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Abstract 
Changes in Hydrologic Regime to Balance Human and Environmental Requirements: a 
Case Study in the Långan River Basin, Sweden 
Anton Smith 

Dams and reservoirs play an important role in the Swedish energy system, and a large number of rivers 
are today regulated. How to combine the ecological and economic interests in the regulation of these 
rivers is a growing concern for stakeholders and authorities. The aim of this study was to develop a 
conceptual environmentally- oriented dam release plan that combines economic and ecological needs 
for the Lower Långan Natura 2000 area as well as evaluating how the water stage of the reservoir Lake 
Landösjön would change with a more environmentally oriented flow regime. Three flow scenarios were 
established: (0) Current flow regime, (1) EU demand for good ecological status which requires changes 
in discharge dynamics, and (2) the environmental design flow. The Dundee hydrological regime 
assessment method (DHRAM) was used to evaluate the hydrological alterations for each of the three 
scenarios. Scenario 0 exhibited the largest alteration from natural flow and the results from the DHRAM 
analysis indicated on high risk of ecological impact in the river system. Scenario 1 met EU’s demand of 
good ecological status but the water stage in Lake Landösjön exceeded the maximum allowed legal 
limit. Scenario 2 comprised a flow regime encompassing both economic and ecological interests and is 
the most realistic scenario for improving ecology in the Lower Långan River. In conclusion in order to 
meet EU demand of good ecological status a change in upstream regulation is needed. 
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Populärvetenskaplig sammanfattning 
Förändringar i hydrologiska regim för att balansera mänskliga och miljömässiga krav: 
En fallstudie i Långans avrinningsområde, Sverige 
Anton Smith 

Vattenkraften spelar en viktig roll i det svenska energisystemet och i dagsläget är ett stor antal sjöar och 
vattendrag reglerade. Ett växande problem för aktörer inom vattenkraft och myndigheter är hur 
ekonomiska och ekologiska intressen skall kombineras för att åstadkomma en mer hållbar 
vattenanvändning. 
    Långans avrinningsområde ligger i nordvästra Jämtland och har en total yta på  2 287 km2. Inom 
avrinningsområdet återfinns fyra regleringsmagasin: Burvattnet, Stora Mjölkvattnet, Korsvattnet och 
Landösjön. I den sydöstra delen av avrinningsområdet ligger nedre Långans Natura 2000-område vilket 
har undantagits från vattenkraftsutbyggnad då det innehåller ett antal viktiga naturtyper. Ett centralt 
begrepp i Natura 2000 är gynnsam bevarandestatus vilket innebär att medlemsstaterna är skyldiga att 
gynnsam bevarandestatus bibehålls alternativt återställs till naturligt tillstånd. Då gynnsam 
bevarandestatus är kopplad till rådande hydrologiska förhållanden gäller miljökvalitetsnormen God 
ekologisk status. I dagsläget klassificeras nedre Långans Natura 2000-område med otillfredsställande 
ekologisk status. För att nedre Långans skall uppnå EUs krav på god ekologisk status krävs det att flödet 
anpassas till mer naturliga flödes förhållanden.   
    Syftet med denna studie var att utveckla miljöanpassade flöden enligt tre scenarier. Dessa scenarier 
med miljöanpassade flöden har konsekvensbeskrivits där huvudmålet har varit att förbättra den 
ekologiska statusen av nedre Långan samt utvärderat hur vattennivån i Landösjön påverkas om dessa 
flöden tas i bruk. Följande scenarier fastställdes:  (0) Nuvarande flödesregim, (1) EU: s efterfrågan på 
god ekologisk status vilket kräver att flödet efterliknar det naturliga oreglerade flödet, och (2) 
kompromissflödet, ett mellanting mellan scenario 0 och 1. Den hydrologiska avvikelsen av scenarierna 
bedömdes med hjälp av The Dundee Hydrological Regime Alteration Method  (DHRAM). DHRAM 
analysen består av en ett femgradigt system som mäter graden av mänsklig påverkan på naturliga 
flödesregimen relaterat till scenario 0-2. och är kompatibelt med EU:s ramdirektivet för vatten.  
    Resultatet från DHRAM-analysen uppvisade att Scenario 0 har den största förändringen jämtemot det 
naturliga flödet och vattendraget löper stor risk för ekologisk påverkan.  Scenario 1 uppfyllde EU: s krav 
på god ekologisk status, men med detta flöde översteg dämningsgränsen i Landösjön med 2m under 
april till juni. Scenario 2 är baseras på både ekonomiska och ekologiska intressen. 
    Utifrån de testade scenariona kunde följande slutsatser dras: (1) scenario 2 är det mest realistiska 
scenariot för att förbättra ekologin i nedre Långan, (2)  för att möta EU: s krav på god ekologisk status 
krävs en förändring av uppströms liggande regleringsmagasin.  

Nyckelord: Hydrologisk regime, Ekologiska flöden, DHRAM, Vattenresursförvaltning 
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1. Introduction
Water impoundments such as dams and reservoirs are significantly beneficial to mankind, 

providing flood control, stable water supply and electricity from hydropower. The main purpose 

of most impoundments is the ability to store water for future use, for example to better match 

water availability and power demand. However, impoundments also have a negative impact on 

river ecosystems, including flow modification, river fragmentation and altering ecosystem 

processes (Zoppini et al, 2010). During the last decades, the importance of the natural 

hydrological regime for river ecosystems have been widely acknowledged (Poff et al, 1997; 

Richter et al, 1996), and recent research shows a need for more flexible flows in regulated river 

systems in order to maintain ecosystem functions (Arthington et al, 2010; Poff & Zimmerman, 

2010). 

    The European Union (EU) has recognized the relevance of hydrological regime and has 

therefore implemented the water framework directive (WFD). The purpose of the WFD is to 

protect and prevent ecological degradation of European waters by setting up a number of 

objectives that the member states are bound to follow (European commission, 2016). The 

objectives require that all water bodies in the member states achieve good ecological status 

(GES). If the water body is physically altered by human activities, e.g. hydropower, which have 

changed its hydromorphological character, the water body can be classified as heavily modified 

(HMWB) where the WFD requires that the water body achieves good ecological potential 

(GEP). Biological data are primarily used for GES/GEP classification, but in cases were 

biological data are insufficient or absent, hydromorphological quality elements e.g flashiness 

and deviation in flow volume are used as basis for the classification. Water bodies downstream 

of an impoundment may fail to achieve GEP due to considerable alteration of the natural flow 

regime. In such cases, the flow regime of the impoundment would need to be altered to improve 

the ecological status of the water body 

    In order to protect important ecological functions and at the same time maintain human 

interests in the river system, the concept of environmental flow, i.e. the quantity and quality of 

water flow to sustain both human needs and aquatic ecosystems, was developed. Today there 

are several different types of modelling techniques to establish environmental flows. Tharme 

(2003) describes and classifies 200 different environmental flow methodologies into 4 groups: 

hydrological, habitat simulation, hydraulic rating and holistic methodologies; however, the 

hydrological methodologies are the most widely used and are based on analysing historical time 

series of data (observed or simulated) (Tharme, 2003). 
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    This report focused on the Långan River catchment in northern Sweden. Within the upper 

part of the catchment there are four large reservoirs for which the requirements of GEP applies. 

From the outlet of the largest reservoir (Landösjön) in the area, runs Lower Långan river where 

GES is required. This part of the river has been preserved from further expansion of hydropower 

and is protected due to its Natura 2000 status. Today, the Lower Långan together with 14 other 

rivers in the catchment are classified as having “Bad-unsatisfactory” ecological status/potential. 

As the amount of biological data is insufficient in the area, classifications are based on the 

hydromorphological quality element “Hydrological regime”. Previous classification is based 

on model data from SMHI’s S-HYPE (Sweden Hydrological Predictions for the Environment) 

model. However, the catchment is heavily regulated and large amounts of hydrological data 

exist that have not been used in the previous classification. The conservation plan for Lower 

Långan River states that in order for the river to obtain a favourable conservation (FSC) status 

and GES, a number of restoration measures are required. In addition to a stop of expansion of 

hydropower, a new environmental flow regime needs to be implemented  

. 
1.1 Aim of the study 
The objectives of this study were to 1) reclassify the hydrological regime of the Långan 

drainage basin based on new hydrological data, and 2) develop two environmental flow regimes 

based on EU’s demands for GES.  

