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In this thesis the relationships between forest cover change, hydrological variability, and 

lake water turbidity in a boreal lake are examined by using remote sensing data. This study 

evaluates whether the selected indices are a reliable tool to complement turbidity sensor and 

laboratory measurements in a boreal environment. 

Six monitoring sites from Lake Pielinen, in Eastern Finland, were selected for more detailed 

analysis. Three sites were based on forest use declarations, and three on visual assessment 

of turbidity patterns. Vegetation and turbidity indices were derived from monthly composites 

of Sentinel-2 multispectral imagery. Turbidity and forest cover dynamics were analyzed over 

the 2018–2025 period, together with the precipitation effects on turbidity. The analysis 

evaluated the suitability of the Normalized Difference Vegetation Index (NDVI) as a proxy 

for canopy cover and examined the relationship between NDVI and the Normalized 

Difference Turbidity Index (NDTI). In addition, NDTI was evaluated for its ability to 

estimate the standardized Formazin Nephelometric Units (FNU). 

The results suggest that NDVI derived from Sentinel-2 imagery is not a fully reliable proxy 

for detecting canopy change in this context, as it appears to also react to understory greenness 

rather than to canopy structural variation alone. Although NDVI reflected some vegetation 

changes, the responses were not consistent. In addition, NDVI changes did not show a 

consistent relationship with NDTI, and no clear relationship was observed between NDTI 

and precipitation. These findings indicate limitations in using these indices to directly link 

forestry-related changes with water quality responses. Nevertheless, NDTI proved useful for 

identifying spatial turbidity patterns and relative turbidity dynamics within the lake system, 

demonstrating the potential of remote sensing methods for supporting lake monitoring. 
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Tämä diplomityö tarkastelee latvuston muutosten, hydrologisen vaihtelun ja järviveden 

sameuden välisiä yhteyksiä boreaalisessa järvessä satelliittikaukokartoituksen avulla. 

Tutkimus arvioi, ovatko valitut indeksit luotettava menetelmä kenttämittauksien 

täydentämiseen tässä kontekstissa. 

Tarkempaa analyysiä varten valittiin kuusi seurantapistettä Pieliseltä, joka on Itä-Suomessa 

sijaitseva järvi. Pisteistä kolme valittiin metsänkäyttöilmoituksien perusteella ja kolme 

sameuden visuaalisen analyysin perusteella. Kasvillisuus- ja sameusindeksit johdettiin 

Sentinel-2 satelliittikuvista luoduista kuukausikomposiiteista. Sameuden ja latvuston 

kehitystä sekä sateen vaikutusta sameuteen analysoitiin vuosina 2018–2025. Lisäksi 

tarkasteltiin Normalised Difference Vegetation Index -indeksin (NDVI) soveltuvuutta 

latvuston peitteen kuvaajana, NDVI:n ja sameutta kuvaavan Normalized Difference 

Turbidity Index -indeksin (NDTI) välistä yhteyttä sekä kuinka hyvin satelliittikuvista 

johdettu sameusindeksi vastaa vesinäytteenotossa käytettyä Formazin Nephelometric Unit 

(FNU) yksikköä. 

Tulokset viittaavat siihen, että Sentinel-2-aineistosta johdettu NDVI ei ole täysin luotettava 

latvuston muutoksien havaitsemiseen tässä kontekstissa, koska se reagoi myös 

aluskasvillisuuden vihreyteen eikä pelkästään latvuston rakenteellisiin muutoksiin. Vaikka 

NDVI reagoi metsänpeitteen muutoksiin jossain määrin, tulokset eivät olleet 

johdonmukaisia, eikä niillä myöskään havaittu johdonmukaista yhteyttä NDTI:hin. 

Myöskään NDTI:n ja sadannan välillä ei havaittu selkeää yhteyttä. Vaikka tulosten mukaan 

näiden indeksien käyttö metsänpeitteen muutoksien ja vedenlaadun arviointiin on rajallinen, 

NDTI osoittautui hyödylliseksi järviveden sameuden seurannassa, mikä osoittaa 

sateliittikaukokartoituksen potentiaalin perinteisen ympäristönseurannan tukena.  
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1  Introduction 

Human activities change soils, plants, and the shape of landscapes, which affects entire 

ecosystems. Land use changes have occurred for over 12 000 years, but they have intensified 

over the past century. The changes within a forested catchment are directly affecting the 

waterbodies within them by tying together the large- and fine-scale impacts the waterbodies 

experience. Currently, lake ecosystems face threats from climate change, pollution, and 

human activities, like hydrological alteration and nutrient load. Boreal regions are 

characterised by having a significant number of lakes, which vary from those bordered by 

peatlands to those bordered by forests. The water color in the lakes vary from clear to brown, 

while there are more subtle differences too, like pH. (Heino et al. 2022, 1–2.) The main 

industries affecting lake water quality in Finland are agriculture, forestry, and peat 

production. The most significant threats from forestry alone are solids load from the ditch 

network and nutrient load from drained peatlands. (Natural Resources Institute Finland 

n.d.a.)  

