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Preface
The Swedish Geotechnical Institute (SGI) is an expert agency that works for a safe, efficient and
sustainable geotechnical engineering and sustainable use of land and natural resources. Our mission
includes the prevention of landslides and coastal erosion, sustainable and effective soil works, development of technology and knowledge for remediation of contaminated sites and support adaptation of the society to a changing climate.
Climate change is expected to lead to increased precipitation and increased run-off in much of
northern Europe. In Sweden, rainfall can increase by 30 percent in large parts of the country and
this may have direct consequences for geotechnical characteristics of soil and the possibilities to
build on it. A changing climate also affects the risk of pollution spreading. To date, studies considering an increased precipitation and its impact on water quality in urban waters have received little
attention.
This study is a part of the DiPol project (Impact of climate change on the quality of urban and
coastal waters) that was conducted 2009-2012 as part of the EU Interreg IVB North Sea Program.
The report covers the results from the Swedish study site; the river basin of Göta Älv and was written by Paul Frogner-Kockum, Gunnel Göransson and Marie Haeger-Eugensson.
The undersigned have decided to publish this report.
Linköping, september 2016

David Bendz
Research Director
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Sammanfattning
Det är viktigt att utreda hur klimatförändring kan komma att påverka ytvattenkvaliteten i vattendrag i en urban miljö för att i framtiden kunna upprätthålla en god miljöstatus i dessa vattendrag.
Enligt SMHI:s klimatscenarier kommer nederbördsmängden och intensiteten av regn att öka i framtiden. Detta kommer att påverka grundvattennivåerna, ytavrinningen från markytor och vattenflöden i svenska vattendrag. En högre grundvattennivå kan leda till en ökad utlakning och mobilisering av markföroreningar samt en ökad ytavrinning till vattendragen.
Endast ett fåtal studier har hittills undersökt hur klimatologiska faktorer påverkar vattenkvaliteten i
urbana miljöer. En del studier visar att föroreningshalterna ökar vid låga vattenflöden i vattendrag
på grund av en låg utspädning medan andra studier anger motsatsen. Dessa olikheter kan bero på
vilka ämnen som studerats och/eller vilken källa de har, t ex om föroreningarna främst kommer
från den omgivande marken eller från flodsediment. Grundvattennivån är en annan viktig aspekt att
beakta eftersom den sannolikt avgör om föroreningar kommer att mobiliseras från förorenade områden eller om utlakade ämnen kommer att återinfiltreras i marken.
Denna rapport är resultatet av projektet DiPol (Impact of climate change on the quality of urban
and coastal waters) som pågick 2009-2012 som en del i EU Interreg IVB Nordsjöprogrammet. Syftet med DiPol var att samla in kunskap om klimatförändringars effekter på vattenkvaliteten. Vidare
att kommunicera och öka medvetenheten om klimatförändringarna hos beslutsfattare, för att därmed kunna motverka klimatförändringens effekter både på lokal- och regionalnivå, samt även att
involvera allmänheten i detta arbete. För att undersöka hur vattenkvaliteten i urbana vattendrag
påverkas av nederbörden valdes flera fallstudieområden ut. Dessa var Göteborg (Göta älv, Säveån
och Mölndalsån), Oslo (Akerselva), Köpenhamn (Harstrup å) och Hamburg (Elbe).
I denna rapport presenteras resultaten från Göteborgs fallstudieområde som syftade till att undersöka om det finns eventuella samband mellan föroreningsspridning och nederbörd samt mer specifikt om det fanns någon koppling mellan föroreningsspridning och grundvattennivåer eller flöden i
Göta älv-området. Baserat på provtagning från våt- och torrperioder samt från vårfloden, presenterar denna studie en möjlig koppling mellan en kortsiktig nederbördsökning och en ökad föroreningstransport i urbana vattendrag i Göta älv området. Förhöjda metall- och PAH-halter (pollycykliska aromatiska kolväten) i de undersökta flodsystemen kan kopplas till en ökad ytaavrinning och ytliga grundvattenflöden från urbana områden, snarare än från re-suspension av flodsediment. Baserat på nederbördsprognoser kan denna studie visa att en framtida klimatförändring
kan ge ökade grundvattennivåer vilket kan innebära en ökad föroreningsspridning i regionen.
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Summary
Urban areas emit various contaminants that reach rivers, lakes and seas and thereby impact ecosystems. In many areas of northern Europe, precipitation has increased substantially during the last
decades as shown in measurements between 1961-2010 from SW Sweden as well as in the river
discharge and ground water levels (especially during the last 15-20 years). To date, studies considering an increased precipitation and its impact on water quality in urban waters have received little
attention, especially including the climate change issue. According to climate change models, a
similar precipitation pattern that will affect northern Great Britain will also influence the Swedish
west coast.
This study is the result of the DiPol project (Impact of climate change on the quality of urban and
coastal waters) that was conducted 2009-2012 as part of the EU Interreg IVB North Sea Program.
The overall aim with DiPol was to gather knowledge regarding how climate changes affect water
quality. Additionally, to communicate such knowledge and increase awareness about climate
changes among decision makers to be able to counteract the effects of climate changes both on the
local and regional levels as well as to involve the general public in this work. Four study sites were
choosen in Sweden, Norway, Denmark and Germany. This report covers the results from the Swedish study site; the river basin of Göta Älv.
Based on samples from wet and dry periods as well as spring flood events, this study presents a
possible relation between a short term increase in precipitation and enhanced contaminant transport
in urban watercourses of the Göta Älv river basin in Sweden. Elevated metal and PAH concentrations (polycyclic aromatic hydrocarbons) in the studied river system was linked to increased surface runoffs and shallow groundwater flows from urban areas, rather than re-suspension of river
sediments. Based on future prediction of precipitation, also the climate change impact on ground
water levels and river discharge are shown together with other consequences such as contaminant
transport in rivers of this region. This study demonstrates an enhanced contaminant transport from
urban areas to the river system due to increased precipitation and groundwater levels.
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1. Introduction
The result presented in this study is one part of a Interreg IVB North Sea Regional Programme
project, DiPol, 2009-2012. The intention of the project was to make a contribution of how to retain
sustainable and healthy urban and coastal waters, despite potential adverse effects of climate
change. European urban areas face a number of environmental problems from air, water and soil
contaminants and measures need to be forward-looking and anticipate future risks such as the impacts of climate change as well as contribute to national, regional and global policies (Technical
Report EC 2007-013).