1.1.1 Research questions 

The following questions will be considered in the report: 

- Is it possible to see a difference in the classification of hydrological regime depending 

on whether daily orhourly measured data or S-HYPE modelled data are used?   

- What type of discharge dynamics is required to achieve good hydrological regime according to 

current assessment criteria in the Lower Långan River? 

- How will the regulation of Lake Landösjön change if the new flow regime is 

established? 
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2. Background
2.1 EU directives 
The directives established by the European Union and which are of interest in this study are the 

water framework directive WFD (2000/60/EG) and the The Habitats Directive (2009/28/EG) 

as well as the Natura 2000. 

2.1.2 The Water Framework Directive 

The Water Framework Directive (WFD) intends to establish water protection and management 

plans for water resources across the 28 EU member states (European Commission, 2016).  The 

directive takes a holistic approach to water resource management, meaning that water resources 

are managed from a number of different perspectives. One of main objectives of WFD is that 

all member states should achieve good ecological status/potential in all of their surface water 

bodies. The management cycles to reach these goals are divided into six year-periods, with the 

first period ending in 2009 and the second period ending in 2015. If good ecological 

status/potential could not be achieved by 2015 due to technical or economic reasons, exceptions 

may be granted to extend the time frame to achieve these goals to 2021, or 2027 at the latest 

(SOER, 2015) 

    One of the main assessments for the achievement of good ecological status is based on the 

hydromorphological quality elements. These are defined as the physical characteristics of the 

water body such as the shape, boundaries and the content of the water body (European 

Commission, 2016). The WFD risk assessments showed that hydromorphological pressures are 

one of the most common risk factors of failing to achieve the WFD objectives (European 

Commission 2006). It has e.g. been shown that hydropower and flood protection measures have 

significant impacts on the hydromorphological changes to European water bodies (European 

Commission, 2006).  

2.1.3 The Habitat Directive 

The aim of the Habitat Directive (HD) is to ensure biodiversity and protect endangered habitats 

and species within the EU (European Commission, 2016). Member states are bound to ensure 

that natural habitats, animals and plants listed in the directive are protected (Annex II, IV, V). 

One of the key concepts in the Habitats Directive is the favorable conservation status (FCS). 

FCS seeks to achieve positive conditions for habitats and species in order for them to remain 

viable.  The negative effects of dam structures and hydropower plants on the flow regime of 
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rivers may affect the possibility to achieve the objectives of the HD. However, hydropower is 

considered a renewable source of energy and reductions of production may lead to negative 

environmental impact due to higher emissions of greenhouse gases from other, less 

environmentally friendly energy sources. 

2.1.4 Natura 2000 

Natura 2000 areas cover 18% of EU’s land area and are the largest coordinated network of 

protected areas in the World (European Commission 2017). The program was founded by the 

EU with the intention to protect threatened habitats and species listed under both the Habitat 

Directive (2009/28/EG) and the Birds Directive (79/409/EG). Member States choose the 

locations of the sites based on scientific criteria, but the selection procedure varies depending 

on which of the two nature directives the area intends to protect. For fresh water habitats such 

as in the case of Lower Långans Natura 2000 area the decision basis and data for the evaluation 

of conservation status is based on the WFD (von Wachenfeldt and Bjelke, 2017).      The 

territory which becomes designated a Natura 2000 site can be both privately- or state-owned, 

but the member states ensures that the area is managed in a sustainable manner, both ecological 

and economically (European Commission 2017).  

2.2 Hydrological regime  
The WFD aims at achieving a good ecological status/potential of rivers within the EU, while 

the main objective for the HB is to protect threatened habitats and species. In the case of threated 

habitats, these two goals coincide, as there should be nature-like structures and functions in 

order to obtained FCS in natural habitats (von Wachenfeldt and Bjelke, 2017). In such cases 

hydromorphological quality elements play a major role in the assessment of ecological 

status/potential of rivers (HVFMS, 2013). Part of the hydromorphological quality element is 

the hydrological regime. The hydrological regime for a river system varies depending on if the 

system has been altered due to dam regulations or if the system still is in its natural state. 

Consistent with this concept have various flow paradigms been developed, which will be 

explained below. 

2.2.1 The Natural flow regime paradigm  

Poff et al. (1997) describes the natural flow regime of a river as flow fluctuations over time due 

to geography (topography, geology, land cover) and annual and inter-annual changes in climate 

(precipitation and temperature). The natural flow paradigm can be explained by five properties 
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of flow: The magnitude of discharge (amount of water moving past a fixed location per unit 

time), frequency (refers to how often a flow is above a given magnitude), duration (the period 

of time associated with a specific flow condition), timing (refers to how often flows of certain 

magnitude occurs) and rate of change or flashiness (refers to how quickly flow changes from 

one magnitude to another). These five properties of the natural flow regime regulate ecosystem 

processes that occur within the river system (Poff, et al., 1997).  Human constructions such as 

hydropower plants and dams have a large impact on the hydrological regime of rivers, primarily 

through changes in timing, magnitude and frequency of the discharge (Graf., 2001; Magilligan 

& Nislow., 2005). One of the most common results presented in the literature show that river 

impoundments have an impact on flow variability, especially through reductions of high flow 

events and an increase in river baseflow (Poff et al., 1997; Magilligan & Nislow., 2005; Rolls 

et al., 2013). Hydrological alteration due to flow regulation strongly influences the physical 

part of the river systems, thereby altering and creating a new habitat dynamic which native biota 

may be poorly adapted to (Poff et al., 1997). For example, reduction of flow variability and the 

natural timing of high and low flows can significantly disrupt important stages in aquatic life 

cycles like fish spawning (Nesler et al., 1988) and egg hatching (Nasje et al., 1995). The 

hydrological conditions also play a major roll for geomorphological processes that shape river 

channels and floodplains, which helps maintain the function and diversity of aquatic habitats 

(Magilligan & Nislow., 2005). These changes are important to recognize and detect in order to 

protect and restore aquatic ecosystems in regulated river systems. The development of 

protection and restoration plans is thus an important step in the water management to help 

support aquatic ecosystems (Poff & Hart., 2002; Lajoie et al., 2007). However, restoration to 

more natural flow regimes in Sweden is a considerable challenge since hydropower is a crucial 

part in the Swedish energy system.   

 

2.2.2 The Designed flow paradigm  

If the river system has been modified such as in the case of hydropower plants or dams, the 

natural flow regime has often been significantly altered. However, the downstream environment 

can still be considered valuable.  In such cases it might be more appropriate with an 

environmental flow regime that meets both economic and environmental objectives. Instead of 

basing the environmental flow on the natural flow paradigm (Acreman et al., 2014), the idea of 

the designed flow paradigm is to define and quantify the different components of the 

hydrograph and build an environmental flow regime that supports both ecological and 

economic interests (Acreman et al., 2014). In order to maintain such a flow regime and to ensure 
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ecosystem health in the long term, a proactive sustainable river management is needed as well 

as a trade-off between the different water interest (e.g. environment and hydropower) (Acreman 

et al.,2014; Arthington et al., 2006). However, such a development has not been able to gain 

momentum due to conflicting interests, existing economic policies and inflexible infrastructure 

design (Poff et al., 2016).  

2.3 Hydropower  
Sweden has a long history of hydropower usage, which dates back to the 13th century where 

the potential energy of water was used to grind grains to flour. As the technology improved and 

with the invention of electricity, hydropower plants evolved into large scale electricity 

producers. Today 45% of the energy used in Sweden comes from hydropower and 

approximately 70% of this energy comes from the Lule, Ume, Ångerman and Indal rivers, 

located in the northern part of the country (Energimyndigheten, 2016).  

    In order for the electric grid to work properly, there must be a balance between production 

and consumption of electricity. The frequency of the power grid is a measure of this balance 

and should be at 50 Hz. If the energy consumption is higher than the production, the frequency 

decreases; if production is higher than consumption, the frequency increases. Today, 

hydropower is the main energy source that can contribute to balancing the power grid and 

thereby maintaining the frequency at 50 Hz (Energimyndigheten, 2016).  

