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Abstract 
The atmospheric deposition of acidifying compounds over Sweden have decreased remarkably 

during the last 30 years. However, surface waters are still experiencing short term acidic 

episodes, caused by oxidation of sulphur in soil to sulphate (SO4
2-) during dry conditions. This 

study examines whether the dry summer of 2018 lead to drought induced acidic episodes in 

Swedish surface waters. The lake Gårdsjön in south west Sweden is the focus of the study, but 

Swedish environmental monitoring stations have also been examined for comparison. Water 

chemistry data and runoff volumes for the years 1980-2018 have been analysed to describe 

how drought induced acidic episodes can be detected and quantified. A drought induced acidic 

episode was defined to have taken place if the following three criteria were fulfilled during one 

occasion: (1) a pulse increase, “peak”, in SO4
2-, (2) a decrease in acid neutralising capacity and 

(3) one month of below average discharge rate before the SO4
2- peak. The study also examined 

how drought induced acidic episodes have changed in relation to the decreased deposition of 

sulphur compounds to the soil. The episodic peak concentrations in SO4
2- have not decreased 

at Gårdsjön, although the background concentration have declined. It indicates that the acidic 

episodes have not decreased in intensity and can still cause threat to the biology and quality of 

surface waters. Climate change is expected to increase the frequency of dry and warm weather 

events, which could cause an increase in drought induced acidic episodes in the future. The 

study shows that drought induced acidic episodes are still important for the chemistry of aquatic 

environments in Sweden despite three decades of recovery from acidification. 

  

Key words: drought induced episodic acidification, acidic episodes, sulphur deposition, 

acidification, drought, acid neutralising capacity 

  

  



 

 

Sammanfattning 
Den atmosfäriska depositionen av försurande ämnen över Sverige har minskat 

anmärkningsvärt de senaste 30 åren. Ytvatten drabbas dock fortfarande av kortvariga försurade 

episoder, orsakade av oxidering av svavel i marken till sulfat (SO4
2-) under torra förhållanden. 

Den här studien undersöker om den torra sommaren 2018 ledde till torkstyrda försurade 

episoder i svenska ytvatten.  Gårdsjön i sydvästra Sverige är i studiens fokus, men nationella 

miljöövervakningsdata har också undersökts. Vattenkemidata och vattenföring från åren 1980–

2018 har undersökts för att definiera hur en torkstyrd försurad episod kan upptäckas och 

kvantifieras. En torkstyrd försurad episod har inträffat om följande tre kriterier har uppfyllts 

vid ett och samma tillfälle: (1) en kraftig ökning, ”topp” av SO4
2-, (2) en minskning av vattnets 

förmåga att neutralisera syror, ”acid neutralising capacity” och (3) en månad av avrinning under 

det normala innan ökningen av SO4
2-. Studien undersöker också hur torkstyrda sura episoder 

har förändrats i frekvens och intensitet sedan depositionen minskat. Episodernas topp- SO4
2—

koncentrationer har inte minskat i Gårdsjön i relation till den minskade 

bakgrundskoncentrationen. Det tyder på att de sura episoderna inte har minskat i intensitet och 

fortfarande kan utgöra hot mot ytvattnens kvalitet. Klimatförändringarna förväntas leda till 

ökade temperaturer och ökad frekvens av värmeböljor i norra Europa och kan öka antalet 

torkstyrda episoder i framtiden. Studien visar att torkstyrda sura episoder fortfarande är viktiga 

för vattenkemin i Sverige trots tre decenniers återhämtning från försurning.  

 

Nyckelord:  torkstyrd försurad episod, sura episoder, svaveldeposition, försurning, torka 
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1. Introduction 

1.1 Atmospheric deposition of acidic compounds 

Acidification of surface waters is a well-known occurrence. It caught large attention during the 

latter part of the 20th century as it affected environments in Europe, North America and Asia 

(Driscoll et al, 2001). One important cause was the deposition of air pollutants from the 

combustion of fossil fuels (Finlayson-Pitts & Pitts, 1999). The air pollution contains acid-

forming compounds, including sulphur oxides (SOx) and nitrogen oxides (NOx) which are 

oxidised into sulfuric and nitric acids in the atmosphere. The acids are then transported to the 

ground through rain, snow or wind (Finlayson-Pitts & Pitts, 1999). The acidic deposition 

causes stress to terrestrial and aquatic environments and raised concerns for the ecosystems 

(Driscoll et al, 2001). 

  

The deposition of acidic compounds has decreased notably since the acidification issue was 

brought into attention. Svante Odén wrote about the issue in a news article in 1967 and 

discussed the problems’ transboundary nature, meaning that the deposition can originate from 

pollution emitted in geographically distant areas (Odén, S. 1967). It meant that international 

policies and regulations were needed to combat the issue. In the European Union, emissions of 

SOx have declined with almost 90 % the last 25 years due to policies and regulations regarding, 

for instance, the sulphur (S) content of fuels. Emissions of NOx have been reduced by 

approximately half during the same period, with the largest reduction in road transport. 

Ammonia (NH3) emissions have only decreased to a small extent and might be one of the more 

important acidifying gases emitted in Europe today (Eurostat, 2018). For Sweden, the yearly 

average deposition of sulphur and nitrogen have decreased with approximately 80 % and 30 % 

respectively during the last 30-40 years. The wet deposition of non-sea salt sulphate reached 

its maximum during the 1970’s and thereafter started to decrease. In the 1990’s, the deposition 

had returned to similar levels to that of the 1950’s. The largest deposition in Sweden occurred 

over the south and south west parts, and the least affected areas are in the north (Ferm et al., 

2019). Because of the greatly reduced emissions, sulphate has started to decline in Swedish 

surface waters. However, the recovery process can be slow and there are still acidified areas in 

Sweden currently (Borg & Sundbom, 2014; Naturvårdsverket 2019a).  
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There are both international and national environmental goals regarding acidification. 

Sweden's political goal “Natural Acidification Only” requires that deposition of acidic 

compounds does not lead to an exceedance of the critical load for acidification in soil or water, 

and that waters should achieve a good status without liming. Only a few of Swedish counties 

are reporting that they will achieve the acidification goal until 2020 and the prognosis is that 

Swedish waters will continue to be acidified in 10 years, considering the current recovery rate 

(Naturvårdsverket, 2019a). 

1.2 Water chemistry in freshwaters and soils 

The main causes of acidification in Sweden are the atmospheric deposition of acidic 

compounds and forestry activities where base cations are removed from the watershed through 

harvesting (Naturvårdsverket, 2019). Other factors affecting acidity in soil and water are soil 

type and the amount of organic matter and organic acids (Swedish University of Agricultural 

Sciences [SLU], 2011a; Erlandsson et al, 2008). 

  

Most atmospheric deposition enters terrestrial ecosystems before reaching freshwater systems. 