Finnish nature has been monitored for decades, and the primary goal of environmental 

monitoring is to provide long-term knowledge for decision making, ensure compliance with 

regulations, and achieve the national and international sustainability goals. (Finnish 

Environment Institute 2026; Ministry of the Environment 2022a, 7,9.) Coastal and inland 

waters are monitored through government-run monitoring. The traditional sample-based 

monitoring is complemented by newer technologies, like remote sensing, and citizen 

reporting (Finnish Environmental Administration 2025b). Finnish Environment Institute has 

several databases, where the monitoring data is also available for the public, like Tarkka for 

satellite-derived data and Hertta for data from environmental samples. In the Tarkka 

satellite-service the observations are available to be viewed by users and the data shows, for 

example, the turbidity conditions in a selected area at a selected time. Hertta allows users to 

search and use environmental data from the various government environmental monitoring 

sites, which are based on sensor and laboratory measurements. (Finnish Environment 

Institute 2026.) Finnish Environment Institute uses primarily open satellite data provided by 

the EU’s Copernicus programme and NASA for their satellite-based observations. They also 

actively develop remote sensing methods for estimating water quality variables in lakes, 

coastal areas, and the open sea. (Finnish Environment Institute 2025.) 
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Environmental monitoring in Finland has been strategically developed since the early 2000s, 

with the 2020s marked by an increasing emphasis on novel technologies. In 2022, a new 

national strategy was introduced to further modernize the monitoring practices. However, 

the use of modern tools for official environmental monitoring still requires changes in 

legislation. (Höijer 2025.) One of the main goals in the strategy is to systematically 

modernize the environmental monitoring and its methods while ensuring high quality and 

sufficient coverage. Although current monitoring relies on traditional approaches, which is 

important for maintaining long-term data series, it can hinder the adoption of more efficient 

methods and new technologies. This is why the updates of the current methods must be based 

on well-justified, transparent decisions and aligned with evolving legislation and 

international cooperation. (Ministry of the Environment 2022b, 14.) This highlights the need 

to evaluate the usability of the emerging monitoring approaches and how they can be 

integrated into existing framework ensuring continuity.  

1.1  Scope and Objectives 

The scope of this thesis is to evaluate the usability of the selected remote sensing indices for 

monitoring the influence of catchment forest cover change on boreal inland water systems 

using satellite-based remote sensing. The thesis is done as a case study of Lake Pielinen, a 

large boreal lake located in North Karelia region of Finland, between the years 2018–2025. 

The July–August satellite data from Sentinel-2 is used to derive Normalized Difference 

Vegetation Index (NDVI) and Normalized Difference Turbidity Index (NDTI) indices used 

in the analysis. The satellite data is supported by hydrological data from Finnish 

Meteorological institute, surface water temperature data from Järvi-meriwiki, forest use 

declaration data from Finnish Forest Centre and turbidity data from SYKE Hertta open 

environmental information system. The turbidity development is analyzed alongside 

changes in forest cover and hydrological conditions in six chosen monitoring sites. Three of 

these sites are chosen based on the forest use declarations and further three based on areas 

of high turbidity from the monthly composites. A lake-specific NDTI–turbidity (FNU) 

relationship is analyzed by combining the field turbidity data from selected SYKE 

monitoring sites with corresponding NDTI values derived from the satellite images. 
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The primary objectives of this thesis can be defined as follows: 

i. To assess the interannual changes in summer forest cover (NDVI) and turbidity 

(NDTI) from 2018–2025 and assess their statistical relationship.  

ii. To determine if detectable forest cover change corresponds with observed 

turbidity changes and evaluate the applicability of this workflow for long-term 

boreal water quality monitoring.  

iii. To assess and validate the lake-specific relationship between NDTI and turbidity 

(FNU) for lake Pielinen using annual July and August Sentinel-2 composites and 

turbidity (FNU) monitoring data.  