A variety of metals and organics are continuously emitted in all urban areas from e.g. traffic, combustion, various building and road materials, leakage and spills of chemicals, and the release of
untreated waste waters, etc. These contaminants are further transported by air, surface runoffs and
groundwater flows to recipients. Coutu et al. (2013) and Mahbub et al. (2011), amongst others,
used simulated rainfall events in order to compare future polluted runoff from urban surfaces under
the effect of climate change. Further, Coutu et al. (2013) found that a slight increase in contaminants in summer concentrations can be expected due to less summer rains. Earlier studies have
shown a correlation between river flow and concentrations for contaminants (Prathumratana et al.
2008; van Vliet and Zvolsman 2008). A study in the river Meuse showed significantly lower total
concentrations of lead, chromium, mercury and cadmium during the drought of 2003. However,
within the same period higher total concentrations for barium, selenium and nickel were found,
mainly explained by differences in adsorption capacities to suspended materials (van Vliet and
Zwolsman 2008). On the other hand, during the same drought but in the river Rhine total cadmium,
chromium, mercury, lead, copper, nickel and zinc was higher than during the reference period,
assessed as a result of lower discharges and limited dilution of contaminants (Zvolsman and van
Bokhoven 2007). In Delpla et al. (2009) it was concluded that extreme meteorological events have
a degrading trend on drinking water quality, and that temperature increase and heavy rainfalls in
temperate countries have resulted in enhanced concentrations of dissolved organic matter, metalcontaminants and pathogens. Visser et al. (2012) showed that a lowered groundwater table and a
low river flow decreased zinc and chromium concentrations in river waters.
In San Francisco Bay the PAH concentrations (polycyclic aromatic carbons) in water was not
found to be influenced differently by neither wet nor dry seasons (Oros et al. 2007). Nevertheless,
Oros et al. (2007) concluded that storm water runoff contributed to more than 50 % of the total
PAH load into the Bay. From the river Rhône Sicre et al. (2008) found that during major floods,
particle bound PAH concentrations increased with increasing suspended matter, but with normalized suspended load the suspended particles became PAH-depleted. This was explained by the
dilution of PAH-rich particles with increasing runoff and dilution caused by re-mobilisation of
PAH degraded river sediments (Sircre et al. 2008). It was also found that particle bound PAH´s
exceeded by more than one order of magnitude the dissolved PAH´s, and that more than 77 % of
the total annual particle bound PAH´s was transported during one flood event.
Contaminated fresh waters ultimately ends-up in fresh water inlets, or in coastal waters (Mahbub et
al. 2011). Increased introduction of contaminants into surface waters in the coastal zone may counteract sustainable urban development (human health, quality of life, economic attraction) and the
implementation of European environmental strategies such as the Water Framework Directive
(WFD) and the planned European Marine Strategy. In order to retain sustainable and healthy urban
water despite potential adverse effect of climate change it has become essential to understand the
impact from transportation trajectories to the impairment of water quality (Astaraiea-Imani et al.
2012; Crossman et al. 2013, Interlandi and Crocket 2003; Mouri et al. 2012; Semadevi-Davies et
al. 2008; Wilson and Weng 2011).
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The climate change scenarios for Northern Europe generally indicate more wet winters and drier
summers. For example Hurrell et al. (2003) showed that precipitation has increased from Iceland to
Scandinavia while Ulbrich et al. (2009) have detected an increased cyclone counts over Northern
Atlantic and Western Europe resulting in more precipitation. Similar pattern have been shown in
modelling the future precipitation patterns (McDonald 2011), presenting a pronounced increase
from northern Great Britain to the west coast of Sweden for 2080. Moss et al. (2010) estimated an
annual increase of precipitation to at least 15-35 % for Sweden, depending on the scenario (RCP
4.5 or RCP 8.5) until year 2100, and in some areas even up to 40 % (SMHI 2013). For the Gothenburg area annual mean precipitation was estimated to increase at least 10-30 % (RCP 4.5-RCP 8.5),
with the largest change (increase) during winter and spring (SMHI 2013).
So far direct consequences of climate change (e.g. flooding) on urban development have been addressed in a number of projects (Dankers and Feyen, 2009; Schiermeier, 2011; Pall et al. 2011),
while secondary implications of increased urban runoff, higher contaminant loads of rivers during
more frequent floods, the risks of increasing groundwater tables in industrialised areas and of
stronger rainfalls on the contamination of urban waters have received little attention until now.
Whitehead et al. (2009) reviewed the potential impact of climate change on surface water quality
and concluded that there are still uncertainties on the connection between the change in precipitation and water quality, especially with regard to extreme events. Delpla et al. (2009) remarked that
there are some studies of pollution transport linked to floods and drought but also concluded that
there is still a lack of information on the occurrence of pollutants and consequences with regard to
climate change, especially concerning transportation of organic matter. Further, the effect of climate change on groundwater quality, recharge processes and the interaction with surface water for
both different land-use as well as hydrological settings is still lacking (Kløve et al. 2013). (Rivett et
al. (2011) pointed out that there are still only few studies on the linkage between urban groundwater and river water quality. Urban groundwater quality is affected by infiltration of storm-water,
wastewater leakage and spills and leakages from point sources, further influencing receiving river
water and estuary (Lerner and Harris 2009; Navarro and Carbonell 2007; Rivett et al. 2012; Wang
et al. 2012). Three of the key parameters that determine the mobilisation and degradation of contaminants in soil is pH, redox potential and total organic carbon content (Appelo and Postma 1996).
A variation in these parameters is to a large extent governed by the Groundwater level, (GWL) and
its fluctuation (Appelo and Postma 1996; Augustsson 2001). Periods with dryer weather cause a
fall in the GWL and the surface water level (SWL) and yield no surface runoff while rainy periods
increase both GWL and SWL, generating surface runoffs. An elevated water level or a largely fluctuating water table may increase the leakage from soil contamination to the water due to a smearing
effect as more soil is exposed to water. Furthermore, a raised groundwater table may increase the
groundwater transport of colloidal bound substances as the groundwater flow increases. However, a
larger water volume that is normally associated with a wetter period may dilute the concentrations
to such an extent that a negative relationship is found between river flow and pollution concentrations, especially for solutes (Lee et al. 2004). On the other hand, an increased river flow may influence the river bed- and bank erosion, re-mobilising contaminants stored in the sediments.