Terrestrial watersheds have processes in which acidic compounds can be neutralized. These 

processes are, for example, the dissolution of carbonate containing materials, cation exchange 

reactions or reactions with metal oxides. If these processes cannot function fast enough or are 

over exhausted, the pH, acid neutralising capacity (ANC) and alkalinity of the water will 

decrease (Dillon et al, 1984). ANC and alkalinity describe a waters capability of resisting acid 

inputs without changing pH, i.e. the waters’ buffering capacity. A higher ANC or alkalinity 

means a higher buffering capacity of the water (Gherini et al, 1985). ANC or alkalinity are the 

same until zero alkalinity is reached. Alkalinity is a measurement of concentration, and there 

are thus no negative values of alkalinity. ANC becomes of importance at this point, since a 

negative ANC can tell how much of the buffering base cations that are needed to reach zero 

alkalinity. ANC or alkalinity is often used to quantify the acid-base status of surface waters. 

ANC is defined as the difference between strong base cations and strong acid anions and is 

calculated according to equation (1). Alkalinity in natural systems is usually dominated by 

carbonate substances and equation (2) is a simplified equation to illustrate how it can be 

calculated. 
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(1) ANC=Σ [strong base cations] - [strong acid anions] (μEq./l) 

(2) Alkalinity= [HCO3-] + 2 [CO3
2-] + [OH-] - [H+] (μEq./l) 

 

The base cations in the ANC equation usually includes Na+, K+, Ca2+, NH4
+ and Mg2+, and the 

acid anions Cl-, SO4
2-, and NO3

-
 (Neal et al, 1999; Driscoll et al, 1993; Laudon & Bishop, 1999). 

Each concentration (μEq./l) in the ANC equation is multiplied with the charge of the 

constituent (Sullivan et al, 1989).  

 

The acid neutralising processes occur in the solution phase and changes in relation to the 

movement of the water from terrestrial to aquatic systems (Driscoll et al, 2001). When a 

solution of acidic anions washes through the soil, an ion exchange occurs where base cations 

are replaced with hydrogen ions, H+. The base cations are leached out with the runoff water. 

Thus, after inputs of strong acid anions such as sulphate, SO4
2-, pulse increases in base cations 

can occur in runoff water. Aluminium (Al) and other metal ions are mobilised in these 

processes. During episodes of low pH, surface water concentrations of Al and other metals 

increases and can have toxic effects to the living organisms in the affected environments 

(Alexander et al, 2017; Wellington et al, 2004; Krug et al, 1983). Increased Al concentrations 

in surface waters is for instance connected to fish mortality (Lydersen et al, 2002, Dillon et al, 

1984).  

 

The geology in the watershed is important for the ANC and alkalinity. Carbonate-rich bedrock 

can for example help neutralise acids more quickly whereas peat is important for sulphate 

reduction and can immobilize the deposited sulphur (Newton et al, 1987). Lime is sometimes 

added to acidified waters to increase alkalinity and pH (Lydersen et al, 2002). In Sweden, the 

liming of waters and wetlands started in the 1970’s. The motives of the liming are to protect 

acidification sensitive species, such as fishes (common roach, brown trout, salmon and more) 

and freshwater pearl mussel (Havs- och vattenmyndigheten [HVM], 2013).   

1.3 Episodic acidification 

Acidification of waters can be chronic or episodic. Chronically acidified waters are constantly 

experiencing lowered resistance to acids and maintain that state throughout the year. Aside 

from chronic acidification, short-term periods of acidic conditions are also observed in surface 

waters, i.e. episodic acidification. Waters that are susceptible to episodic acidification 
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experience changes in water chemistry on the short term, usually in relation to water discharge 

such as spring flooding or rain events (Driscoll et al, 2001). The episodes can be brief of only 

hours to a couple of weeks (Davies et al, 1992). Both chronically acidic and non-acidic waters 

can experience acidic episodes with biological impacts (Davies et al, 1992).  There is no general 

definition of what determines an episodic acidification. Generally, it is a change in water 

chemistry relative to the average. A commonly used identification is short-term decreases in 

ANC, where ANC <0 μEq./l (Davies et al, 1992; Driscoll et al, 2001; Spry & Weiner, 1991). 

Another method for defining episodes is using a decline in pH or the change in pH in relation 

to the episode (Erlandsson et al, 2010).  

 

There are several processes which can cause acidic episodes. The three main processes will be 

described in the following paragraphs. These are (1) spring flood and snow melt, (2) drought, 

and (3) sea salt. This study will mainly focus on drought induced episodes, since they are 

assumed to be of largest importance for the main study site, Gårdsjön. 

  

(1) Acidic episodes related to snow melting in spring 

Snow melting contributes to episodes due to the release of deposited SOx and NOx that have 

accumulated in the snow during the colder season. The sudden increase of acidic compounds 

in the melt water as well as dilution of base cations leads to declines in ANC and pH (Laudon 

& Bishop, 2002; Erlandsson et al, 2010). Usually there are changes in other water chemistry 

parameters as well during the acidic episodes. For instance, changes in anion concentration, 

dissolved organic carbon (DOC), base cations, Al concentration and more have been 

documented. Spring flood related acidic episodes have been seen to cause less impact in 

sensitive waters in northern Sweden over the years, probably as a response to the reduced 

deposition of acidic compounds (Laudon & Bishop, 2002). 

  

(2) Drought induced acidic episodes 

Another cause of acidic episodes is droughts. Droughts can lead to the oxidation and 

mineralisation of sulphur to SO4
2- in the soil when the water table drops and soil that has been 

saturated is exposed to oxygen. When a rain events occur after the drought, the SO4
2- is washed 

out into the surface water (Borg et al, 2006; Erlandsson et al, 2010; Laudon et al, 2004). The 

soil usually contains the largest pool of total sulphur in forest ecosystems, and the sulphur could 

be of both natural and anthropogenic origin. The most dominant form in soils is organic 

sulphur, bound to humus and peat (Eimers et al, 2004; Löfgren et al, 2001). Sulphur is 
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accumulated and retained through adsorption mechanisms in iron and aluminium rich soils 

(Johnson et al, 1982). Other anions and H+ may be accumulated in the soil during dry periods 

as well (Davies et al, 1992). The mechanisms behind the drought induced acidic episodes are 

increases in SO4
2- as well as other anions and a leaching of base cations and H+ from the soil. 

An increase in organic anions could occur as a result of flushing of organic material from 

organic rich soil. Al concentrations increases during the drought caused episodes as well 

(Wellington et al, 2004). Increases in SO4
2- are usually more pronounced in drought induced 

episodes than snow melt episodes and is usually the main driver for pH decline during episodes 

in Europe. NO-
3 is of more importance in snowmelt episodes (Davies et al, 1992; Wellington 

et al, 2004; Erlandsson et al, 2010). The effect of the oxidation of sulphur is found to be 

enhanced during acidic episodes in wetland abundant watersheds, which are important storage 

sites for sulphur (Eimers et al, 2007; Laudon et al, 2004). However, the same processes are also 

important in forested catchments, such as in this study’s site of focus, Gårdsjön (Löfgren et al, 

2001).  

  

(3) Sea salt related acidic episodes 

There are natural processes that causes acidic episodes in addition to the above-mentioned 

episodes caused mainly by the anthropogenic deposition of acidic compounds. High input of 

sea salt from precipitation can cause cation exchange in acid soils. The result is changes in 

runoff chemistry such as lowered alkalinity and pH, as well as increased Al. The sea salt related 

acidic episodes are more common in coastal areas (Wright et al, 1988). 