    Reservoirs are used to regulate variance in stream runoff in particular for power production 

and flood management. The optimal river management strategy depends on the characteristics 

of the catchment area like topography, temperature and precipitation. Water is regulated on 

different time scales to meet the demands of the market. Figure 1 illustrates that runoff of a 

typical river in northern Sweden is highest during spring and summer when snow melts, and 

lowest during autumn and winter when precipitation is stored as snow. This natural river pattern 

is used in reservoir dams to shift water from periods with low energy demand to periods with 

high energy demand; this type of dam management is called annual discharge regulation. 

However, a growing energy demand from central Europe during summer months due to 

increasing usage of air-conditioning have led to higher summer discharge in some Swedish 

rivers. 
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Figure 1. Typical regulated and natural discharge from northern Swedish rivers (modified from 
Regleringsföretagen, 2017)  

The energy consumption differs among hours of the day and days of the week. This variation 

in consumption is also regulated through hydropower. Figure 2 shows energy consumption 

during a typical day; energy production from hydropower increases in the morning when people 

wake up and decreases during the evening when people go to bed; this is called daily discharge 

regulation.  

 
Figure 2. Energy production in Sweden during 2016/02/20 (modified from Svenska Kraftnät, 2017) 

Fluctuations in precipitation and runoff limit the water availability and therefore also the 

possibility to store water and produce power; large enough variations may lead to water spillage 

and revenue losses for stakeholders. As future energy demand is predicted to increase, the 

expansion of non-flexible renewable energy sources such as wind- and solar-power are also 
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expected to increase. Flexible energy sources such as hydropower will then play a bigger role 

in balancing power distribution (Energimyndigheten, 2016). 

 

2.4 The Dundee Hydrological Regime Assessment Method 
The Dundee Hydrological Regime Assessment Method (DHRAM) was developed by Black et 

al. (2000) for Scottish rivers but has been successfully applied in other countries. The method 

measures the degree of anthropogenic changes on the natural flow regime. It compares two sets 

of daily discharge time series represented by natural discharge (references value) and regulated 

flow at the same site. It is recommended to use 20 or more years of flow data as input to the 

model to avoid problems of unrepresentative sampling and minimize any differences in regime 

characteristic due to climate variability (Black et al 2005). The output of the DHRAM model 

can then be used in river basin management to adjust regulated discharge to more 

environmentally adapted flow.  

The DHRAM methodology is based on the Indicators of Hydrological Alteration (IHA) 

methodology developed by Richter et al. (1996). The IHA methodology divides the flow into 

five categories based on features of the natural flow regime that forms the foundation of the 

ecology in river systems (Richter et al., 1996; Poff et al., 1997). The DHRAM model evaluates 

the degree of hydrological alteration between natural and regulated discharge conditions by 

calculating 32 means (measures of central tendency) and 32 coefficients of variation (measures 

of dispersion) producing a total of 64 inter-annual statistics divided into five IHA groups (table 

1).   

 
Table 1.  IHA variables (Black et al 2000) 

IHA Groups Hydrological Parameters 
Group 1: Magnitude of monthly 
water conditions 

Mean value for each calendar month 
 

Group 2: Magnitude and duration of 
annual extremes 

Annual minimum flows for 1, 3, 7, 30 and 90 days;  
Annual maximum flows for 1, 3, 7, 30 and 90 days;  
Number of zero-flow days; 

Group 3: Timing of annual extremes Julian date of 1-day maximum flow; 
Julian date of 1-day minimum flow; 

Group 4: Frequency and duration of 
high and low flow pulses 

Number of high flow pulses;  
Number of low flow pulses;  
Duration of high flow pulses; 
Duration of low flow pulses; 

Group 5: Rate and frequency of 
change in conditions 

Rise rate; 
Fall rate; 
No-rises; 
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- Group 1 includes 12 parameters, which measures the mean discharge for each calendar 

month in order to describe normal daily conditions for each month respectively. Inter 

annual variations between months are measured with CV (Richter et al., 1996). 

- Group 2 consists of 11 parameters, which measures minimum and maximum flow 

conditions for different time intervals as well as the number of zero-flow days. 1-day 

min and max is measured by the highest or lowest single day period during the year, 

while the multi day values are calculated by the multi day average occurring under the 

year (Richter et al., 1996). 

- Group 3 includes two parameters that indicate the Julian day of maximum and minimum 

discharge conditions (Richter et al., 1996). 

- Group 4 includes 4 parameters, whereof two parameters measures the number of high 

and low flow pulses and two measures the duration of high and low flow pulses. High 

pulses are defined as discharge above the 75th percentile and low pulses are defined as 

discharge below the 25th percentile (Richter et al., 1996). 

- Group 5 consists of three parameters, where two measures increasing and decreasing 

rate of change in discharge between two consecutive days. The parameter No-rises 

measures the number of days where the discharge stays constant. (Richter et al., 1996).  

 
For each IHA group (1-5), the absolute values of the percentage change in the deviation factor 

of the mean (1a-5a) and coefficient of variation (1b-5b) between natural and regulated discharge 

are averaged, resulting in ten equal weighted IHA summary indicators. Threshold values have 

been defined for Scottish rivers by Black et al (2000) by analysing real impacts of hydrological 

alterations and model errors from simulating natural conditions for each of the ten summary 

indicators (table 2). The lower threshold determines the limit for anthropogenic interferences 

and do not cause any risk for the river ecosystem whereas the upper threshold determines the 

limit for severe impact on the river ecosystem. The sum of the points determines the total impact 

of hydrological alteration on the river ecosystem and is compatible with the WFD (table 3) 

(Black et al, 2005).    
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Table 2. Thresholds for hydrological alteration used to decide scores of impact (Black et al 2000). 
IHA summary indicator Lower 

Threshold (1 
point) 

Intermediate 
Threshold (2 point) 

Upper 
Threshold (3 

point) 
1a (Group 1) 19.9 43.7 67.5 
1b (Group 1) 29.4 97.6 165.7 
2a (Group 2) 42.9 88.2 133.4 
2b (Group 2) 84.5 122.7 160.8 
3a (Group 3) 7 21.2 35.5 
3b (Group 3) 33.4 50.3 67.3 
4a (Group 4) 36.4 65.1 93.8 
4b (Group 4) 30.5 76.1 121.6 
5a (Group 5) 46 82.7 119.4 
5b (Group 5) 49.1 79.9 110.6 

 
Table 3. Classification of hydrologic alterations (Black et al, 2000). 
Class    Point range  Risk of hydrological impact 
1   0 No Alteration (non-impacted condition) 
2   1 to 4 Low Risk of impact 
3   5 to 10 Moderate risk of impact 
4 11 to 20 High risk of impact 
5 21 to 30 Severely impacted conditions 

 
2.5 Site description 
The study area is the Långan River basin, which drains 2287 km2 of Jämtland in the 

northwestern part of Sweden (Figure 3). The river starts in the mountains of Offerdal county 

and flows southeast for approximately 113 km before it enters the Indal River. The mean annual 

precipitation ranges from 1500 mm in the mountain areas to 500 mm in the lower southern 

parts, and mean annual temperature ranges from 1 to 3 °C. The river has a long history of 

exploitation with the first impoundment built in 1942 (Blomqvist, 1970). Today there are five 

major impoundments (D1, D2, D3, D4 and D5) along the river where seasonal storage occurs. 

Two hydropower stations are located in the upper parts of the basin (K1 and K2), whereof K1 

is of major importance for the Swedish electrical power balancing contribution. The lower part 

of the basin, from D5 to the Indal River, is the Lower Långan River; this part of the river has 

been excluded from future hydropower expansion and is a popular fishing and recreation area. 

The river consists of several types of biotopes including different kinds of streams and braided 

parts. Lower Långan river is classified as a Natura 2000 area due to its freshwater habitat 

(Fennoscandian natural rivers) and it is considered important spawning and nursery grounds for 

Brown trout (Salmo trutta) and European Grayling (Thymallus thymallus) (Fuchs, 2014). Due 

to Lower Långan’s status as Natura 2000 area, the river needs to achieve good hydrological 
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regime in order to meet EUs demand of FCS and good ecological status (HVFMS, 2013).  The 

river outlet is in the Indal River where it feeds several hydropower plants downstream. Many 

of these hydropower plants are also of great importance for the Swedish electrical power 

balancing contribution.   

    The stakeholders in the area are bound to certain water rules, which are settled in court. These 

rules determine the water regulation of the dam. Table 4 summarizes some of the rules for dams 

and rivers in Lower Långan basin. 
 