1.2  Outline 

This master’s thesis consists of a literature review part and an experimental part. The first 

chapter introduces the topic and describes the scope and objectives of this thesis. The 

literature review is in two parts. The first part (Chapters 2 and 3) focuses on forest-water 

dynamics, forestry context, and monitoring practices. The second part (Chapter 4) discusses 

the use of remote sensing in environmental monitoring. The literature review seeks to 

formulate a theoretical context for the research and identify key topics and trends related to 

the thesis and to discuss the general issues that affect the state of nature and natural 

waterbodies and how they are currently being addressed.  

The experimental part starts from Chapter 5 and describes the study area and data sources, 

how the data collection and processing were done, how the needed values were obtained, 

and how the validation and statistical analyzes were done. Chapters 6 and 7 discuss the 

obtained results with practical implications and summarize the conclusions from this study. 
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LITERATURE REVIEW 

The Literature review is divided into two parts. The first part, Chapters 2 and 3, focuses on 

forest-water dynamics and what creates the hydrological variability in the forested 

catchments, as well as how the current forest management and climate change affects the 

water quality in boreal lakes. The second part, Chapter 4, discusses the use of remote sensing 

in environmental monitoring with the focus on satellite-based remote sensing and the use of 

Google Earth Engine. These chapters create the theoretical background to the experimental 

part.  

 

2  Forest-Water Dynamics 

Forested watersheds make up about 75% of the world’s accessible freshwater supply, which 

supports more than half of the world’s population. This makes sustainable forest 

management critical for effective water resources management. Worldwide, increasing 

demand for food and consumer products has driven extensive land-cover and land use 

changes, leading to significant changes in the hydrological processes within freshwater 

systems, which is posing a risk to ecosystem functions and freshwater resources. Forests 

influence hydrology across all landscapes by regulating water use and providing 

provisioning services and various other ecosystem services. They are also important 

components of the global water cycle. Terrestrial ecosystems are important to the land-

water-energy balances, as approximately 65% of precipitation is stored within soils or 

returned to the atmosphere through evapotranspiration, while 95% of soil water is stored 

within or above groundwater systems. (Springgay 2019, 3–4.) Figure 1 describes the 

schematic global water cycle and its main components.  
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About 14.4% of Earth’s total land area is boreal forest and, generally, they are largely 

unmanaged landscapes since overall human disturbances and population densities in these 

areas are low. However, they are facing the effects of rapid warming, which causes 

disturbances and degradation, and some forests have become homogenised over the long 

period of time that they have been under forest management practices, which is negatively 

affecting the ecosystem functions. (Weng et al. 2024, 2.) The water dynamics in boreal 

catchments involve complex interactions between hydrology, biogeochemistry and land use. 

The forest-water dynamics are characterised by strong seasonality driven by precipitation, 

snowmelt and surface flow. (Wei et al. 2022, 2.) Boreal forests are known to be significant 

carbon (C) sinks, but the C storage is at risk due to extreme climate events and unsustainable 

forest management practices (Wu et al. 2024, 2). Forest C is linked to many aspects of water 

chemistry and water quality of boreal lakes, including the increase of brownification, which 

is caused by the dissolved organic matter (DOM) being carried to the watersheds by surface 

runoff (Härkönen & Lepistö, 2024).  

Climate change-driven increase in precipitation and land use change-driven increase in 

runoff mean that nutrients, added to the forests to boost growth, together with solids and 

other organic material, are washing at a higher rate into the waterbodies. Meanwhile, the 

more frequent flooding erodes shorelines transporting large volumes of sediment into rivers 

and lakes. This means that the chemistry and hydrology in the waterbodies, like the increase 

Figure 1 Schematic figure of the global water cycle, adapted from Siegert 2016. 
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in water eutrophication and turbidity, are changing and are going to change at a more rapid 

rate. (Speich, Zappa & Lischke 2018, 213–214.) The increase in atmospheric carbon dioxide 

(CO2) from anthropogenic activities is expected to lead to positive effects on forest growth, 

which, at least in theory, would mean positive effects on C sequestration and other ecosystem 

services. However, the forests will also have to adapt to relatively quick changes in climate 

variables like storms, floods, and prolonged droughts which not only affect the forest itself, 

but the forest-water dynamics. (Lindner 2010, 14.)    

2.1  Key Processes and Mechanisms of Boreal Lakes 

Boreal lakes are typically dimictic, experiencing two turnover periods, spring and autumn, 

and intense stratification during summer. Thermal stratification refers to the natural layering 

of water into distinct thermal zones. This can be harmful, since it can lead to anoxic 

conditions at the lakebed, but it is also the driver of the seasonal mixing of the lake water. 

Several factors determine the thermal structure and vertical temperature distribution of a 

lake, like its geographical position and depth and it is controlled by external factors, like 

algal blooms and turbidity. The stability of the thermal stratification affects the chemical 

properties of water and the exchange of chemical elements between the water and sediment. 