1.4 Swedish environmental monitoring programs for freshwaters 

To assess the state of natural environments, environmental monitoring programs are set up. 

The purpose of environmental monitoring is to give a description of the current state of the 

environment and to be able to give an early warning of any disturbances. It is a continual, 

systematic work of showing the current state and register environmental changes 

(Naturvårdsverket, 2019). Through the analysis of the collected time series of data, the results 

of previous measures can be assessed (Naturvårdsverket, 2019), such as the impact of the 

reduced deposition of acidifying compounds on waters and soils. There are both national and 

internationally coordinated environmental monitoring programs. In Sweden, the environmental 

monitoring is distributed among national, regional and local authorities, research institutes, 

universities and others (HVM, 2018). The environmental monitoring is important for politically 
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decided environmental goals (Naturvårdsverket, 2019). Some acidic waters are limed in 

Sweden and it is for instance important to assess the waters’ status to determine if and when 

liming is needed or not. 

  

The environmental monitoring for fresh waters in Sweden covers both lakes and water courses. 

The Swedish Agency for Marine and Water Management are responsible for the monitoring. 

Water chemistry parameters are monitored to describe the chemical status and monitor 

changes. The water chemistry is an important factor for the organisms living in the water and 

can also be used to describe the state of the soil in the watershed. The water chemistry 

monitoring makes it possible to assess the impact of air pollution and emissions as well as the 

impact of land use on the water systems (HVM 2016a; HVM, 2016b).  

  

The national fresh water monitoring in Sweden consists of several different programs. There 

are for example the IKEU (Integrerad kalkningseffektuppföljning) program which examines 

lakes and water courses that have been limed, trend stations for lakes and water courses and 

the international program Integrated Monitoring (IM). The trend stations are used as references 

for inventories or for assessment of changes in impacted areas. The programs and the 

monitoring stations have varied over time, where some waters have been added and some have 

been removed over the years. The purpose of the monitoring programs has also changed 

slightly, to a broader perspective rather than only focusing on for example, acidification-

sensitive lakes (SLU, 2017a; SLU, 2017b). IM is a program that aims to create time series to 

show processes in a restricted number of places. It is part of the Convention on Long-Range 

Transboundary Air Pollution (CLRTAP), which is an international convention to decrease air 

pollution. There are four IM stations in Sweden today. One of the stations is at Gårdsjön, which 

is the main study site for this project. The program researches the causes and effects of 

acidification on both an ecosystem level as well as within the parts of the ecosystem (SLU, 

2017c). 

1.5 Study areas - Gårdsjön and Sweden 

The lake Gårdsjön was used as an outset and focus site for this study, accompanied with 

national environmental monitoring data for the rest of Sweden. Gårdsjön is a well-documented 

site with plenty of data regarding water chemistry and acidification. 

  



7 

 

Gårdsjön is located about 10 km east of Stenungsund in Västra Götaland county, south west 

Sweden. The lake is oligotrophic and is about 32 hectares, surrounded by spruce forest and 

nutrient poor moraine soil. During the 1960’s the lake experienced extensive fish mortality due 

to the deposition of sulphur and the resulting acidification. The area has since approximately 

the 1970’s been subject to extensive research regarding air pollution acidification and the 

effects on water, flora and fauna (Stenungsund kommun, 2018; SLU, 2017d). The acidified 

environment in Gårdsjön is now slowly recovering and sulphate concentrations in the runoff 

water started to decrease notably in the 1990’s. Gårdsjön is since the year 1991 part of the IM 

research program (SLU, 2017d). The IM site in Gårdsjön is the 3,7-ha catchment area called 

“F1” in the map in Fig. 1. The F1 water chemistry data used in this study are sampled at least 

once a month. 

 

 
Figure 1. Overview of Gårdsjön and the different research areas. The IM area F1 is in the lower middle part of the 
area below the lake (marked by the author). (Figure from Gårdsjöstiftelsen, n.d.) 
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Drought conditions and low runoff is known to cause increased SO4
2- concentrations in waters 

(Borg et al, 2006; Erlandsson et al, 2010; Laudon et al, 2004). After the warm and dry summer 

of 2018, the results from the runoff water sampling at Gårdsjön showed a sudden and strong 

increase in SO4
2-. The SO4

2- concentration in August was almost 9 times as high as the last 

measured concentration, which was in June (748 μEq./l in August and 85 μEq./l in June). In 

July, the discharge dried out and did not allow sampling. The summer of 2018 was a notably 

warm and dry summer in the most parts of Sweden as well as other parts of northern Europe 

(SMHI, 2018a; Heffron, 2018). There were several cases of record high temperatures as well 

as record low precipitation in July and August (SMHI, 2018a; SMHI, 2018b). Groundwater 

levels were below normal, there were irrigation bans and wildfires raged in the country (MSB, 

2018a). The dry summer in combination with the sudden increase in SO4
2- concentration in 

runoff after the summer at Gårdsjön indicated that a drought induced acidic episode took place. 

This raises the question whether acidic episodes still might be a threat to surface water quality, 

in Gårdsjön and elsewhere in Sweden. 

1.6 Aim and research questions 

The aim of this study is to examine whether the dry summer of 2018 lead to a drought induced 

episodic acidification at Gårdsjön and if similar episodes occurred in other parts of Sweden. 

This study also investigates historical data from dry periods in the 1980’s and 1990’s to assess 

how drought induced acidic episodes have developed over the years. The following research 

questions are addressed: 

(1) Did the dry weather during the summer of 2018 lead to a drought induced acidic episode at 

Gårdsjön? 

(2) Was there similar drought induced acidic episodes in other parts of Sweden? 

(3) How have drought induced acidic episodes changed over time (1980-2018) in relation to 

the markedly decreased deposition of acidifying air pollutants in Sweden? 

1.7 Delimitations 

Gårdsjön was used as an outset for the study since it is a well-documented site with detailed 

data on water chemistry and on hydrology. The results from Gårdsjön was then tested on 

national watercourses and lakes which are part of a selected set of environmental monitoring 

programs. Since the increase in sulphate concentration at Gårdsjön took place in late summer, 
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after a long period of drought, focus was on drought induced episodes. This study thus excludes 

snow melt- and sea salt induced episodes.  

2. Methods 

2.1 Defining a drought induced acidic episode 

There is no current universal consensus of what defines a drought induced acidic episode, so a 

definition was made for this study to use. Data from Gårdsjön was used to develop the 

definition, which was then tested on national environmental monitoring data as well. The 

definition consisted of the following three criteria: increased SO4
2--concentration during the 

episode, a decrease in ANC compared to before the SO4
2- increase and low runoff (=drought) 

before the episode. A drought induced episode was assumed to have occurred if all three criteria 

were fulfilled in one occasion.  