Table 4. Water management rules for Långan river basin. 

Reservior UL LL Reservoir type Qmin  
(1/06 - 30/09) 
(m3/s) 

Qmin  
(1/10 - 31/05) 
(m3/s) 

D1 (Burvattnet)  564.94 559.04 Seasonal regulation 2.0 (L1) 0.7 (L1) 
D2 (Stora Mjölkvattnet) 554.38 542.98 Seasonal regulation 1.2 (L2) 1.2 (L2) 
D3 (Övre lilla Mjölkvattnet) 536.50 534.00 Short- term 

regulation 
1.0 (L3) 1.5 (L3) 

D4 (Korsvattnet) 745.21 738.61 Seasonal regulation 1.5 (O1) 0.6 (O1) 
K1 (Oldens kraftverk) 596.00 581.00 Short- term 

regulation 
1.0 (O2) 0.0 (O2) 

K2 (Rönnefors kraftverk) - - Energy plant 0.0 (L4) 0.0 (L4) 
D5 (Landösjön) 319.60 316.00 Seasonal regulation 15 (L5) 4.4 (L5) 

UL= Upper limit for which the reservoir dams Landösjöns water stage is not allowed to exceed; LL = 
Lower limit for which the reservoir dams water stage is not allowed to fall below. Qmin = minimum 
discharge allowed below dam.   
 

 
Figure 3. Location of study site (K=hydropower plan, D= dam) 
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3. Methods 
3.1 Data and data compilation 
Observed discharge and water stage at hourly and daily resolution under regulated conditions 

were obtained from three different stakeholders (Vattenregleringsföretagen, Statskraft, 

Jämtkraft) that operate in the region.  Daily time series of model data for natural and regulated 

flow conditions were downloaded from the Swedish Meteorological and Hydrological 

Institute’s (SMHI) database VattenWebb (SM, 2017). VattenWebb’s distributed model 

calculations are based on the S-HYPE model (Sverige-HYPE) which is a dynamic, conceptual 

water balance and water quality model developed by SMHI between the years 2005-2007 

(Lindström et al., 2010). Natural discharge for the Lower Långan river and water stage for Lake 

Landösjön was also obtained from the Vattenregleringsföretagen (VRF). VRF determines 

natural discharge and water stage based on stage-discharge relations during pre-dam conditions. 

    Meteorological data used in the water balance calculations were obtained from SMHI (table 

5). The closest active weather station is located approximately 20 km NE of Lake Landösjön at 

Föllinge (63°67'70"N 14°60'79"E). 

 
Table 5.  Hydrological and meteorological data used in the study with source and time period 
Data Source Time period  
Regulated Discharge VRF,Statskraf, Jämtkraft 1992 – 2016 
Model Regulated Discharge  VattenWebb (SMHI) 2007 – 2016 
Model Natural Discharge VattenWebb (SMHI) 2007 – 2016 
Modeled Natural Discharge  VRF 1992 – 2016 
Temperature data  SMHI 1995 – 2016 
Relative humidity  SMHI 1995 – 2016  
Wind speed (2m) SMHI 1995 – 2016 

 
3.2 Determination of Hydrological regime  
To determine the different criteria for hydrological regime for rivers and lakes the Swedish 

evaluation criteria developed by the Swedish Agency for Marine and Water Management 

(HVFMS, 2013) has been used. In this study only two out of four evaluation criteria for rivers 

could be evaluated due to lack of data to calculate specific stream power and the rate of change 

of water stage. The evaluation criteria were calculated for both daily and hourly discharge. 

Model discharge and water stage data were only availably on a daily time scale. In this chase 

the data was linearly interpolated according to equation (1) 

 
y = 𝑦𝑦1 + (𝑥𝑥 − 𝑥𝑥1) 𝑦𝑦2−𝑦𝑦1

𝑥𝑥2−𝑥𝑥1
           (1) 
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3.1.2 Rivers 

Volume deviation (VQ) for rivers was calculated with equation (2). VQ is described in HVMFS 

(2013) as the deviation (in percentage) between regulated discharge (QRi) and natural discharge 

(QNi ) at day/hour i.   

 
𝑉𝑉𝑄𝑄 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(|𝑄𝑄𝑄𝑄𝑖𝑖−𝑄𝑄𝑀𝑀𝑖𝑖)|

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑄𝑄𝑀𝑀𝑖𝑖)
× 100           (2) 

 

Flashiness (F) is described in HVMFS (2013) as the percentage deviation of flow between 

two adjacent days or hours, and was calculated with equation (3):  

 

𝐹𝐹 = �∑(𝑄𝑄𝑄𝑄𝑖𝑖−𝑄𝑄𝑄𝑄𝑖𝑖−1)
∑(𝑄𝑄𝑀𝑀𝑖𝑖−𝑄𝑄𝑀𝑀𝑖𝑖−1)

� × 100            (3) 
 
where QRi and QNi is regulated and natural discharge during the current day/hour, while QRi-1  

and QNi-1 is the regulated and natural discharge during the previous day/hour. Assessment of 

the hydrological regime for the various parameters is done according to the level of change 

that corresponds to the hydrological status (table 6). 
Table 6. Limits for class boundaries (HVMFS, 2013) 
Status Vq [%] F [%] 
High ≥ 5 ≥ 5 
Good 5 -15  5 -15  
Moderate 15-50 15-50 
Unsatisfactory 50-100 50-100 
Bad > 100 > 100 

 
3.3 Setting up flow scenarios 
Due to Lower Långan’s status as Natura 2000 area the degree of hydrological alteration was 

calculated for three types of dam regulation scenarios in order to meet EU’s demand of good 

hydrological regime.  

 

- Scenario 0 (current flow regime) is based on observed regulated data between the years 

1992-2016 and the goal is to understand the extent of the hydrological alteration in the 

Lower Långan.  

- Scenario 1 (EU flow) is based on the natural flow paradigm and the goal is that the 

Lower Långan River achieves the EU requirement for good ecological status.   

- Scenario 2 (Eco-Power flow) is based on the design flow paradigm and the goals are to 

improve the ecological status of Lower Långan and maintaining a relatively high 

regulation capacity of the Lake Landösjön in order to promote energy production.  
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The hydrological alteration for scenario 0 caused by the operation of the regulation dam, could 

directly be calculated by using the DHRAM methodology, providing detailed information about 

the degree of hydrological alteration for scenario 0 

 

3.3.1 Scenario 1 & 2 

Scenarios 1 and 2 were developed by using the methodology explained in figure 4. Due to the 

repetitive weather conditions occurring in northern Sweden each hydrological year the 

discharge could be split into four seasons: autumn, winter, spring and summer flow. Each box 

was further split into different weeks depending on independent key factors occurring during 

specific time periods that are important for aquatic life and energy production.  The key factors 

that were considered most important for the Lower Långan River were trout and grayling 

spawning, electricity production, a more natural spring flood and that minimum discharge not 

occurs during high aquatic productivity. These factors were decided by using existing 

hydrological and biological literature as well as in dialogue with the county board of Jämtland’s 

county. 

 

 
Figure 4. Method description of the procedure for the development of new flow regimes.  
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In order to create continuous flow series for scenario 1 and 2, 52 mean weekly flow criteria 

(table 1 in appendix 1) were determined with respect to volume deviation from the outlet of the 

reservoir dam in Lake Landösjön. These criteria were based on historical discharge data and in 

consultation with the county board of Jämtland’s county and VRF. The main purpose of the 

criteria was to mimic the variations of natural flow in order to improve the hydrological regime 

as well as benefit river ecology and maintain a relatively high reservoir regulation capacity to 

benefit energy production. Based on the flow criteria, 24 yearly flows were randomised and 

allowed to vary on a monthly basis for each year. The variance of the random values was 

generated around weekly mean values and followed a normal distribution model with the 

standard deviation found in appendix 1 table 2. The standard deviation values were based on 

yearly variation of natural and regulated discharge for Lower Långan river. To generate a daily 

flow series, the weekly values were interpolated using equation 1. 

    To evaluate the hydrological alteration between natural flow scenario 1 and 2 the DHRAM 

methodology was used. 32 values of mean alteration together with 32 CV values for each of 

the five IHA groups were calculated for each scenario. The degree of hydrological alteration 

was measured by calculating the deviation between the 64 values of natural flow and the 

scenario based flows using equation 4.  