1.1

Objectives

The aim of this study was to investigate the impact of climatological parameters on urban water
quality in the river basin of Göta Älv in Sweden. We evaluated how climatological parameters such
as dry and wet periods as well as spring flood events impacted on ground water levels, discharge
and contaminant transport in the rivers of the area.
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It was hypothesised that well-wetted (saturated) urban soils, well-wetted land surfaces and high
discharges will increase the pollution transport that have large adsorption capacity to colloids, organic and inorganic particles.

2. Study area
The study area covers the city of Gothenburg in Sweden and three rivers that pass through the city
center: the river Göta Älv, the river Säveån and the river Mölndalsån (Figure 1, Table 1). Gothenburg is the second largest city in Sweden and is situated on the south-west coast (Figure 1). The
river Göta Älv is the main river and runs from the Lake Vänern to the outlet at the sea near the
Gothenburg city (Figure 1). Close to Kungälv the river divides into two branches where the southern branch is still referred to as Göta Älv (Figure 1). The river is regulated by three hydropower
stations and the fluctuating energy demands combined with the regulated outflow from Lake Vänern govern the flow in the river Göta Älv (Göransson et al. 2013). The areas surrounding the river
are pasture land, forests, bed rock, and small urban areas. The river is the recipient of treated
wastewater and serves as the drinking water supply for about 700 000 inhabitants since late 1900
century. The water quality upstream from Gothenburg city is primarily affected by direct runoff
from urban, rural, and livestock areas, wastewater from urban areas, combined sewer overflow
during heavy rainfall (Åström et al. 2007), leakage from contaminated sites, and accidental spills
from industries and vessels. Both the rivers of Säveån and Mölndalsån flow through several lakes
and are surrounded by pasture land, forests and minor urban areas. The most downstream parts hide
old contaminated land from former industrial activities. The rivers connect to the Göta Älv, in the
Gothenburg city center. In the harbor area, the freshwater meets seawater developing a salt water
wedge that occasionally reaches the fresh water intake 8 km upstream city center. The location of
the salt water wedge depends on wind speed and direction, high/low pressure and the river flow.

Figure 1. City of Gothenburg, SW Sweden, showing the sampling sites for surface water sampling, the lakes
Tvärsjön and Stensjön, and three groundwater monitoring wells. © SGI, Lantmäteriet.
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3. Methodology
To establish the meteorological effects on water quality fluctuations sampling were performed to
cover a spring flood (April 6, 2010), a period with almost no rain (June 17, 2010) and a period with
almost constantly raining (August 25, 2010), all in the same season. These occasions are hereafter
named: Spring flood, Dry period and Wet period, respectively. At the three watercourses, sampling
was performed for several parameters and compounds. Lead, cadmium, chromium, mercury and
PAH were determined as the major environmental indicators for pollution in this area, but also
suspended matter was analysed. The sampling sites are shown in Figure 1 and further described in
Table 1.
Table 1. Naming and description of the sampling sites.
Name
Lärjeholm
Säveån river
Mölndalsån
river
City Canal

Röda Sten

Sampling
point

Type

Description

Rural
Upstream
Urban
City

Main river Göta Älv, upstream Gothenburg City.
Near the outflow to Göta
Älv
Near city centre, before the
branching into Gullbergsån
stream and the City canal
The part of Mölndalsån
river that runs through the
city centre
River mouth main river
Göta Älv, downstream
Gothenburg City.