  

Finding sulphate peaks 

Drought induced acidic episodes are often associated with an increase in SO4
2- (Davies et al, 

1992; Wellington et al, 2004; Erlandsson et al, 2010). Therefore, the first criterion required a 

sudden increase, “peak”, in SO4
2- concentration, similar to the drastic SO4

2- increase in 

Gårdsjön in August 2018. Pronounced peaks in SO4
2- were observed during many of the years 

between 1980-2018, so selecting the ones that differed particularly from the mean value was 

of interest to exclude natural variations. Ratios between an average concentration and the peak 

maximum value were determined. By exploring the data, it was decided that the maximum 

value should be two or more times larger than the average concentration for the same year 

(Ratio 1). This relative ratio gave useful results for Gårdsjön. However, the ratio gave fewer 

satisfying results for the national environmental monitoring data during the 1980’s and 1990’s, 

when the background concentrations of SO4
2- were higher. An absolute ratio that compares the 

maximum concentration with the average for the entire period of interest (1980-2018) was 

therefore included (Ratio 2). Through the two ratios, variations in absolute magnitude between 

sites is normalised.  
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Criterion 1- Sulphate peak 

Two ratios, Ratio 1 and Ratio 2, were used for the first criterion that required an increase in 

SO4
2-. The first ratio, Ratio 1, compares the maximum SO4

2--concentration during a peak and 

the mean concentration for the same year. The second ratio, Ratio 2, compares the maximum 

SO4
2- -concentration with the mean concentration for the entire period (1980-2018). Complete 

data for the entire period of 1980-2018 were missing for some stations in the national 

environmental monitoring data. In these cases, only the available years was used for Ratio 2. 

The criterion was fulfilled if at least one of the ratios was larger than 2. The following formulas 

were used for the SO4
2- criteria: 

 

Ratio 1) 

Max. value/Mean value (year of max. value) 

Ratio 2) 

Max. value/Mean value (all years 1980-2018) 

 

ANC 

The second criterion, regarding ANC, was included since it is a commonly used method for 

defining episodes and shows the decrease in the waters’ acid buffering capacity (e.g. Kahl, et 

al, 1992; Davies et al, 1999; Laudon et al, 2004). For chronically acid waters, ANC usually 

decreases to <0 during episodes. Some of the waters in the national environmental monitoring 

data is less acidic and generally have a high ANC that decreases during episodes but remains 

positive overall. The second criterion was therefore decided to consist of a decline in ANC 

rather than a value of <0. 

 

Criterion 2 - decrease in ANC (ΔANC<0) 

ANC was calculated from the collected data according to eq. 1 (see section 1.2). If there was a 

decrease in ANC since the last measuring point before the peak in SO4
2--, the second criterion 

for an episode was fulfilled. 

  

Identifying droughts 

The third and last criterion required that a period of drought had occurred before the episode. 

The drought would lead to oxidation of sulphur to SO4
2-- in the soil, which is then washed out 

with the first runoff water. It was therefore important that the drought occurred before the 

episode and not only that, for instance, the specific year had low precipitation. It is unclear how 
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long period of drought that is needed for a drought induced episode to occur. In this study, one 

month of below average runoff was set as a requirement to be sure to exclude “normal” summer 

dryness. The choice of what determines a drought was arbitrary, but necessary to exclude all 

possible non-drought induced episodes in the data. Runoff volume was used rather than 

precipitation since runoff integrates soil properties, climate and other factors that affects the 

water content of the soil and varies between sites (Grayson et al, 1997).  

 

Criterion 3 - Low runoff (drought) before the episode 

The drought was defined by comparing the runoff for one month (30 days) before the peak of 

SO4
2- that year with the average runoff during the same 30-day period for all years during 1980-

2018. The 30-day period was assumed to be especially dry and qualify as drought if the runoff 

was less than or equal to 50 % relative to the average. 

  

Summary: Criteria of a drought induced acidic episode 

All three of the criteria had to be fulfilled at one occasion for a drought induced acidic 

episode to have occurred: 

1) At least one of the two ratios (Ratio 1, Ratio 2) has the value of two or more. 

2)  There is a decrease in ANC from before the sulphate peak (ΔANC<0). ΔANC is 

calculated from the value when the SO4
2- peak takes place, subtracted by the 

preceding value. 

3)  The runoff during the month before the maximum SO4
2- value is less than 50 % 

relative to the average runoff for the same month during the period 1980-2018. 

2.4 Runoff and water chemistry data  

Gårdsjön 

The data from Gårdsjön was obtained from the IVL Swedish Environmental Research Institute 

and was sampled from the area F1, seen in Fig. 1. It included data on water chemistry 

parameters and data on runoff volume. The sampling was done monthly, with some exceptions 

where there was more, or less frequent measurements. The occasions without samples usually 

occurred during periods with low runoff, when the water flow was too low to allow sampling. 

Where there was more frequent sampling than once a month, the mean of the values was used 

for consistency. The runoff volume was measured continuously but was recalculated into daily 

data for this study. 
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National environmental monitoring data  

National environmental monitoring data on water chemistry parameters for Swedish water 

monitoring stations was downloaded from the open web service for environmental data from 

the Swedish University of Agricultural Sciences, SLU (SLU, 2019). Runoff volume was 

collected from the Swedish Meteorological and Hydrological Institute, SMHI, to connect 

changes in water chemistry to hydrological events. Measured data for the period 1980-1999 

was not available and was complemented with modelled data from SMHI’s S-Hype model. 

Similarly, to the Gårdsjön data, the water chemistry data from SLU mostly had a monthly 

sampling frequency with some exceptions. The runoff data consisted of daily values. 

  

Similar parameters as the Gårdsjön dataset were collected as far as possible. Only monitoring 

stations that were part of selected national environmental monitoring programs was chosen to 

collect data with high quality. These programs were: IM, IKEU, and trend stations for lakes 

and water courses part of general national environmental monitoring programs (see section 

1.4.). 

2.5 Geographical distribution of national data 

The national data originated from 321 different environmental 

monitoring stations. The data stations were merged into three 

geographical regions, as previously done by Fölster & Köhler (SLU, 

2011a). The three regions are in this study referred to as South west, 

South east and North. The regions are illustrated in Fig. 2. The 

division is based on the different regions’ level of acidification. The 

south west part is the most acidified and north is the least acidified. 

Swedish counties are used to define the boundaries. Of the total of 

321 stations that have been analysed in this study, 101 are in the 

north, 152 in south west and 68 in south east. Some of the 

watercourses and lakes have not been sampled throughout the entire 

period of 1980-2018, since stations have been added and deactivated 

over the years. These sites were included in the study despite this, 

since the episodes still could be found from the available data. 

  

Figure 2. The regional division of 
Sweden according to level of 
acidification, redesigned from SLU 
(2011a).  The blue represents the 
north, the yellow the south east 

and the green the south west. 
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The national data was processed in a similar manner to the Gårdsjön data, to explore whether 

an acidic episode had taken place or not. Only the years where acidic episodes were found at 

Gårdsjön were investigated. Originally, all years from 1980-2018 was planned to be analysed 

in the national dataset, but due to the study’s timeframe and insufficient data availability, the 

study design was changed.  