 

𝐻𝐻𝐻𝐻𝑖𝑖 = �𝑄𝑄𝑅𝑅𝑖𝑖−𝑀𝑀𝑅𝑅𝑖𝑖
𝑀𝑀𝑅𝑅𝑖𝑖

�× 100           (4) 

 

HAi is the mean absolute change in hydrological alteration for each of the 64 parameter values. 

RDi and NDi   is the median regulated and natural value for each of the 64 parameters for the 

entire time period. The overall hydrological alteration for each of the five IHA groups was 

calculated by taking the overall average from all of the parameter values in that group. This 

generated a total of ten values (mean values, CV values), which was used to evaluate the degree 

of hydrological impact according to threshold values. The sum of the obtained scores for the 

ten values gave a final assessment that defined the total impact on the river system  

 

3.4 Water balance model 

The water balance describes the volumes of water entering, staying and leaving a lake system 

(Hendriks, 2010). In order to investigate the change in lake stage and how Lake Landösjön 

responds to the flow scenarios, a simple conceptual water balance model was implemented in 
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MATLAB in order to describe the essential hydrological features of lake Landösjön. The main 

equation (algorithm) in the model is based on the water balance of the lake:  

 
∆V = 𝑃𝑃 + 𝑄𝑄𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐸𝐸           (2) 

 

∆V = daily change in lake storage   (m3) 

P = daily precipitation over the lake   (m3) 

Qin  = daily lake inflow     (m3) 

Qout  = daily lake outflow     (m3)  

E   = daily lake evaporation    (m3)  

 

P and E are precipitation and evaporation to and from the lake water surface (A0). P was added 

to the lake water storage regardless of ice condition and the same applied for both snow and 

rain. The value of E was calculated with the bulk-transfer approach (equation 3) (Brutsaert, 

2005) and scaled up to areal evaporation for the entire lake. To obtain as correct evaporation 

values as possible a function that describes the lake area as a function of lake stage was used 

(equation 4). The change was defined as an increase/decrease in lake area with 0.2% for each 

mm increase in water stage. Lake stage were derived from storage reservoir tables for Lake 

Landösjön provided by VRF; an increase of 1 mm of water stage corresponded to an increase 

in lake area of 4.32·103 m3 ; By knowing this relationship, ∆V (which was known) could be 

converted to lake stage by assuming a linear relationship between lake area and water volume  

which where established from reservoir tables provided by VRF (equation 5).   

 
𝐸𝐸         = 𝐶𝐶𝑢𝑢2(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎) × 𝐻𝐻𝑤𝑤𝑠𝑠         (3) 
 
𝐻𝐻𝑤𝑤𝑠𝑠      = 𝐻𝐻0𝑒𝑒0.002ℎ           (4) 
 
ℎ          = 𝑘𝑘𝑘𝑘 + 𝑚𝑚           (5) 
 
E  = daily lake evaporation    (m3/day)  
u2 = wind speed at 2 m    (m/s) 
C = constant, obtained by calibration (0.122)  ((s3*m)/(100*day*kg))  
es = air saturated vapour pressure   (mb) 
ea = air vapour pressure     (mb)  
Aws  = lake area      (m2) 
A0        = lake area at the start of the simulation (m2) 
h = lake stage      (m a.s.l) 
k = slope (2×10-8)      (m a.s.l/m3) 
v = reservoir volume    (m3) 
m = constant (316.01)    (m a.s.l)   
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4 Results 
4.2 Hydrological regime classification 
For volume deviation no large differences between daily and hourly observed data could be 

identified (table 7). However, there were differences between observed and modelled data.  
Table 7. Classification of Volume deviation calculated for day, hour and model data  

Volume deviationa 
Name Day [%] Hour [%] Model data [%] 
(L1) Långan (Burvattnet – Stora Mjölkvattnet) 69    (U) 69   (U)  94   (U) 
(L2) Långan (Stora Mjölkvattnet – Övre lilla Mjölkvattet) 101 (B) 102 (B) 112 (B) 
(L3) Långan (Övre lilla Mjölkvattet – Nedre lilla Mjölkvattnet) 95   (U) 94   (U) 102 (B) 
(O1) Övre Oldån (Korsvattnet – Övre Oldsjön) 86   (U) - 86  (U) 
(O2) Övre Oldån (spillvatten från Övre oldsjön – Yttre 
oldsjön) 

100 (U) 100 (U) 71  (U) 

(L4) Långan (Rännögssjön – Landösjön) 62   (U) 68   (U) 59 (U) 
(L5) Långan (Nedströms Landösjön) 56   (U) 58   (U) 51 (U) 

aLetters within parentheses indicate ecological status; G =Good, M= moderate, U= Unsatisfactory, 
B=Bad (Table 6).  
 
Flashiness based on hourly data was higher for all water bodies compared to daily data (Table 

8). For the three Seasonal regulation reservoirs, L1, L2 and L5, a higher flow variation in hourly 

data was observed in comparison to daily data. By analysing the hydrographs of L1, L2 and L5, 

a small discharge change of 1-2 m3/s per hour could be observed (figure 5). These discharge 

variations were larger for L1 and L5 than for L2 which was also indicated by the flashiness 

index. For L3 and O2 where minimum flow requirements were applied, the difference between 

hourly and daily data was small (figure 6). The largest increase was observed at L4 with a 3315 

percent higher value. By examining the hydrograph of L4, it could be observed that flow varied 

more when looking at hourly resolution (Figure 7A1) compared to daily resolution (Figure 

7A2). It is also notable that the model data differed compared to observed daily and hourly data. 

 
Table 8. Classification of Flashiness calculated for day, hour and model data  

Flashinessa 
Name Day [%] Hour [%]  Model data [%] 
(L1) Långan (Burvattnet – Stora Mjölkvattnet) -62 (U) -10     (G) -34 (M) 
(L2) Långan (Stora Mjölkvattnet – Övre lilla Mjölkvattet) 8    (G) 554    (B) -66 (U) 
(L3) Långan (Övre lilla Mjölkvattet – Nedre lilla Mjölkvattnet) -89 (U) -81    (U) -41 (M) 
(O1) Övre Oldån (Korsvattnet – Övre Oldsjön) -64 (U) - -72 (U) 
(O2) Övre Oldån (spillvatten från Övre oldsjön – Yttre 
oldsjön) 

-99 (U) -98    (U) -28 (M) 

(L4) Långan (Rännögssjön – Landösjön) 447(B) 3762 (B) -23 (M) 
(L5) Långan (Nedströms Landösjön) 8    (G) 248   (B) -31 (M) 

aLetters within parentheses indicate ecological status; G =Good, M=moderate, U= Unsatisfactory, 
B=Bad. 
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Figure 5. Comparison between hourly (1; left) and daily (2; right) discharge values for A=L1, B=L2 and C=L5 
during the year 2009. Thicker lines indicate flashier periods. 
 
 

 
Figure 6. Comparison between hourly (1; left) and daily (2; right) discharge values for A=L3 and B=O2 during 
the year 2009. Thicker lines indicate on flashier periods. 

A1 
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C1 C2 

B2 
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Figure 7. Comparison between hourly (1; left) and daily (2; right) discharge values for A = L4 during the year 
2009. Thicker lines indicate flashier periods. 

 
4.2 Environmental flow 

4.2.1 Scenario 0 (Current flow regime) 

Median monthly discharge for Scenario 0 is higher for the months November to April and lower 

from May to August in comparison with the natural conditions in Lower Långan (figure 8). 

This pattern shows a reversed natural flow regime with elevated winter discharge, reduced 

spring flood and summer discharge due to the benefit of electricity production. The results from 

the DHRAM analysis are summarized below. 

 

 
Figure 8. Median natural discharge/Scenario 0 discharge. The dashed line represents the flow above the 75th 

percentile, while the dot-dashed line represents flow below the 25th percentile. 
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Group 1 (Magnitude of monthly water conditions) 
The monthly mean discharge for natural discharge was at its lowest during the months 

December, January, February and March (Table 9). The CV varied between 53-77% under this 

time period indicating that discharge variability between years was high (table 9, column 6). 