(Yang et al. 2018, 219–220.) In dimictic lakes, where the top-to-bottom mixing happens 

twice a year, solar radiation heats the water surface, epilimnion, during summer, causing it 

to become less dense. Because of the density difference epilimnion does not mix with denser 

bottom water, hypolimnion. This creates a sharp temperature gradient called thermocline. 

During autumn months, when the surface water cools and becomes denser again, the water 

column starts to mix, bringing more nutrients and dissolved oxygen (DO) to deeper water. 

This is crucial to the lake’s biology and chemistry. The upper water layers, epilimnion and 

thermocline, are also experiencing diurnal mixing. (Swanner et al. 2024, 187–190.)  

Lakes are an important part of the global element cycles, transferring large amounts of 

elements like C and energy from the biosphere to the geosphere and the atmosphere. In the 

natural C cycle, C originating from photosynthetic activity and decomposition, leaches into 

surface waters and is processed in the water column and sediments before being released to 

the atmosphere or buried into the geosphere. This makes boreal lakes active components of 

the C cycle, acting both as a sink and a source of C. (Clayer et al. 2021, 1–2.) Boreal lakes 
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receive high inputs of humic matter, mainly from forestry and related activities like peatland 

ditching, which enhance heterotrophic metabolism and C processing within them but also 

cause issues like brownification when excess material cannot be processed properly. Lakes, 

in general, are significant sources of C as well as greenhouse gases (GHG) like CO2, methane 

(CH4), and nitrous oxide (N2O), while simultaneously burying as much C in the sediments 

as the entire ocean. This makes them appear disproportionately large sites of C cycling, 

although they make only 0.5% of the total Earth’s surface. The GHGs are released especially 

during ice-free periods, with nutrients like nitrogen (N), phosphorus (P), and dissolved 

organic carbon (DOC) from surrounding forests being the key drivers of the release 

processes. (Sobek et al. 2006, 469; Yang et al. 2015, 212, 215.) 

Climate change, land use changes, and atmospheric deposition all affect the increase and 

decrease of the N and P supply, essential nutrients for aquatic plants and algae, to 

waterbodies. The response within the aquatic ecosystems to these changes largely depends 

on the degree of nutrient limitation relative to primary production. (Myrstener et at. 2022, 

1683.) At the catchment scale, responses to changing nutrient load differ among lake 

environments due to biotic structure, habitat geometry, and connections to the surrounding 

soil. In lakes, nutrient cycling is promoted by longer water residence time and light, and 

thermal conditions affect how primary producers use the available nutrients. (Karlsson et al. 

2009, 506; Myrstener et al. 2022, 1683.) In Finnish lakes, nutrient loading has increased 

eutrophication, which in turn increases turbidity, and the ecological condition of the lakes 

has not improved apart from a few individual lakes (Finnish Environmental Administration 

2025b). Approximately ¾ of P and 2/3 of N present in nutrient runoff is human-induced and 

the main sources of the nutrients are cultivated fields, atmospheric deposition, settlements, 

and commercial forests. (Finnish Environmental Administration 2025a.) The increase in 

nutrient inputs stimulates the phytoplankton growth, which leads to eutrophication and 

reduces light penetration, leading to shifts in primary production (Karlsson et al. 2009, 506).  

2.2  Forest-Lake Interactions 

Forest-water dynamics are vital to ecosystem health since forests act as natural water 

management systems regulating the quality, quantity, and flow of water both locally and 

globally (Springgay 2019, 4). Terrestrial water fluxes are tightly linked to vegetation 
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dynamics at several spatial and temporal scales. The local forests can have a profound effect 

on water balance through afforestation, deforestation, and changes in forest properties. At 

the same time the local water use and hydrological conditions affect the well-being of the 

forests themselves. (Speich, Zappa & Lischke 2018, 213–214.) Forests affect catchment-

scale water quality through the interconnected relationships among plant species, root 

systems, soil health, and forested waterbodies. Effects on catchment hydrology include the 

water inputs and movement, and the storage of water, as well as soil condition-related 

effects. (Shah et al. 2022, 1.) Hydrology and water quality are not always independently 

affected, but some of the processes are interconnected, affecting both hydrological 

conditions and water quality.  

Forests affect waterbodies through water cycle regulation, recharging atmospheric moisture 

through evapotranspiration, and soil water storage. The forest soil effects water quality 

through flood and drought mitigation, climate regulation, and overall ecosystem health. 