2.3 Statistics 

Relationships between dependent and independent variables were examined by regression 

analyses, performed in Microsoft Excel. 
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3. Results 

3.1 Gårdsjön and acidic episodes 

There were nine occasions at Gårdsjön where all three criteria for a drought induced episodic 

acidification were fulfilled. The data for these occasions is shown in Table 1. Only one of the 

two ratios was required to be larger than two for an episode to have occurred. Five of the nine 

episodes occurred during the 1980’s, but acidic episodes took place during the 1990’s and 

2010’s as well, including the summer of 2018. All the episodes occurred during summer time 

or early autumn, i.e. the months of July, August, September or October. The most common 

month was September. The episodes were following a dry period and most commonly occurred 

in connection to the first rain event after the drought. The runoff for the month September 

during the period 1980-2018 had a significant impact on the SO4
2- concentration in Gårdsjön 

(R2=0.13, p<0.05), as illustrated in Fig. 3. A higher SO4
2- mean for the month related to lower 

runoff. The number of days with zero runoff in a year had an impact on the SO4
2- concentration 

as well (Fig. 4). A higher annual mean SO4
2- was related to a high number of days with zero 

runoff (R2=0.20, p<0.05).  

 
Table 1. The nine years when Gårdsjön experienced drought induced acidic episodes and the data used to 
evaluate the criteria for acidic episodes. The ΔANC value was calculated from the ANC during the peak in SO4

2- 
subtracted by the preceding value. The relative pre-episode runoff was the calculated percentage of runoff that 
occurred one month (30 days) before the peak in SO4

2- relative to the average runoff during the same 30-day period 
for 1980-2018. Ratio 1 compares max. SO4

2- during the peak to the mean for each year and Ratio 2 compares the 
max to the mean of SO4

2- for the entire period of 1980-2018. 

Year 

Mean, annual 
[SO4

2-] 
(µEq./l) 

Mean [SO4
2-] 

(1980-2018) 
(µEq./l) 

Max. 
value 
[SO4

2-] 
(µEq./l) 

Ratio 1 
Max./(Mean 
Annual 
[SO4

2-] )  

Ratio 2 
Max./ (Mean 
[SO4

2-] 1980–
2018) 

ΔANC 
(µEq. /l) 

Relative pre-
episode runoff 

(%) 

1981 297 212 605 2.2 2.9 -85 5.7 
1982 384 212 805 2.4 3.8 -162 0.9 
1983 319 212 680 2.0 3.2 -81 28.7 
1988 149 212 418 1.7 2.0 -20 2.5 
1989 300 212 790 2.3 3.7 -107 0.0 
1994 302 212 605 2.1 2.9 -11 14.3 
2003 229 212 748 3.6 3.5 -44 0.1 
2008 149 212 856 6.6 4.0 -26 1.7 
2018 168 212 748 3.9 3.5 -120 9.5 
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Figure 3. September was the most common month for acidic episodes to occur in Gårdsjön. The SO4

2-- 
concentration in September during 1980-2018 was influenced by low runoff during the same month, shown in a 
regression analysis (R2=0.13, p<0.05). 

 
Figure 4. The annual mean SO4

2- is positively and significantly related to the number of days with zero runoff per 
year, shown in a regression analysis (R2=0.20, p<0.05).  

 

The episodes at Gårdsjön were mainly characterised by the increase in SO4
2- and a simultaneous 

decrease in ANC.  Base cations were increasing in concentration during the episodes, and a 

decline in pH was seen during the episode as well. The acidic episode that occurred during 

2018 and the relevant water chemistry parameters are shown in Fig.5. The figure demonstrates 

the general view of the year with the peak in SO4
2- in late August and the simultaneous changes 

in other water chemistry parameters. 
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Figure 5. The water chemistry at Gårdsjön during 2018. The maximum SO4

2- concentration and the acidic episode 
occurred in late August. There was no sampling possible during July due to low water flow.  

3.2 National patterns 

Acidic episodes were found in environmental monitoring data for Swedish fresh waters in eight 

of the nine years when episodes were identified at Gårdsjön. The data used for the criteria in 

the environmental monitoring stations’ drought induced acidic episodes can be found in 

Appendix I.  It was only during 1983 that no episode was found in the national data. A total of 

31 episodes were found. The distribution of the episodes over the years and their regional origin 

is illustrated in Fig. 6 and 7. The episodes were most common in south west Sweden (71 %) 

and 86 % of the episodes in the south west occurred during 2018 (Fig.7). Of the total number 

of episodes in Sweden, 45 % occurred during 2018. However, there was no episodes found 

during 2018 in the north stations. Most of the stations in the north failed on the first criteria – 

there was only a few occasions with peaks of SO4
2- that was more than two times larger than 

the mean. For the occasions where the first criterion was fulfilled, it was the second criteria, a 

decline in ANC, that was not fulfilled.  

 

All episodes except three occurred during summer or early autumn. The other three occurred 

in December, January and March. It was two stations that experienced more than one episode 

during the examined years. None of them experienced more than two episodes. Some examples 

of the episodes in the environmental monitoring stations are graphically illustrated in Appendix 

II. 
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Figure 6. Acidic episodes in Sweden during the nine years with episodes in Gårdsjön and their regional and 
temporal distribution. Each point represents one episode and its peak SO4

2- concentration. Episodes were found 
all years except 1983. Of the 31 identified episodes, 45 % occurred in 2018.   

 
Figure 7. The frequency distribution of acidic episodes in the three regions in Sweden during the nine years 
when episodes were found in Gårdsjön, as well as 2018 only. Most episodes occurred in south west and that is 
also were 86 % of all episodes during 2018 occurred. No episodes occurred in the north during 2018. 

3.3 1980-2018 trends in drought induced acidic episodes 

The mean SO4
2- concentration at Gårdsjön have decreased remarkably since 1980 (see Fig. 8). 

The yearly average SO4
2- concentration in the period of 1980-1999 was approximately 270 

μEq./l and had dropped to about 105 μEq./l in 2000-2018, a decrease of about 60 %. Drought 

induced acidic episodes are still occurring, even though the background concentration of SO4
2- 

has decreased. The peak concentration of SO4
2- during the episodes at Gårdsjön have not 

decreased in relation to the decline in the background concentration (Fig.8). Ratio 1 for 

Gårdsjön, which compares the peak SO4
2- to the mean SO4

2- of the same year, have increased 
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(Fig. 8 and 9). The ratio is increasing significantly over time (R2=0.55, p<0.05), with the largest 

value during the acidic episode in 2008 (Fig. 9). The difference is not as significant for absolute 

peaks, i.e. Ratio 2, which is comparing the SO4
2- peak with the mean for the entire period of 

1980-2018 (Fig.10). 

 

 
Figure 8. The nine drought induced acidic episodes that were found at Gårdsjön from 1980-2018. The figure shows 
the two ratios for each episode (Ratio 1: (peak SO4

2- /annual mean) and Ratio 2: (peak SO4
2- /mean for 1980-

2018)), marked red, as well as the mean for both the entire period, 1980-2018, (dashed line) and for each year 
(solid line).  

  
Figure 9. Ratio 1 show the relation between the peak SO4

2- concentration and the mean concentration the same 
year. Ratio 1 is increasing over time at Gårdsjön (R2=0.55, p<0.05), meaning that the magnitude of the peaks is 
constant as the background SO4

2- concentration decreases. 
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Figure 10. Ratio 2 show the relation between the peak SO4

2- concentration and the mean concentration for the 
period 1980-2018. There is no significant change over time in Ratio 2.  