The variation was considerably lower for scenario 0 with a CV between 19-24% indicating 

stable discharge between years. In addition, no pronounced spring peak flow could be 

identified. The absolute difference in CV and mean values is largest for discharge in January, 

February, March and December (Table 9). 

 

Group 2 (Magnitude and duration of annual extremes) 

All multi-day medians of minimum discharge were considerably lower for natural discharge 

compared to scenario 0 (Table 9). CV values were higher for multi-day minimum discharge for 

natural discharge compared with scenario 0 indicating large variations among years under 

natural conditions, while flow was higher and more stable under Scenario 0. Multi-day 

maximum values were higher for natural discharge, while the CV generally was higher for 

Scenario 0 during multi day maximum discharge (Table 9). 

 

Group 3 (Timing of annual extremes) 

Under natural conditions, the average minimum flow occurred in April or March, with a CV of 

80% (Table 9), which indicates large variations between years. The average date for the 

maximum flow occurs 30 days later in the beginning of June with a CV of 8% (table 9). It is 

notable that this relationship was reversed with regard to scenario 0 where the maximum flow 

occurred before the minimum flow and where the variation between years was between 64-

54% (Table 9). Figure 9 confirms the large variance for the Julian day of minimum and 

maximum discharge for scenario 0.  
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Figure 9. Variance of day for min and max flow.   

Group 4 (Frequency and duration of high and low flow pulses) 

The median of the duration of low and high flow pulses was lower for scenario 0 compared to 

natural conditions, while the median of frequency of low and high flow pulses was lower for 

natural conditions compared to scenario 0 (Table 9). 

 

Group 5 (Rate and frequency of change in conditions) 

The median rise rate and fall rate between days was higher, and the number of days with 

constant flow was higher in scenario 0 compared to natural conditions (table 9).  

The mean number of days with constant flow was considerable higher for scenario 0 with 202 

days/year compared with natural conditions where the number of days with constant flow was 

24 days/year.   
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Table 9. DHRAM results from Natural flow compared with Scenario 0. 

Parameter  Scenario 0 Natural Difference 
Mean 

 
CV 
(%) 

Mean 
 

CV 
(%) 

Meana 

(%) 
CVb 
(%) 

Group 1  
(m3/s) 

January flow 38.6 19 11.6 59 233 67 
February flow 43.9 20 10.3 74 324 72 
March flow 42.7 20 7.9 76 437 73 
April flow 39.9 29 20.1 72 98 58 
May flow 44.9 36 111.0 23 59 57 
June flow 27.9 47 86.3 37 67 26 
July flow 26.2 57 43.0 42 39 32 
August flow 25.8 63 27.2 69 5 8 
September flow 26.4 42 24.8 52 6 19 
October flow 27.8 30 27.8 29 0.05 3 
November flow 31.3 27 24.0 36 30 23 
December flow 36.6 24 17.6 53 107 53 

Group 2 
(m3/s) 

1-day minimum flow 12.9 26 3.2 69 301 61 
1-day maximum flow 102.7 49 186.4 32 44 54 
3-day minimum flow 13.9 22 3.4 64 306 65 
3-day maximum flow 100.0 49 184.0 31 45 55 
7-day minimum flow 14.5 20 3.8 56 281 64 
7-day maximum flow 91.1 46 175.7 30 48 54 
30-day minimum flow 17.1 19 4.9 47 244 58 
30-day maximum flow 60.3 27 132.9 21 54 25 
90-day minimum flow 20.7 27 8.2 47 152 42 
90-day maximum flow 48.8 17 83.2 18 41 4 

Group 3 
(Julian day) 

Date of 1-day min flow 183.4 62 117.0 80 56 22 
Date of 1-day max flow 171.6 55 141.9 7 20 635 

Group 4 
1= day 

Frequency of high pulses 5.3 37 2.4 43 122 12 
Frequency of low pulses 3.8 41 3.4 53 14 22 
High flow pulse duration1  19.6 59 45.4 52 56 12 
Low flow pulse duration1  29.9 88 36.8 82 18 7 

Group 5 
(m3/s/d) 

Median rate increase   3.7 44 2.5 22 47 99 
Median rate decrease  -3.2 39 -1.7 21 85 82 
Days of constant flow  201.8 13 23.8 54 745 76 

aDifference in mean value between natural flow and scenario, 100·|(meanscenario - meannatural)/ 
meannatural|. 
b Difference in CV value between natural and scenario, 100·|(CVscenario - CVnatural)/ CVnatural|.  
 

4.2.2 Scenario 1 (EU flow) 

Mean monthly flow under scenario 1 exhibited the largest alteration from the natural state in 

January, February and March with an absolute change of 92-113% which corresponds to severe 

hydrological alteration. For the other months the mean absolute change varied between 6-30%, 

which indicated a flow resembling the natural discharge of the river. All multi and 1-day 

minimum flows in group 2 indicated severe hydrological alteration with an absolute change of 
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109-145%. The date of 1-day minimum and maximum discharge occurred close to the Julian 

date of natural flow with an absolute change of 6%. For parameters in group 4 and 5, the low 

pulse duration and frequency of low pulses experienced low to moderate hydrological alteration 

with an absolute change of 54-726%. The average hydrological alteration compared to natural 

flow for each group is presented in table 10.  

 
Table 10. DHRAM results from Natural flow compared with Scenario 1. 

Parameter  Scenario 1 Natural Difference 
Mean 

 
CV 
(%) 

Mean 
 

CV 
(%) 

Mean1 

(%) 
CV2 
(%) 

Group 1  
(m3/s) 

January flow 22.9 14 11.5 58 98 75 
February flow 22.0 10 10.3 74 112 85 
March flow 15.2 9 7.9 76 92 88 
April flow 16.5 16 20.1 72 17 76 
May flow 91.5 17 111.0 23 17 23 
June flow 60.2 7 86.3 37 30 80 
July flow 30.5 6 43.0 42 29 85 
August flow 21.1 9 27.2 69 22 86 
September flow 23.2 11 24.8 52 6 77 
October flow 25.2 10 27.8 29 9 64 
November flow 22.6 9 24.0 36 5 73 
December flow 20.8 16 17.6 53 18 69 

Group 2 
(m3/s) 

1-day minimum flow 7.7 22 3.2 69 140 67 
1-day maximum flow 127.8 15 186.4 32 31 52 
3-day minimum flow 8.4 17 3.4 64 145 72 
3-day maximum flow 123.7 15 184.0 31 32 52 
7-day minimum flow 9.0 16 3.8 56 138 71 
7-day maximum flow 118.0 15 175.7 30 32 48 
30-day minimum flow 11.4 15 4.9 47 130 67 
30-day maximum flow 96.9 15 132.9 21 27 28 
90-day minimum flow 17.2 7 8.2 47 109 85 
90-day maximum flow 62.2 9 83.3 18 25 50 

Group 3 
(Julian day) 

Date of 1-day min flow 124.4 55 117.1 80 6 31 
Date of 1-day max flow 139.0 4 141.9 7 2 34 

Group 4 
1= day 

Frequency of high pulses 3.2 39 2.4 43 35 8 
Frequency of low pulses 5.8 39 3.4 53 71 27 
High flow pulse duration1  33.0 46 45.4 52 27 10 
Low flow pulse duration1  17.1 37 36.8 82 53 54 

Group 5 
(m3/s/d) 

Median rise rate  1.7 20 2.5 22 3 5 
Median fall rate  -1.2 19 -1.7 21 27 9 
Days of constant flow  32.8 24 23.8 54 37 56 

 

aDifference in mean value between natural flow and scenario, 100·|(meanscenario - meannatural)/ 
meannatural|. 
b Difference in CV value between natural and scenario, 100·|(CVscenario - CVnatural)/ CVnatural|.   
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4.2.3 Scenario 2 (Eco-Power flow) 

Scenario 2 was based on an increase of discharge during the energy production season 

compared with the natural flow and Scenario 1 (Table 11). The mean monthly discharge from 

December to March changed with 68-200% which corresponded to severe hydrological 

alteration. For the other months the mean absolute change varied between 1-45% and the river 

exhibited no to moderate alteration. Similar to scenario 1, scenario 2 showed severe 

hydrological alteration for the 1-day and multi day minimum flow with an absolute change 

between 196 - 452%. The mean absolute change of multi day maximum values exhibited low 

hydrological alteration. Also in this scenario the date of 1-day minimum and maximum 

discharge occurred close to the Julian date of natural flow. In parameter groups 4 and 5, only 

the frequency of low pulses experienced severe hydrological alteration. The average 

hydrological alteration for each group is presented in table 11. 