Urban
City
Urban
City centre
Harbour
Urban
Harbour
Outflow

The raw water
intake
Kodammsbron
bridge

Average
flow
3

150 m /s
3

18 m /s

Catchment
size
2

3270 km

2

1500 km

Valhallabron
bridge

3 m /s

Residensbron
bridge

< 3 m /s

No information

Quayside

>160
3
m /s

3270 km

3

3

268 km

2

2

To establish the meteorological effects on water quality fluctuations sampling were performed to
cover a spring flood (April 6, 2010), a period with very little rain (June 17, 2010) and a period with
almost constantly raining (August 25, 2010), all in the same season. These occasions are hereafter
named: Spring flood, Dry period and Wet period, respectively. At the three watercourses, simultaneous sampling was performed. Lead, cadmium, chromium, mercury and PAH were determined as
the major environmental indicators for pollution in this area, but also suspended matter was analysed. The sampling sites are shown in Figure 1 and further described in Table 1.
The sampling sites at these rivers represent different contributions regarding volume of water and
pollution. Lärjeholm (Göta Älv) represents the main river water inflow to the city from a non-urban
environment, whereas Mölndalsån represents a minor inflow from an urban environmental area to
the city area. Säveån also represents a minor inflow but from a modern industrial area. Röda Sten
(Göta Älv) represents the main outflow to the estuary and the sea. The City Canal represents the
city center. Note that station Lärjeholm (Göta Älv) is located at the raw water intake for the fresh
water supply in the area. Water samples were taken 1-3 m below the water surface, depending on
river depths. The Röda Sten and the City Canal sampling sites, located in the vicinity of the harbor,
are more affected by sea water than the other sites. During the Wet period sampling, the water flow
in the rivers was quite strong, meanwhile did the westerly winds push sea water upstream. The
weather characteristics for each of the sampling campaigns are shown in Table 2. At the hydropower stations river flow data was measured for river Göta Älv, but for Säveån and Mölndalsån
only modelled flows were available from Swedish Meteorological and Hydrological Institute,
SMHI (www.smhi.se). Measurements for groundwater levels were available from the Swedish
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Geological Survey (www.sgu.se). Daily averages were used. Data on daily precipitation for
Gothenburg City was available from SMHI (www.smhi.se).
Table 2. Weather conditions for the sampling occasions.
Spring flood

Dry period

Wet period

Mean air temp.

5C

14C

14C

Mean water temp.

3-4C

15,5-16,5C

16C

Mean wind direction

South

South

West

Mean wind speed

< 7m/s

< 7m/s

9 m/s

Weather conditions

Foggy in the morning, dizzly at
lunch time

Sunny, dry

Windy, no rain the
sampling day

Mean river flows

216 , 36 , 7,9 m /s

155 , 17 , 1,4 m /s

141 , 27 , 4,5 m /s

Accumulated precipitation
(30 days)

65,1 mm

44,3 mm

201,6 mm

1

2

1

2

3

3

1

2

3

3

1

2

3

3

3

Göta Älv, Säveån, Mölndalsån

3.1

Sampling and analyses

At all sampling sites Cu, Cr, Pb, Zn and ∑PAH (sum of 15 PAH) and suspended sediment concentrations were analysed. The metals were analysed as dissolved and particle bound concentrations.
Separation was done using 0.45 μm filters, and metals were analysed on filtered samples and on
particles trapped on filters. The dissolved phase corresponds to the sample after filtration, but it
may include colloids due to the filter size. At Lärjeholm (Göta Älv) and Mölndalsån also Hg was
analysed. Water samples were sampled using a metal free Hydro-X 1.7 liter water sampler which
was sent to the laboratory the same day. PAH and Hg were analysed at the Swedish Environmental
Research Institute (IVL, method A20 and A9 respectively) while remaining analyses were performed at the laboratory ALS Scandinavia (modified EPA 200.7 and modified SE EN 872). Field
measurements done by the water associations for the rivers Göta Älv, Mölndalsån and Säveån were
used for pH, conductivity and water temperatures.

3.2

Analyses of local meteorology and hydrology

Based on available measurements from 1961-2010 from meteorological stations in and around
Gothenburg the total, average and maximum precipitation was calculated. The data has been related to a standard normal year SNY (1961-1990) and to future precipitation based on modelled data
in grid resolution of 50×50 km (ECHAM model for the A1b scenario, www.smhi.se). To make a
relevant comparison between the measured and calculated precipitation all stations within the chosen model grid have been averaged. To visualize and analyse the effect of precipitation, discharge,
surface runoff on the GWL continuous measurements were analysed from three locations (north,
east and south of the city, see Figure 1) and about 4-7 sites respectively, all registered twice a
month. To evaluate the impact of the climate change on contaminant dispersion, statistical trends of
precipitation, discharge and groundwater level (GWL) are projected for future scenarios in relation
to modelled precipitation for the study site.
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4. Results
4.1