 

In the national data, the episodes were the most abundant during last year, 2018, compared to 

the eight other examined years (Fig. 7). Ratio 1 is generally increasing nationally (R2=0.51, 

p<0.05), similar to Gårdsjön (Fig. 11), while Ratio 2 show no significant change over time 

(Fig. 12). The difference in ANC from during and before the episodes in Sweden is visualised 

in Fig. 13 and shows that more sites experienced larger decreases in ANC in 2018 compared 

to earlier years. Gårdsjön also experienced a large decrease in ANC 2018- it was the largest 

drop in ANC compared to all other years except 1982 (Table 1). 

 

 
Figure 11. Ratio 1 for the sites in the different regions in Sweden that experienced acidic episodes during the 

nine years with episodes at Gårdsjön. Ratio 1 is calculated from the peak SO4
2- concentration during the episode 

divided by the mean concentration the same year and is increasing over time (R2=0.51, p<0.05). 
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Figure 12. Ratio 2 is the peak SO4

2- concentration divided by the mean for the period 1980-2018 and show no 
significant change over time in Sweden.   

 

 
Figure 13. Difference in ANC from before and during the drought induced acidic episodes found in north, south 
west and south east Sweden. The figure is not showing one outlier value for South east Sweden with a dANC of -

1947 μEq./l. 
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4. Discussion 

4.1 Data compilation, decisions and defining an acidic episode 

Data from various sources had to be identified and compiled for the analyses in this study. The 

data was not always easily available and had to be recalculated and managed before further 

analysis was possible. It was a time-consuming process and led to limitations when it came to 

what analyses was possible to do and required several moments of compromising and decision 

making. The following section will discuss how the data compilation and decision making 

might have influenced the study and the results. 

  

Sampling frequency 

Generally, both Gårdsjön and the national environmental monitoring stations are sampled 

monthly. Considering that acidic episodes can be very short, in terms of days or even hours, it 

is most likely that the sampling frequency was not high enough to capture all changes. Episodes 

are unpredictable and therefore difficult to study (Davies et al, 1992). Frequent and regular 

environmental monitoring is necessary to capture all elements of the episodes, and most of all, 

to even find the episodes at all. The issue of sampling frequency has been assessed in a previous 

study, and the results showed, not surprisingly, that the annual mean chemistry was not very 

affected by the low frequency but that episodic variations could be missed (Brewin et al 1996). 

Acidic episodes often occur in relation to high water discharge and so the fluctuations in the 

parameters are not random. Longer sampling intervals might therefore lead to a skewed 

representation of acidity. However, this study shows that it is possible to find some acidic 

episodes despite a monthly sampling frequency. It is highly likely that the “peak” 

concentrations used in this study are not the actual maximum concentrations though, if the 

sampling was carried out before or after the actual peak. The sampling occasions and low 

sampling frequency might be a reason why the regression analyses that was performed gave 

low R2 values.  

 

Site variations 

Using Gårdsjön as an outset and focus site for the study was helpful in defining the study design 

and gaining a fundamental insight in the water chemistry of acidic episodes. It is nonetheless 

important to note that different water bodies and watersheds have different conditions and react 

differently to hydrological and chemical changes. The transition from the analysis of Gårdsjön 
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to the rest of Sweden was sometimes difficult due to this. One issue was for instance the 

variation in acidification level and ion concentration between the sites. The two ratios were a 

way of working around that issue, since they normalise for the large among-station variations 

in the absolute values. Another solution that could have been useful is to divide the national 

data sites according to the absolute magnitude of their acidification parameters.  

  

Data availability and data limitations 

Some waters were not sampled throughout the entire period, which could have had an impact 

on the calculation of Ratio 2. In the calculations of Ratio 2 for Gårdsjön, the monthly mean 

SO4
2- for the period 1980-2018 was used, but complete data for the same period was not 

available for several stations in the national monitoring data. In some cases, the stations had 

only been active for a few years during the period of interest. It most likely will have affected 

the outcome of the ratios if a station was only active during earlier years or later years since 

deposition patterns and SO4
2- concentrations have changed. In this study, these stations were 

included nonetheless. For future studies, the sites with lacking data could possibly be corrected 

for or removed from the dataset.  

 

Due to the difficulties in finding complete or adequate data as well as time limitations due to 

the study’s timeframe, a decision was made to only look for episodes in the national data for 

the same years when there was drought induced episodes at Gårdsjön. Deposition patterns and 

weather differ depending on location and will most likely lead to episodes taking place at 

different times in different locations and Swedish regions. Investigating the national 

environmental monitoring data for the entire period would therefore have been preferable and 

is recommended for future studies. 

  

What determines a drought and the importance of a relevant definition 

A relevant part of the definition of a drought induced episode is the actual drought severity. 

The initial literature study gave poor insight into what amount and type of drought that is 

required to cause S-oxidation in the soil. To do that analysis, data on ground water levels would 

have been required, which were not available for this study. It thus remains unclear whether 

days, weeks or longer periods of drought are required for a drought induced episode to take 

place.  
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A fundamental part of the study involved the process of deciding what a drought induced acidic 

episode is and how it could be defined from the available data. Acidic episodes have several 

effects on the water chemistry that could be used for the definition. The increase in SO4
2- and 

the decrease in pH and ANC are some examples. The definition of an acidic episode should be 

designed based on the purpose and aim of the study. Sampling frequency of the parameters 

could also have an impact on what definition that could be useful. This study’s focus was on 

drought induced episodes and the definition was formed thereafter. If the objective is to 

research other types of episodes or episodes in general, another definition should be used. It is 

important to research the processes and mechanisms surrounding the episodes to know how the 

water body reacts and how the episode can be identified.  

4.2 Question 1.  Did the dry weather during the summer of 2018 lead to a 

drought induced acidic episode in Gårdsjön?  

The acidic episode found at Gårdsjön in the end of August 2018 showed drastic changes in 

water chemistry and was used as a guide for the study. The water chemistry parameters in 2018 

gave an insight into what could characterise an acidic episode in Gårdsjön. The same changes 

in water chemistry could thus be explored in earlier years and be used for the development of 

the three criteria for the definition of an acidic episode. The characteristics of the episode in 

Gårdsjön 2018 included a remarkable increase in SO4
2- concentration, a pulse increase in base 

cations and declines in both pH and ANC (Fig. 5). The ANC sank to below zero and 2018 

would therefore have fulfilled the literatures’ general, and more strict, criteria for an acidic 

episode as well. 

  

The weather preceding the episode was very dry. The runoff was zero for about three weeks 

from July to August. Not until the middle of August was there enough water flow to be 

measured in the sampling. The long period of insignificant runoff may have led to further 

oxidation of sulphur in the soil, allowing a large release of accumulated SO4
2- when runoff 

increased again. It is well known that dry and warm weather, causing low water flows, lead to 

higher SO4
2- concentrations in draining water bodies (Clark et al, 2005; Eimers et al, 2004; 

Laudon et al, 2004). 
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4.3 Question 2. Was there similar drought induced acidic episodes in 

other parts of Sweden? 