 
Table 11. DHRAM results from Natural flow compared with Scenario 2. 

Parameter  Scenario 2 Natural Difference 
Mean 

 
CV 
(%) 

Mean 
 

CV 
(%) 

Mean1 

(%) 
CV2 
(%) 

Group 1  
(m3/s) 

January flow 30.4 8 11.5 58 162 84 
February flow 29.2 9 10.3 74 182 87 
March flow 23.7 5 7.9 76 199 93 
April flow 21.6 5 20.1 72 7 92 
May flow 60.7 8 111.1 23 45 65 
June flow 52.4 7 86.3 37 39 81 
July flow 25.7 4 43.1 42 40 88 
August flow 24.8 2 27.2 69 8 96 
September flow 24.6 2 24.8 52 0.5 95 
October flow 27.8 2 27.8 29 0.1 92 
November flow 27.8 7 24.0 36 15 78 
December flow 29.6 8 17.6 53 67 83 

Group 2 
(m3/s) 

1-day minimum flow 17.7 8 3.2 69 451 87 
1-day maximum flow 80.1 7 186.4 32 56 77 
3-day minimum flow 18.0 8 3.4 64 426 87 
3-day maximum flow 78.5 7 184.0 31 57 76 
7-day minimum flow 18.5 8 3.8 56 387 85 
7-day maximum flow 76.2 8 175.7 30 56 73 
30-day minimum flow 20.5 5 4.9 47 314 88 
30-day maximum flow 68.6 7 132.9 21 48 67 
90-day minimum flow 24.3 3 8.2 47 195 93 
90-day maximum flow 46.9 4 83.2 18 43 73 

Group 3 
(Julian day) 

Date of 1-day min flow 120.0 33 117.0 80 2 57 
Date of 1-day max flow 143.2 6 141.9 7 1 12 

Group 4 Frequency of high pulses 3.3 42 2.4 43 38 2 
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1= day Frequency of low pulses 6.8 29 3.4 53 100 45 
High flow pulse duration1  31.9 40 45.4 52 29 22 
Low flow pulse duration1  14.2 33 36.8 82 61 59 

Group 5 
(m3/s/d) 

Median rise rate  0.8 11 2.5 22 68 45 
Median fall rate  -0.7 17 -1.7 21 56 19 
Days of constant flow  29.9 24 23.8 54 25 55 

aDifference in mean value between natural flow and scenario, 100·|(meanscenario - meannatural)/ 
meannatural|. 
b Difference in CV value between natural and scenario, 100·|(CVscenario - CVnatural)/ CVnatural|.  
 
4.2.4 Scenario impact assessment 

Scenario 0 exhibited a reversed flow regime and all of the five groups showed low to severe 

hydrological alteration. The DHRAM analysis indicated a high risk of impact on river ecology 

with a total of 19 points (Table 12). Scenario 1 displayed increased discharge during the energy 

production season compared to the natural flow regime, and a more pronounced spring flood 

compared to scenario 0 (Figure 12).  The DHRAM analysis for scenario 1 indicated low risk of 

impact with a total of 4 points (Table 12). Scenario 2 was based on an increase of discharge 

during the energy production season compared with the natural flow and Scenario 1 (figure 12) 

but still not as high as for scenario 0. The overall hydrological alteration for scenario 2 was a 

moderate risk of impact with a total score of 10 (Table 12).  

 
 

 
Figure 10. Median discharge under natural conditions and the three flow scenario for Lower Långan river 
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Table 12. Degree of hydrological alteration and DHRAM classification for analyzed scenariosa.  
Parameter 
 
 

Scenario 0 Scenario 1 Scenario 2 
Scores for the different IHA classes 

Ab B A B A B 
Group 1 118  (S) 41   (L) 38   (L) 74 (L) 64   (M) 87 (L) 
Group 2 152 (M) 49   (N) 81   (L) 60 (N) 156 (M) 81 (N) 
Group 3 39   (S) 329 (S) 4     (N) 33 (N) 2     (N) 35 (L) 
Group 4 53   (L) 14   (N) 47   (L) 25 (N) 57   (L)  33 (L) 
Group 5 293 (S) 86   (M) 32   (N) 24 (N) 50   (L) 40 (N) 
Points 13  6 3 1 7 3 

Class 
19 

(High risk of impact) 
4 

(Low risk of impact) 
10 

(moderate risk of impact) 
aN= No hydrological alteration; L= Low hydrological alteration: M= Moderate hydrological alteration: 
S= Severe hydrological alteration. 
bA and B signify mean and CV respectively (compare Table 2). 
 

4.2.5 Model evaluation  

The data necessary to drive the model included meteorological data for air temperature, 

precipitation, relative humidity and wind speed. Discharge date for the lake inflows and 

outflows were also used. Calibration of parameter C were estimated manually by trial and error. 

The model was tested (validated) for the time period 2011-2016 and simulated daily water 

stage. The model predicted low water stage quite well but was unable to reproduce peak water 

stage during the summer season (figure 11). The model efficiency were tested with coefficient 

of determination (R2) and obtained a value of 0.90 which indicated reasonably well correlated 

plots of simulated versus observed water stage.  

 
Figure 11. Observed and Simulated daily water stage at the outlet of Lake Landösjön between the years 2011 to 
2016. 
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4.2.6 Water Stage 

 
As can be observed in figure 12, the water stage for Lake Landösjön was dependent on which 

discharge scenario was used. During natural flow conditions the median water stage varied 

between 318-319 m.a.s.l over the year. For scenario 0 the water stage was decreasing from 

November to mid-April and increasing rapidly during May. In this scenario the water stage 

varied between 316.5 to 319 m.a.s.l. Scenario 1 exhibited variance in water stage between 

316.3 and 321.5 over the year and Landösjön’s water stage was increasing from mid-August 

and reaches peak stage at mid-May. During this scenario the water stage of Lake Landösjön 

rose above the upper limit of allowed water stage. Scenario 2 showed a similar pattern but 

varied between 318 and 320.5 m.a.s.l over the year. The water stage of Lake Landösjön 

during this scenario also experienced water stage above the upper limit for allowed water 

stage.     

 

 
Figure 12. Landösjöns median water stage under natural flow and the three discharge scenarios for Lower 
Långan river 
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5. Discussion 
 
5.1 Hydrological regime classification 
The difference among hourly, daily and model data differed widely depending on which 

classification parameter (volume deviation or flashiness) that was being analysed. In the case 

of volume deviation, the difference between hourly and daily data was small since this 

parameter (index value) is used to capture the large variations in the water body. However, the 

difference between hourly and daily data on one hand, and modelled data on the other was 

larger. The reason for this was most likely the uncertainty of the S-HYPE model. The risk of 

classification errors by using daily discharge values is therefore probably small for volume 

deviation.  

    For the flashiness index the variations between hourly, daily and modelled data was larger. 

The largest variation in flashiness could be observed for L4, which was expected as short- term 

regulation is applied. In L2 and L5 the difference was large between hourly and daily data.  

These differences may possibly lead to incorrect assessments of the consequences that 

reservoirs and hydropower plants have on downstream aquatic ecology and may underestimate 

the hydromorphological effect that dams have on river ecology. An example of this is at L2 

where flashier periods exist between June and August in comparison with the rest of the year. 

During this period the aquatic productivity is high and the flow varies between 1 and 7 m3/s. 

Changes of 1-2 m3/s could therefore have a large impact on river ecology in comparison to L5 

which experienced similar flashiness variation but where flow was higher, and small variations 

in flashiness was less important. For L3 and O2 where minimum discharge of 1-2 m3/s occurred 

throughout the year, no difference between hourly and daily data could be observed.  S-HYPE 

modelled data tend to deviate from natural conditions both in terms of flashiness and volume 

deviation. 