Development of precipitation, discharge and ground
water level

On the west coast of Sweden total precipitation has nearly doubled during the period from 19612010 (Figure 2a). Analysis were performed based on measured yearly means of the total precipitation from all (5) sites within the area. Apart from a dip for some years around 1997, there have
been a continuous increase from the mid-80’th, but with an escalation from 2000.
Information on discharges at the sampling sites only goes back to 1999. Thus, an analysis of the
long-time trends in the area of two smaller rivers (upstream from Mölndalsån and Säveån is
Stensjön and Tvärsjön respectively), has been performed using daily means from 1940 and 1960
respectively (Figure 2b). The effect from changed precipitation seen in these rivers is assumed to
be similar to the larger rivers. The increased discharge trends are the same for both rivers (Figure
2b), even though the level of the flows differs. The increasing trend starts at the beginning of the
1980s, coincident with the increasing trend of precipitation.
a)

b)

Figure 2a and 2b. In 2a the mean precipitation (mm/year) based on two year moving average is shown. In 2b
the mean discharge in two smaller rivers upstream from Mölndalsån (Stensjön) and Säveån (Tvärsjön) are
shown respectively. The dashed line indicates the 30 year standard normal year (SNY) which refers to a 30
year means from 1961-1990.

In Figure 3 two year moving averages of groundwater levels (GWL) are presented, and all three
sites show an increasing trend of between 0.2-0.3 m from 1971 to 2011.
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Figure 3. Variations in groundwater level (m below ground surface) at three sites located north, east and
south of Gothenburg city center. The dashed lines are the linear regressions of the yearly means.

The monthly mean GWL have also been analysed (not shown) and for the period 1970-2000 the
seasonal pattern is rather similar for all years. However, from 2001-2010, May to September, there
was a significant change, with somewhat dryer soils in May and June but much wetter in July, August and September. Thus, the major part of the yearly increase in GWL occurs during the summer
months. Consequently, GWLs more frequently reach ground strata that previously were not often
exposed.

4.2

Sampling campaign

Spring flood sampling was carried out at the end of the spring flood period, i.e. the falling limb of
the flood wave. The period represents a period with snowmelt, little rain and partly water saturatedpartly frozen ground. Dry and Wet period sampling was carried out at the beginning and the end of
the summer season. Dry period samples were taken in June representing lower stream flows, lowered GWL and no surface runoff. Wet period sampling took place in August representing high
stream flows, raised GWL and surface runoffs, although not first flush. In this study, sampling
during first flush was avoided as it is known to yield elevated concentrations. The purpose was
instead to catch the impact from shallow groundwater flows and water saturated soil.
In Figure 4 the accumulated precipitation and the river discharges during the sampling occasions
are shown. The vertical lines denote the three sampling campaigns. Before the Spring flood, raining
occurred occasionally but since the ground was still frozen the discharge became higher than what
is normal for this precipitation. Prior to the Dry period there were more than two months with very
few occasions of precipitation resulting in low discharge. The Wet period proceeded with about
one and a half month of continuously raining giving a steady increasing discharge trend in all rivers. According to the data in Figure 4 the discharges in Mölndalsån and Stensjön have a much
quicker response with the first flow peak nearly simultaneously to the rainfall. There is a delayed
peak in Säveån coincident with the measurement day of the Spring flood.
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Figure 4. Accumulated precipitation in Gothenburg (top). Discharge (bottom) in different rivers during the
same period. Discharge from Stensjön is based on measurements and the others on modelling (Hype model).
The Göta Älv data is plotted on the right y-axis.

In Figure 5 the mean GWL is presented for the similar period as in Figure 4 (green top represents
ground surface) and it was found that the GWL during the sampling campaign was actually higher
than the 30 years mean summer levels for the Spring flood and the Wet period but about the same
for the Dry period.

Figure 5. Mean GWL (m below ground surface level) during the same period as in Figure 7, and based on the
three sites. Horizontal line = 30 year means (1970-1990) of the GWL for summer season (June, July and
August).

17 (31)

SGI Publication 29

4.2.1

Pollutants

pH was routinely measured in all three rivers by the water associations for the rivers Göta Älv,
Mölndalsån and Säveån, and the results shows relatively stable pH values around 7 (7.2-7.5, Table
2). Measured suspended sediment concentrations (SSC) and PAH concentrations are shown in Figure 6.

Figure 6. Suspended sediment concentration (SSC) and b) total concentration of PAH at each sampling sites
and the three sampling campaigns.

The results indicate an increase in SSC for the Wet period compared to the other two periods. SSC
in Mölndalsån and Säveån show similar pattern, and SSC in the outflow of Göta Älv (Röda Sten)
and the City Canal shows similar pattern, while SSC upstream Göta Älv (Lärjeholm) differs. One
explanation could be a strong flow regulation in the river Göta Älv that can cause a delayed response of the flow from precipitation. (Elevated PAH concentrations were found for the Wet period
in Mölndalsån, Säveån and upstream Göta Älv (Lärjeholm), while elevated concentrations downstream Göta Älv (Röda Sten) and the City Canal sampling sites were found for the Spring flood
sampling. These sites are to a larger extent affected by large vessels and ferries, and the accumulation of air deposited pollutants in snow could be one explanation. Total concentrations of Zn, Cr,
Cu and Pb in Mölndalsån and Säveån are shown in Figure 7 and denote elevated concentrations
during the Wet period compared to the Dry period and Spring flood.
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Figure 7a-d. Total concentration of a) Zn and b) Cr, c) Cu and d) Pb in Mölndalsån and Säveån.