Out of all the years when an episode occurred at Gårdsjön, 2018 was the one year where the 

most episodes also occurred in the rest of Sweden (Fig. 6). South west Sweden have historically 

been exposed to more deposition of acidic compounds, so it was expected to find higher 

concentrations of SO4
2- in this region. It was also expected that more stations in the south west 

experienced episodes during the same years as Gårdsjön since it is likely that the years that 

were dry in Gårdsjön also was dry in the rest of the region. Although generally higher SO4
2- 

concentrations compared to the other regions, far from all the monitored waters in the south 

west are chronically acidified. Several of the less acidified waters still experienced an acid 

episode though, according to the definition used in this study. 

  

The weather during the summer of 2018 seem to have had an out-of-the-ordinary impact on the 

water chemistry in Sweden (Fig. 7). This study might not give a straight answer to why that 

happened, but there are some possible explanations. Firstly, it was a notably dry and warm 

year, which are conditions that are known to stimulate the processes in which SO4
2- is formed 

in the soil (Eimers et al, 2004). However, very dry years have occurred in Sweden before (e.g. 

1983 and 1994, SMHI, 2018b), and although episodes were found at Gårdsjön during some of 

them, neither had such an impact on the national waters as 2018 did. This study has not 

researched how the weather differed amongst the selected years, all that is known about the 

weather is that the month preceding the episodes was drier than normal. What is known 

regarding 2018 however, is that the two preceding years 2016 and 2017 were slightly drier than 

normal as well (MSB, 2018b). A hypothesis is that the preceding dryness may have led to 

lowered soil water tables, that during 2018 would have become even drier, leading to further 

oxidation of soil sulphur, which could have pushed more waters to an acidic episode. 

Erlandsson et al (2010) found a pattern between SO4
2—concentrations and dryness in preceding 

years as well. In their study of acidic episodes in Swedish streams, SO4
2- caused acidic episodes 

mostly occurred during years where the preceding years were dry. This indicates that prolonged 

dryness may increase the likeliness of drought induced episodes to occur.  

 

No drought induced acidic episodes were found in the north part of Sweden during 2018 (Fig. 

7). The main reason was that there was a lack of SO4
2- peaks large enough to fulfil the first 

criterion. There are several hypothesises on why that result was obtained.  The first explanation 
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concerns the lower amounts of sulphur that have been deposited in northern Sweden (Ferm et 

al, 2019). The SO4
2- concentrations in the waters are generally lower compared to south 

Sweden. Furthermore, there are other studies of acidic episodes in north Sweden that indicates 

that other processes, regarding for instance base cation dilution or organic acids, might be more 

important during episodes than SO4
2- in this region (Borg & Sundbom, 2014; Laudon et al, 

2000). However, these studies did not specifically investigate drought induced episodes. 

Another reason could be that the summer of 2018 was not extremely dry in all parts of north 

Sweden. Although large parts of the north experienced less precipitation than normal, some 

regions in the north west and parts of the coastal area did not. The summer was warmer than 

normal in the north as well, but not warmer than just a few years earlier, such as 2014 (SMHI, 

2018a), which was not investigated in this study.  Dry and warm weather is favourable for 

SO4
2- -producing processes (Eimers et al, 2004) and 2018 might not have been dry and warm 

enough for acidic episodes to occur in north Sweden.  

4.4 Question 3. How have drought induced acidic episodes changed 

over time (1980-2018) in relation to the markedly decreased deposition 

of acidifying air pollutants in Sweden? 

The peaks in SO4
2- during acidic episodes are of similar magnitude now as in the 1980’s at 

Gårdsjön. The increase of Ratio 1 at Gårdsjön (Fig. 9) tells the story of how the episodes have 

progressed over time. Even if the background SO4
2--concentration has decreased, the peaks are 

not decreasing. No significant change over time was found for absolute values in Ratio 2 (Fig. 

10). The absence of change in Ratio 2 is expected since the SO4
2- peaks have not necessarily 

increased but are relatively stagnant over time. Thus, in comparison to the mean concentration 

for the entire period of interest (1980-2018), no notable change is seen.  

 

An explanation for the increase in Ratio 1 could be storage mechanisms of sulphur in the soils. 

Deposited sulphur from earlier years could be stored internally and be oxidised or mineralised 

later in time, causing SO4
2--concentrations that seem to be out of proportion to the decreased 

deposition (McHale et al, 2017; Eimers et al, 2004; Mitchell et al, 2011). Dry and warm weather 

enhances SO4
2- -producing processes, which is why the increases are especially notable in dry 

years (Eimers et al, 2004).  Soil sulphur storage and climate could be reasons why 2018 gave 

such a strong impact in Sweden compared to earlier years. 
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The peaks in the national data could not be assessed in the same way to evaluate the peak 

magnitude over time, since recurring episodes were only found in a few stations and several 

stations are lacking data for the complete period of 1980-2018. Nonetheless, Ratio 1 and 2 for 

all the peaks in the national data, illustrated in Fig. 11. and 12, tells an overall story of the peaks 

in Sweden. Like the results from Gårdsjön, Ratio 1 is increasing over the years while Ratio 2 

show no significant change. If each site’s episodes could be plotted over time like the episodes 

at Gårdsjön, it is possible that they would show a similar progression where background 

concentrations of SO4
2- have decreased, while the peaks stayed at the same level (Fig. 8). 

Similar absence of improvement regarding the SO4
2- pulses in relation to reduced deposition 

during drought induced acidic episodes have been observed in streams of Ontario, Canada. The 

prediction is that drought will cause large impacts on stream water ANC in Ontario in the future 

as well (Laudon et al, 2004).  

  

The national ΔANC data (Fig. 13) shows that the episodes during 2018 generally have a more 

negative change in ANC compared to earlier years. The increasing ΔANC indicates that the 

episodes might have different impacts on the water chemistry nowadays than during the 1980’s 

and 1990’s. It was suspected that the reason could be that only more acidified sites were 

experiencing the episodes in 2018, but that was not the case. One explanation could be that 

acid-buffering base cations in the water have decreased in relation to the decreased deposition 

of acidic compound to the soil. Base cations are released from the soil due to ion exchange with 

H+ in acid conditions. When the deposition of acidic compounds decreases, the base cation 

exchange decreases, leading to less base cations leaching out in the water (SLU, 2011a; SLU, 

2011b). This would in turn lead to a larger impact of an increased SO4
2- release on the ANC. 

The ΔANC at Gårdsjön also showed a more negative values in 2018, in comparison with the 

preceding six episodes (Table 1).  

 

The deposition of acidifying compounds over Sweden have decreased significantly since the 

1980’s, but acidic episodes have not become less frequent during this period. Moreover, the 

episodes occur in both less acidic and more acidic waters and can thus still be a threat to natural 

environments, even as acidified environments are starting to recover. There are studies showing 

that the negative effects of episodes still are important for the ecology and can affect the 
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abundance of for instance, invertebrate species (Kowalik et al, 2007). Important to note is that 

the acidic episodes can be overlooked if only average water chemistry data are evaluated.  