 

5.2 New flow regime  
Since biological data were missing from the area, FCS was equated with hydrological regime. 

In such cases according to von Wachenfeldt and Bjelke (2017) the water body should 

“normally” achieve good status for volume deviation in order to achieve FCS. The current 

release regime (scenario 0) is mainly orientated to meet economic objectives without any 

consideration for the ecological need of the area. The DHRAM analysis showed that three out 

of five IHA groups indicated severe hydrological alteration and the overall risk of ecological 
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impact was thus high. Scenario 0 exhibited the largest alteration from natural flow for groups 

1, 3 and 5 where high winter discharge during the power production period as well as the 

absence of spring flood stands out in group 1. Earlier studies have shown that increasing winter 

discharge may lead to negative effects on growth rates for some aquatic species due to 

increasing swimming metabolic costs and increased shelter seeking behavior (Nislow and 

Armstrong, 2012). It could be observed that low discharge usually occurred during the aquatic 

productivity season while high flows occurred during winter which is opposite to natural flow. 

The Julian date (group 3) of minimum and maximum flow varied between years with a CV of 

635% for minimum flow and 22% for maximum flow indicating that the minimum flow can 

occur in all seasons through the year, while under natural conditions minimum flow is restricted 

to winter or early spring. This dramatic change in the timing of minimum and maximum flow 

can put unnecessary stress on the ecosystem and greatly diminish biodiversity in the river 

system (Magilligan & Nislow, 2005). By continuing to regulate the system with scenario 0, 

FCS will be impossible to achieve.  

    Scenario 1 is designed to achieve EU’s demand of good ecological status by achieving FCS 

as well as good hydrological regime in regards to volume deviation. The DHRAM analysis 

showed that all IHA groups indicated no to low hydrological alteration and the overall score of 

the DHRAM analasys was 4 (Low hydrological alteration), which corresponds to EU 

requirements for good hydrological regime. In order to maintain some regulatory capacity in 

favor for high energy demand during the power production period (November to March), higher 

discharge than during natural conditions was applied, but not as high as in scenario 0. To better 

resemble the natural flow paradigm a more pronounced spring flood and higher summer 

discharge could also be noted.  Scenario 2 comprised a flow regime encompassing both 

economic and ecological interests and exhibited no to moderate hydrological alteration for all 

five groups and scored 10 (moderate risk of impact) on the DHRAM analysis. Scenario 2 was 

similar to both scenario 0 and 1 with high winter discharge to maintain regulation capacity but 

also a distinct spring flood and high summer discharge in order to maintain ecosystem services. 

    If scenario 1 was to be implemented, the water stage in Lake Landösjön would rise from 

September to May and exceed the upper limit for permissible water stage during late April. 

However, upstream reservoirs and K1 was regulated as in scenario 0 resulting in more water 

entering than leaving Lake Landösjön. In early May, water stage dropped due to the more 

natural spring flood in Lower Långan, causing a sharp drop in water stage for Lake Landösjön. 

Similar patterns but not as extreme could be observed in scenario 2. 

    To adjust Lower Långan to a more natural flow regime without changing the regulation of 
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upstream reservoirs is today not possible. Since the water stage of Lake Landösjön would 

exceed the allowed upper limit of lake stage, higher water stage could affect people in the 

surrounding villages as many boat houses and other buildings are adapted to current maximum 

water stage. Negative consequences for lake ecology and reservoir safety may also be an issue. 

In order to reduce the impact on water stage in Lake Landösjön, changes in the regulation of 

upstream reservoirs and K1 is required. This is a clear conflict of aims between water 

management, species and habitats directive and hydropower production, which must be solved 

to achieve a more sustainable water regulation. 
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6. Future research    
Further modelling is needed where the entire river system is included to analyse the effect of a 

changed flow regime on power production and aquatic ecology. In addition, an investigation 

of ecological gains and economic losses with the implementation of a flow regime similar to 

scenario 2 would be useful in order to find dam regulation schemes that improve downstream 

river ecology while simultaneously allowing reasonable hydropower production. Further 

evaluation of important ecological and hydrological parameters specific for Lower Långan, 

which the flow need to be adapted for. 
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7. Conclusions  
Based on the study, the following conclusions were made; 

 

- In terms of flashiness, hourly data provided a more reliable assessment of the ecological 

impact, especially for short-term regulated systems and reservoirs where minimum flows occur 

during the summer season.  

 
- It is unrealistic to practically achieve good ecological status by only changing the water 

regulation from Lake Landösjön. In order to achieve good ecological status for the Lower 

Långan River, the regulation of the entire water system should be changed to a more natural 

hydrological regime, which would probably have far-reaching economic consequences. 

 

- Scenario 2 is the most realistic scenario for improving ecology in the Lower Långan River, 

but this also requires changes in the upstream water regulation 

 

- This thesis is another example that water regulation must be seen from a systems perspective 

such that the entire river basin has to be considered. 
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10. Appendix 1. 
 
Table 1. Weekly discharge values used to create 24 random flows for scenario 1 and 2. 

Week Scenario 1 Scenario 2 Key factors Flow 
Parameters Q (m3/s) Q (m3/s) 

1 22 28 High energy demand 
During this time of the year the demand of 
electricity is higher than for the rest of the 
year. Therefore, it is important to maintain 
some regulatory capacity in order to feed 
downstream hydropower plants.  The 
timeframe for "high energy demand" were 
determined in collaboration with VRF. 
However, in high latitude areas, winter is the 
period with naturally low discharge due to 
water is accumulated as snow and ice. High 
discharge during this season which often 
occurs in regulated river systems can increase 
swimming metabolic costs and an increased 
shelter seeking which can have negative 
effects on growth (Nilslow and Armstrong, 
2012).  

Flow magnitude 
  2 23 28 

3 25 29 
4 25 30 
5 25 31 
6 23 30 
7 22 28 
8 21 27 
9 21 26 
10 19 25 
11 14 23 
12 11 22 

13 11 21 
14 11 20 Grayling Spawning & Qmin 

Time of the year when spawning usually 
occurs. Important to not have to high flows in 
order to not over flood spawning grounds. 

Timing 
Flow magnitude 
Duration 

15 11 20 
16 10 21 
17 25 25 Qmin & Spring Flood. 

During natural conditions for lower långan 
river Qmin aswell as spring flood occurs 
during these weeks.   

Timing 
Flow magnitude 
Duration 

18 57 40 
19 90 65 
20 88 76 
21 88 76 
22 85 73 
23 70 65 High aquatic productivity & Spring Flood 

Certain magnitude and duration is needed in 
order for organisms to gain access to the 
floodplain 

Flow magnitude  
Duration 24 62 56 

25 52 45 
26 42 36 
27 37 31 High aquatic productivity 

To high or to low flows during this period 
have impact on survival and growth of young 
salmonids (Nilslow & Armstrong, 2012). For 
example, it has been showed that low summer 
discharge is correlated with low growth due to 
reduction in drifting of invertebrate pray as 
well as reduction of habitat areas (Nilslow et 
al. 2004). 

Flow magnitude 
28 32 25 
29 28 24 
30 24 23 
31 22 22 
32 22 22 
33 20 22 
34 21 23 
35 21 23 
36 20 22 Brown trout spawning 

Time of the year when spawning usually 
occurs. As brown trout eggs stay incubated in 
gravel nest until spring the fallowing year. It is 
important to high flow during spawning so 
that the eggs remain wetted throughout the 
incubation period. 

Flow magnitude 
Timing 
Duration  

37 20 21 
38 23 23 
39 23 23 

40 24 24 
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41 26 25 High energy demand  
During this time of the year the demand of 
electricity is higher than for the rest of the 
year. Therefore, it is important to maintain 
some regulatory capacity in order to feed 
downstream hydropower plants.  The 
timeframe for "high energy demand" were 
determined in collaboration with VRF. 

Flow magnitude 
42 27 27 
43 25 26 
44 26 26 
45 24 27 
46 22 26 

47 22 
25 

48 22 27 
49 22 27 
50 22 27 
51 22 27 
52 22 28 

Table 2. Monthly variations between which the flow was allowed to vary among years. 

Month Scenario 1 Scenario 2 
 % % 

Jan +/- 10 +/- 20 
Feb +/- 10 +/- 20 
Mar +/- 10 +/- 30 
Apr +/- 30 +/- 20 
May +/- 30 +/- 30 
Jun +/- 30 +/- 30 
Jul +/- 20 +/- 20 
Aug +/- 40 +/- 30 
Sep +/- 10 +/- 30 
Oct +/- 10 +/- 30 
Nov +/- 10 +/- 30 
Dec +/- 10 +/- 30 
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