The metals Zn and Cr indicate similar pattern in concentration and follow our hypothesis, while
that of Cu and Pb point towards another pattern with higher concentrations during the Dry period
sampling than during the spring flood sampling.
In Figure 8 the total concentrations of Zn, Cr, Cu and Pb are shown for the river Göta Älv and the
City Canal.
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Figure 8a-d. Total concentration of a) Zn and b) Cr, c) Cu and d) Pb in Göta Älv (Lärjeholm and Röda Sten)
and in the City Canal.

Even now highest concentrations of Zn and Cr were found in the Wet period. This pattern was not
as obvious for Cu and Pb. One possible explanation could be sea water influence as the westerly’s
push sea water into the harbor area during the Wet period, possibly diluting concentrations. The Hg
analyses (not shown here) clearly indicated elevated concentration in the Wet period compared to
the Dry period.
Although the highest content of particle bound metals was found for the Wet period at all sites, the
distribution between the particle bound metal and dissolved fraction of the total content varied with
the metals. The particle bound fraction generally dominated the total content of Cr and Pb, while
the dissolved fraction (< 0.45μm) dominated the total content of Cu and Zn. In general, the ratio
particle bound fraction to the total concentration was found largest for the Wet period compared to
the two other sampling campaigns.
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4.3

Consequences on pollution from future increased
precipitation

To define the relation between precipitation, river discharge and GWL, 50 years of data was analysed both as yearly (Figure 9) and (Figure 10) means.
In Figure 9 the long-time means, both for the period 1961-1990 (square) and 1991-2010 (triangle),
show the trend, and the graphs in the figures (solid lines) show the relations between the precipitation, discharge and GWL respectively.
a)

b)

Figure 9. Comparison of precipitation and groundwater level (a) and discharge (b), in the Gothenburg area for
the period of 1990-2010 calculated as yearly means, 30 year means (1961-90) and 20 yearly means (19912010). The dashed line is the level of future precipitation based on of the prognosis from SMHI.
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The predicted future precipitation (2050, dotted line, according to SMHI) is also shown. Hence
some of the years are at the precipitation level of 2050. According to this result there is an apparent
relation between the parameters shown in Figure 9. Thus, assuming that the predicted future yearly
mean precipitation is reasonably right the future trends of yearly based GWL and discharge can be
extrapolated from the relations in Figure 9. Compared to the mean for 1991-2010 the GWL will be
raised about 15 % and discharge will increase about 10 %. As the largest change of precipitation
and GWL is seen in the summer, a seasonal time scale was also analysed where the relation between precipitation, discharge (Stensjön) and GWL respectively was calculated (as monthly summer means from 1961-2010). The measurement campaigns marked in the Figure 10, lye close to
the logarithmic line and can thus be assumed to represent normal situations.

Figure 10. Monthly means of river discharge and GWL for 1961-2010 and for the measurement campaigns
(black symbols 1991-2010, orange symbols-campaign and red symbols-future). The black line is the logarithmic relation between monthly means of the discharge and GWL.

Similar as for the yearly means the future summer discharge and GWLs were extrapolated, as well
as the values for future Dry and Wet periods. In accordance with the defined relation between precipitation, discharge and GWL (on a monthly basis) the predicted future summer precipitation will
cause a 15 % increase of the discharge but only about 5 % increase in the GWL, due to the logarithmic relation (Figure 10). Similar calculations were performed for other rivers in the area showing comparable patterns (not shown).
To analyse the relation between the contaminants and different transportation/dispersion processes
and also to evaluate the most important processes a correlation analysis was done based on data
from all sampling sites and is presented in Table 3.
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Table 3. Correlation analysis for metal and PAH concentrations with physical parameters. Correlations in bold
are significant at P < 0,05. N = 15. SSC= suspended sediment concentration, Q = discharge, P = accumulated
precipitation, GWL = groundwater level, m.b.s. = meter below ground surface, Temp = temperature, Cond. =
electrical conductivity, tot = total, diss = dissolved, part = particle bound, Susp = suspended matter.

SSC (mg/l)
Zn tot (µg/l)
Zn diss (µ/l)
Zn part (µg/l)
Zn/Susp (µgZn/mg Susp)
Cu tot (µg/l)
Cu diss (µ/l)
Cu part (µg/l)
Cu/Susp (µgCu/mg
Susp)
Cr tot (µg/l)
Cr diss (µ/l)
Cr part (µg/l)
Cr/Susp (µgCr/mg Susp)
Pb tot (µg/l)
Pb diss (µ/l)
Pb part (µg/l)
Pb/Susp (µgPb/mg Susp)
PAH sum 15 (ng/l)

SSC
(mg/l)

Q
3
(m /s)

P
(acc, mm)

GWL
(m.b.s)

Temp
(C)

Cond.
(mS/cm)