4.5 Climate change and episodic acidification 

Runoff was shown to have a significant effect on the SO4
2- concentration at Gårdsjön during 

September (Fig. 3), which is indicating that SO4
2- concentration is related to low runoff during 

summer. The R2-value was rather low (R2=0.13), but the relationship between drought (i.e. 

runoff) and SO4
2- in water bodies have been observed in other studies as well (e.g. Laudon et 

al, 2004; Eimers et al, 2002). There was also a significant relationship between number of days 

with zero runoff in a year and the annual SO4
2- concentration at Gårdsjön during 1980-2018 as 

well, although the R2 value was low (R2=0.20) (Fig. 4). Similar results on days without runoff 

and SO4
2- concentrations in surface waters was found in the study of Eimers et al (2004). It 

thus seems that there is a relationship between SO4
2- and dry weather.  

 

Climate change is expected to lead to increased temperatures and increased frequency of 

extreme weather events in northern Europe and could bring decreased precipitation during 

summers in south Sweden. Heatwaves have already been observed to increase in frequency 

since the 1950’s (Kovats et al, 2014). The processes in the soil, in which SO4
2- is released into 

the runoff water, are stimulated by warmer temperatures and dry weather which lowers soil 

water tables and allows oxidation and mineralisation of sulphur (Dillon et al, 2003). Climate 

change might therefore cause an increase in both intensity and frequency of peak SO4
2- 

concentrations. The recurring episodes could have an impact on the biological and chemical 

recovery of acidified terrestrial and aquatic environments (Eimers et al, 2002). Considering the 

severity of the drought induced acidic episodes that took place during 2018, the episodes have 

not become less frequent or less intensive as deposition declined in Sweden.  
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5. Conclusion 

The dry summer of 2018 in Sweden caused drought induced acidic episodes in both Gårdsjön 

and other Swedish lakes and watercourses. Out of the nine examined years with episodes at 

Gårdsjön, 2018 was the most common year for episodes to occur, especially in south west 

Sweden. The episodes are associated with pulse increases in sulphate and show no sign of 

becoming less intensive, even though the sulphate concentration in the water bodies generally 

have decreased remarkably since the 1980’s. Stored sulphur in the soil is oxidised in dry 

conditions and can be released in large amounts during subsequent rain events. The storage 

effect might be a reason why the pulse increases in sulphate during episodes are not decreasing 

in magnitude, even as the sulphur deposition have declined. The episodes are connected to 

drought conditions such as low runoff, features that due to climate change are expected to 

become more common in the future. It is possible that the acidic episodes are delaying the 

biological recovery of acidified environments. Drought induced acidic episodes might thus 

become even more important in the future with pending climate changes. 

  

The studies of acidic episodes are insufficient in some areas and further research is needed for 

knowledge about the biological and chemical impacts, as well as detection and definition of 

what constitutes an episode. Some suggestions for future studies regarding acidic episodes are 

the following: 

  

• How should the different types of acidic episodes be defined? The question is 

important for comparability between studies and sites and detection of episodes in 

environmental monitoring and research. 

• How have the episodes’ intensity changed over the years? This study’s main focus 

was Gårdsjön - future studies could examine waters nationally or in other regions to 

see if there are general patterns in how the episodes currently are affecting the biology 

and chemistry of the environments. 

• How much drought that is required for a drought induced acidic episode to take place 

should be investigated further. 
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APPENDIX I  
Table 1A. The water chemistry and runoff data for the drought induced acidic episodes in Swedish environmental 
monitoring data during the years when episodes were found at Gårdsjön. Episodes were found all years except 
1983. The pre-episode runoff is relative the station-specific average runoff for one month before the episode 
during the period 1980-2018. Data from SLU (2019). 

  

Station Region Year 

Mean 
annual 
[SO4

2-] 
(µEq./l) 

Mean [SO4
2-

] 1980-2018 
(µEq./l) 

Max. 
value 
[SO4

2-] 
(µEq./l 

Ratio 1 
Max./(Mean 

annual) 

Ratio 2 
Max./(Mean 
1980–2018) 

ΔANC 
(µEq./l) 

Relative 
pre-

episode 
runoff 

(%) 

  North         

Degervattnet   1988 167 66 169 1.0 2.5 -1 32.5 

Fyrsjön  1988 160 80 163 1.0 2.0 -3 33.3 

Stormyrbäcken   1989 42 27 68 1.6 2.5 -148 9.5 

Stormyrbäcken  1994 38 27 58 1.5 2.1 -156 2.3 
  South West        

Domneån Utl. Vättern 1982 306 191 420 1.4 2.2 -50 49.7 

Tolångaån Tolånga  1982 1286 612 1605 1.2 2.6 -12 24.7 

Fräcksjön   1988 324 152 419 1.3 2.8 -1 33.3 

Domneån Utl. Vättern  1989 269 191 449 1.7 2.3 -35 41.3 

Lommabäcken Nedre 1989 147 68 253 1.7 3.7 -38 31.8 

Pipbäcken Nedre  1989 179 94 284 1.6 3.0 -68 28.6 

Ringsmobäcken   1989 107 57 196 1.8 3.5 -51 25.9 

Kindla 6903  2003 141 72 169 1.2 2.3 -6 40.0 

Helgaboån   2008 107 113 223 2.1 2.0 -39 49.6 

Hjorsetån, Kåreslätt  2008 93 93 217 2.3 2.3 -11 21.4 

Aneboda IM   2018 310 162 1200 3.9 7.4 -171 42.1 

Blankan Ryerna  2018 111 84 310 2.8 3.7 -275 20.2 

Dammån   2018 116 110 230 2.0 2.1 -52 41.1 

Helgaboån  2018 161 113 350 2.2 3.1 -410 42.4 

Kindla 6901 (IM)   2018 82 83 180 2.2 2.2 -1 26.1 

Kindla 6903  2018 108 72 230 2.1 3.2 -66 28.1 

Kolarebäcken   2018 155 97 600 3.9 6.2 -164 26.3 

Mansån  2018 56 52 130 2.3 2.5 -25 17.7 

Skärån, Skäralid   2018 245 292 710 2.9 2.4 -160 14.8 

Strönhultsån G. Kvarn.  2018 251 207 460 1.8 2.2 -79 16.5 

Tolångaån Tolånga   2018 836 612 1200 1.4 2.0 -290 8.8 

Vingån, Vingäng  2018 33 24 92 2.8 3.8 -170 16.1 
  South East        

V. Dalälven Mockfjärd 1981 117 49 137 1.2 2.8 -46 46.9 

V. Dalälven Mockfjärd  1982 113 49 139 1.2 2.8 -2 44.3 

Sävjaån Ingvasta   1994 312 258 519 1.7 2.0 -29 42.6 

Laxbäcken  2018 51 50 100 2.0 2.0 -3 28.9 

Sävjaån Ingvasta   2018 416 258 1500 3.6 5.8 -1947 44.2 
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APPENDIX II 

 
Figure 1. The water chemistry of the water course Sävjaån, south east Sweden, during 2018. The 

acidic episode occurred in the middle of August. 

 

 
Figure 2. The water chemistry of the water course in Kindla, south west Sweden, for 2018. The acidic 

episode took place in late September. 
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Figure 3. The water chemistry of the watercourse Stormyrbäcken, north Sweden, in 1994. The acidic 

episode occurred in September. 

  

 
Figure 4. The water chemistry of the watercourse Pipbäcken, south west Sweden, during 1989. The 

acidic episode occurred in July. 

  

  

  

 


