussed on effective control approaches. For instance, 
Tallinn seems to have potential parameters of TSS, TP, pH and microbiological 
parameters and the potential sites are Härjapea for TP and pH, most of the 
basins for SS (Table 4.2), and Lasnamäe, Pirita and Rocca al Mare for 
microbiological parameters (Figure 4.2). Moreover, the seasonal variation 
revealed at the end of winter and start of spring would be a crucial time for 
controlling pollutants. However, it is uncertain for the summer and autumn. The 
relationship between parameters are applicable in regression analysis, model 
development and load estimations. For example, SS can be interacted with 
BOD, TP, HC and microbiological parameters. The proposed sampling 
programmes can help in the starting phase of monitoring to conceptualise 
monitoring process. The study provides decision capability in selecting the 
suitable monitoring programme in terms of effectiveness, applicability and 
affordability so that it can be used to obtain coherent data about stormwater, 
which will be helpful to plan design and manage urban stormwater. The 
alternative approach to access the information about stormwater is modelling. 
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Modelling has proven to be effective tool in estimating runoff, EMCs and mass 
loads when there is limited resources and data availability. It is also possible to 
detect the potential land uses where the measures can be concentrated. 
Developing a sampling programme and model could be a good example for the 
Tallinn development plan and stormwater strategy. Water companies, city 
development units and monitoring units will benefit from the above mentioned 
applications of this study. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
 
Increased urbanisation and intense rainfall have been deteriorating water 
resources and flooding issues in urban areas. In the Baltic countries, runoff 
volume, pollution load and eutrophication have been problems for the past two 
decades, where Tallinn also discharges runoff into the Baltic sea. EU directives, 
HELCOM recommendations and national acts and regulations have emphasised 
the need to improve the stormwater quality and control of runoff. As Tallinn is 
in the early stages of implementing a stormwater strategy, it has initiated some 
stormwater solutions, but it still needs the clear picture of stormwater dynamics. 
Quality data is the basis for implementing stormwater management solutions. 
To this end, the development of a monitoring programme and basin wise 
modelling are the activities planned in strategic documents. Our study is related 
to this action plan, where it first investigates the stormwater status in Tallinn 
city, accesses the change in stormwater concentration over the year, searches for 
the best monitoring practices and finally develops a model for a pilot basin in 
Tallinn. The requirements of national and international regulations have 
triggered the components to initiate stormwater investigations and solutions. 
Their continuation is important for the long-term, since the impact of a 
stormwater pollution load is not intermittant. More certainty in the information 
about stormwater status through appropriate monitoring and modelling will 
ensure the effectiveness of the solutions to be applied in stormwater 
management. 
 Our research results about the quality and quantity of Tallinn stormwater 

showed that the measured concentrations of most of the parameters are 
below the national limit values (Paper I) and statistically significant 
decreasing trends are detected (Paper II). The results are similar to the 
monitoring results of the responsible authorities. This study revealed that the 
variability of several parameters, microbiological indicators, suspended 
solids, etc., is high. The analysis showed that there is a seasonal cycle in 
stormwater parameter dynamics. Insufficient data on entire rainfall, absence 
of first flush information and high variability of data and data quality are 
particular shortcomings in the ongoing monitoring programme. 

 From Paper I and II, the general status of stormwater condition is 
understood. The question of data representativeness was raised and we 
proceeded first to compare the sampling approach applied to the other best-
practiced approaches mentioned in various analyses. Several papers agreed 
that grab sampling had higher uncertainty in results and difficulties to 
provide EMCs and mass load. A review on sampling approaches aimed to 
get different options on sampling methods because a single robust approach 
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will not be suitable for all conditions, especially when there is resource 
constraint. Therefore, we provided a suitable monitoring programme and 
ultimately endeavoured to recommend an effective and optimal sampling 
programme for Tallinn. A sampling method with two processes – one with 
an intensive and the other with an extensive monitoring method – are 
proposed (Paper III). The applicability of this recommended approach is 
compared with approaches in use by neighbouring countries and found that 
progressively, they are also practicing the comprehensive approaches. We 
conducted this study for developing a suitable monitoring programme that 
assists in designing the early stage of monitoring. The proposed monitoring 
programme can be a part of the accomplishment of the action plan mentioned 
in Tallinn Development plan and Tallinn Stormwater Strategy 2030. 

 In Paper IV, another approach to modelling based on basin is assessed. The
model performance was good for runoff estimation. Even the predictive
capability of quality is moderate. Sensitivity analysis shows that the model is
sensitive to imperviousness percentage. During the investigation of Mustoja
stormwater basin, we found that the impervious areas percentage, 19.7 %, is
lower than was expected, which suggest that the large basin with the mixed
land use has a different overall runoff coefficient than small basins. By
applying the national standard of runoff coefficient, the overall
imperviousness was found to be 44 %, and this coefficient is nearly 2.3 times
higher. This will give a higher runoff and pollution load. For the mixed land
use and large basin, the runoff coefficient requires modification based on
exact detail land cover and soil to calculate precise runoff. Directly
connected roads and roofs to drainage systems are potential elements for
applying source control techniques as the surface flow generated on them
significantly impacts runoff production by up to 75 %, and loads by up to 66
to 71 %. Therefore, the effective solution to reduce the discharge will be the
isolation of runoff from main roads and commercial building roofs, e.g.
diverting to detention or retention ponds, stormwater harvesting, porous
pavement, rain gardens, bio-swales alongside the roads, etc. and rainwater
harvesting in commercial buildings and houses.

 To improve the practised grab sampling, our study suggests taking the
sample within 6 hr of storm commencement to estimate near the actual load.
Also, mostly medium and large storm events have to be sampled (Paper IV).

 Model development provided the stormwater dynamics of the studied basin 
and this approach could be a good alternative in estimating actual 
concentrations and loads at limited resources that provide a basis for 
appropriate treatment measures to be introduced.
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