0,72
0,49
0,87
0,26
0,71
0,60
0,87

-0,16
-0,50
-0,46
-0,45
-0,74
-0,52
-0,55
-0,39

0,80
0,66
0,51
0,71
0,28
0,49
0,39
0,68

0,39
0,05
0,46
0,46
0,27
0,19
0,07
0,44

0,61
0,31
0,18
0,42
0,14
0,47
0,48
0,39

-0,80
-0,23
-0,15
-0,28
-0,43
-0,17
-0,15
-0,19

0,42

0,06

0,48

0,33

0,25

-0,00

0,93
0,68
0,94
-0,22
0,84
0,27
0,91
0,38
0,45

-0,32
-0,24
-0,33
-0,42
-0,43
-0,23
-0,42
-0,66
-0,24

0,81
0,54
0,82
-0,05
0,54
-0,11
0,69
0,27
0,54

0,56
0,42
0,56
0,44
0,17
-0,39
0,35
0,03
0,50

0,41
0,19
0,44
-0,58
0,56
0,37
0,53
0,43
0,12

-0,14
0,18
-0,20
-0,31
-0,04
0,04
-0,19
-0,23
-0,30

Most of the contaminants show strong positive and significant correlation to SSC but the strongest
was to the particle bound metals and SSC. Further, particle bound metals and PAH also show significant and positive correlation with accumulated precipitation, which may however, include many
other of the sub-processes dependent of precipitation, such as GWL and river discharge. Nevertheless, there is also positive correlation between GWL and Zn, Cr and PAH of around 0.5 or higher
(highlighted in Table 3) while for Cu, Pb and SSC the correlation is lower or even negative. A significant negative correlation to flow was found for Cr, Zn and Pb which indicate that the most active process is not from eroded re-suspended material and possibly also from dilution by increased
flow. The relationship between contaminant transport and GWL was further analysed to envisage
the effects on the different pollutants, than could be seen from the above correlation analysis. The
results are shown in Figure 11 (Zn and Cr) and Figure 12 (Pb and Cu).
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Figure 11. Comparison between GWL (m below ground surface) and the concentration of Zn (a) and Cr (b) in
Säveån, Mölndalsån and City Canal, and Zn (c) and Cr (d) in Lärjeholm and Röda Sten – i.e. the river Göta
Älv upstream and downstream the city centre.

It was found that elevated concentrations of contaminants are mainly found during Wet periods and
high GWL at most of the sites when the ground is more water-saturated. For Zn and Cu the lowest
concentrations are during the dry period with low GWLs and river flows but for Pb and Cu the
lowest concentrations are found at spring flood implying different transport pathways for these
contaminants. None of the substances showed the highest concentrations during spring flood implying that surface runoff is not the main transport pathway for these substances but also that a
higher discharge dilutes the concentration. Yet, the Pb concentration in the City Canal showed a
clear increase when the GWL was lowest for which there is no clear explanation.
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Figure 12. Comparison between GWL (m below ground surface) and concentration of Pb (a) and Cu (b) in
Mölndalsån, Säveån and City Canal, and Pb (c) and Cu (d) in Lärjeholm and Röda Sten – i.e. the river Göta
Älv upstream and downstream the city center.
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5. Discussion
In this study, meteorological trends from the past 40 years have been analysed and future trends
calculated for the Gothenburg region, Southwest of Sweden. Variations in the concentrations of Cr,
Cu, Hg, Pb, Zn, PAH and suspended sediments (SSC) in three urban rivers (5 locations) have been
analysed with respect to three hydrological events: a spring flood, a dry period and a wet period,
with the purpose to study the climate impact on the contaminant transport in urban waters. The
study site was the Gothenburg area, SW Sweden and the main river Göta Älv and its tributaries
Säveån River and Mölndalsån River.

5.1

Contaminants

The data presented in this study shows a relation between the wet period and increased contaminant
transport in rivers waters. The results indicates that conditions during wet periods bring more particles and thus contaminants to the rivers through increased runoffs and shallow groundwater flows
from the surroundings rather than from erosion or re-suspension of river sediments from increased
river flows as no positive correlation to flow was found.
Based on the results from this study, there are three key factors that play an important role to the
increase of contaminant transport during the wet period compared to the spring flood and the dry
period. These are: water saturated soil, runoff and sewage overflow although not discussed here
(see for example Åström 2007). Most of the dissolved contaminants are usually concentrated near
the top of the groundwater table. As the water table rises and falls with seasonal variations and
drought or flood conditions, contaminants concentrate in smear zones above and below the mean
water table. When a rainfall event is heavy or when it continues for longer periods, the mean
groundwater level rises and a surface runoff is created that does not infiltrate the soil again but end
up in river systems (Mahbub 2011). Thus, contaminants in pore water and soils will follow the
runoff to the streams and rivers, which may possibly explains increased contaminant content found
in the initial samples from the wet period. For the analysed substances, there is an indication of a
negative correlation to river flows but a positive correlation to accumulated precipitation (correlation between flow and accumulated precipitation was not significant for the area). The significant
and moderate to strong positive correlation for SSC, total concentration of Cu, Cr, Pb, Zn and PAH
with accumulated precipitation points to urban surfaces and soils as the main sources and not river
sediments, although river sediments may contain contaminants. The strong and significant correlation of these metals to SSC, as well as the levelled concentration of particle bound metals is an
indication of suspended particles being metal enriched during the rainier (wetter) period further
implies that variations in SSC may be used as an indicator for particle bound contaminant transport.
PAH on the other hand, did not show any significant correlation to SSC, indicating that PAH and
metals most likely originate from different sources, where the PAH probably comes from more
airborne sources.
The overall results of the metal and PAH analyses for these three hydrological events correspond
well to the studies by Delpla (2009), Sicre et al. (2008), van Vliet and Zvolsman (2008) and Visser
et al. (2012), that have shown on increased concentrations during higher flows. However, the study
by Zvolsman and van Bokhoven (2007) showed the opposite trend, possible due to different contaminant sources and surroundings. It is possible that in areas where the highest concentrations
occur during wet conditions, the contaminants mainly originate from urban surfaces and soils,
while in areas where highest concentrations can be linked to draughts, contaminants originates
mainly from river sediments.
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5.2

Uncertainties

Natural variability and an anthropogenic impact contribute to uncertainties in field measurements.
Seasonal variations such as temperature and biological activity are difficult to avoid with a limited
number of sampling campaigns. Thus, with the purpose to capture extreme weather situations a dry
and wet period were in this study chosen during the same season. The results were also evaluated
with regard to uncertainties in the laboratory reports, and these varied between sampling site, occasion and substance. Assessments of trends between reported differences in concentrations
from the sampling campaigns were made by adding the analytical uncertainty to the low concentration and subtracting the uncertainty from the higher concentration. A remaining difference was
considered an indication of a trend. Concentration below detection limits was set to zero.

5.3

The methodology

Although sampling was only carried out at three hydrological events the multiple sites that were
sampled made it possible to still draw important conclusions. Further, the results were proven to lie
within the normal monthly range (Figure 10). Further, the distinct hydraulic conditions that prevailed during these events and the multiple sites that were sampled made it possible to draw important conclusions. Avoiding first flush sampling, but still finding elevated concentrations tells us
that it is not only the accumulated contaminants from surfaces that spread contaminants but also the
unsaturated and saturated underground (soil) via the groundwater flow. However, various sources
of contamination are active in different urban environments and further studies are needed on multiple sites and the analyses of multiple substances.

5.4

Climate trend

In this study the lowest river flows and GWL were found at the Dry period with lowest precipitation. The highest river flows were found during the spring flood but the highest GWL was linked to
the wet period, possibly due to the highest accumulated precipitation for this period. There is a
clear relation between precipitation, river discharge and GWL shown in Figure 9 and Figure 10
why it is assumed that the extrapolation to estimate future conditions. The major results for the
present conditions show that there has been a large increase in both precipitation and GWL but also
the discharge during the last decades. In a future climate the precipitation and discharge will continue to increase but the increase of the GWL will wear off. This may possibly result in increased
leakage of contaminants from now to the near future, but in the long run, may become less threatening. The increased precipitation will (apart from the secondary effects) result in more efficient
surface runoffs. However, an enhanced discharge may result in increasing erosion of river banks
and thus a more effective transport of contaminants that may be located within river beds. Results
thus indicate that measures for preventing contaminant dispersion may differ depending on timescale. For the south western part of Sweden, it seems that increasing GWL requires immediate actions, while surface runoff and increasing discharge should be included in future regional planning.

5.5

Future impact

For the northern part of Europe, this and other studies show that the trend of significantly increasing precipitation have and possibly will continue to increase (Hurrell et al. 2003; McDonald 2011;
SMHI, 2013). National calculations for the Swedish west coast predict a future increased precipitation of 10-40 % (means of 1961-1990 to 2100) (SMHI 2013). In the study area a large part of the
precipitation falls during longer periods (days) even if intense rains will also become more frequent. It is possibly that less intense but longer lasting rains that infiltrate the soils causing increased GWL as well as surface runoffs, while the heavy rains give rise to first flushes.
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Since, the total precipitation has already nearly doubled (compare to 1961-1990 means) (Figure 2
and 11) some of the recent years have already reached the level the future yearly means. This imply
even larger increase than the predicted, at least for this specific area and will most likely lead to
both increased GWL and river flows. The results from the campaign point out that the conditions
existed during the Wet period (long lasting rainy periods and high GWLs and rather high river discharge) brings more particles and thus contaminants to the rivers through increased groundwater
flows transporting contaminants from the surroundings and possibly also through runoffs, rather
than erosion or re-suspension of river sediments from increased river flows. If the main pathway
would have been re-suspension of the analysed substance the highest concentration would have
appeared during spring flood. However, the second highest concentration level differed between
Zn/Cr on one hand and Pb/Cu on the other implying different pathways. According to the campaign
data, the increased precipitation caused enlarged both groundwater transport and surface runoff of
contaminants to rivers. There is thus a rather strong indication that rainier periods can bring more
contaminants to the urban river waters. This also suggests the main transportation routes of these
water contaminants during different climatological events and also the consequence on the future
concentrations and loads due to a wetter climate. Even if the result in this study cannot be used to
quantify the future loads of contaminants in the river system it can give an indication of the future
risk so that measures, particularly in areas with much contaminated soils, can be taken. It requires
more data and possibly complex modelling to actually quantify the contaminant transport but, at
this stage, it may be enough to know there is a risk. Hopefully, more studies will follow to investigate other areas/seasons and for more/other conditions.

6. Conclusions
Climate related measurements during the last decades show that there has been a large increase in
both precipitation and GWL but also the discharge in rivers of the Göta Älv basin since 1961, but
particularly during the last 20 years. The data presented in this study shows on a relation between a
short term increase in precipitation (wet period) and an increase in contaminant transport in the
rivers. Data also indicates that wet periods bring more particles and contaminants to the rivers
through increased runoff and shallow groundwater flows from the surroundings rather than from
erosion or re-suspension of river sediments caused by increased river flows. Elevated concentrations of contaminants in the rivers could thus be linked to higher groundwater levels that will mobilise contaminants from urban surfaces and soils rather than from re-suspension of river sediments.
Our results provide decision makers with increased knowledge for developing measures to improve
urban water quality in the river basin. This study therefore contributes importantly to actions that
may help avoid future climatological effects on contaminant dispersion in the river basin of Göta
Älv.
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