Trees also enhance soil infiltration, leading to improved groundwater recharge. Healthy soil 

also retains water and mitigates erosion and surface runoff, which are the main causes of 

freshwater eutrophication and brownification. (Ellison et al. 2017, 52.) Forest water budgets 

interact with ecosystem processes such as C, nutrient, and energy cycles. Forest water budget 

includes transpiration, interception, evaporation, sublimation, soil water storage and 

outflow. (Pötzelsberger & Hasenauer 2015, 625.)  

2.2.1  Forest’s Impacts on Lake Water Quality 

Forests influence the water color, turbidity, DOM content, nutrient load, and light conditions 

of water bodies. Generally, the water draining from forests in their natural state is of high 

quality due to the protective function of the vegetation, but land use practices have the 

potential to impair the forest’s functioning and lead to issues that affect the waterbodies as 

well. (Shah et al. 2022, 1.)  DOM causes the water color to darken, and it is found in every 

waterbody in some concentration. It is made of a heterogeneous mixture of plant, bacteria, 

and algae decomposition products. The character of aquatic DOM varies based on the 

precursor material and it is either allochthonous, of terrestrial origin, or autochthonous, of 

aquatic origin. (U.S. Geological Survey n.d.) The chemical composition of DOM is 

determined by its source and processing, and it can vary by age, molecular weight, size, and 
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free amino acid and sugar content. DOM is the most significant source of bioavailable 

organic C within waterbodies, although it is abundant in other elements also. (Xenopoulos 

et al. 2021, 324–325.) DOM plays a role in several biochemical functions in freshwater 

lakes. It supplies energy and nutrients, transports pollutants, affects their toxicity, and 

increases light attenuation (Vogt et al. 2023, 1). Hydrological flow paths through the 

organic-rich forest soils affect DOM characteristics and promote its leaching into surface 

waters. Climate-driven changes in forest productivity and decomposition rates alter DOM 

export dynamics over time. These changes alter the structure and processes of aquatic 

ecosystems. (Grimm et al. 2018, 3694.)  

Humic substances (HS), humic acid (HA) and fulvic acid (FA), are the main components of 

C in aquatic ecosystems and the key components of DOM (Nardi, Ertani & Francioso 2017, 

5). Forests also influence the characteristics of HS and its availability similarly through litter 

type, decomposition rates, and soil conditions as they do of DOM. For example, broadleaf 

litter can lead to a decrease in soil HS compared to needle litter because it is more 

decomposable (Wei et al. 2020, 1). HS are classified in a special category of natural 

compounds different to plant biomolecules or microbial tissues, forming the bulk of soil 

organic matter (humus). They also play a crucial role in soil fertility, water retention, nutrient 

cycling, and soil structure. There is no consensus on the nature, origin, or mechanisms of HS 

accumulation, although they have been studied for over 200 years. It is theorized that they 

are either a group of compounds formed from organic residues or a mixture of organic 

compounds resulting from the decomposition of biological matter. (Zavarzina et al. 2021, 

1826–1827.) HS are usually considered the most reactive fraction of organic C, and the 

environment where they originate from leads to the chemical composition variability of HS, 

but they can be described as heterogeneous supramolecular mixtures of small molecules. 

Their exterior domain contains polar groups, creating hydrophilicity, and the interior consists 

of plant macromolecules and is hydrophobic. (Nardi, Ertani & Francioso 2017, 5–7.)  

The color of lake water determines the most important aspects of its ecological functioning, 

like light and temperature conditions. Although many factors affect water color, it is 

generally thought to be a proxy for DOM and HS. (Rizhinashvili 2017, 780.) The water in 

Finnish lakes is often brown, with a wide range of organic matter content. Most of the 

organic matter originates from the surrounding forested soils, coloring the water yellow, 

brown, and sometimes even black. The color change results from humic matter absorbing 
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the shorter wavelengths of light. (Löfgren 2003, 1–2.) DOM interacts with iron (Fe), which 

affects its chromophoric properties and its ability to absorb specific wavelengths, leading to 

even darker colors (Grimm et al. 2018, 3694–3695). The HS reduces light penetration and 

increases visible light absorption, limiting photosynthesis. HS also lowers the pH, creating 

acidic conditions and a distinct ecosystem called a humic lake. The chemical changes also 

affect the nutrient availability (particularly P), oxygen levels, and metal solubility. (Hessen 

& Tranvik 1998, 1.)  

2.2.2  Forest Influence on Lake Hydrology 

Forests influence water inputs to forested lakes and rivers through rainfall partitioning, 

which means interception of rainfall by vegetation. They also control the volume of water 

that reaches the forest floor and, in turn, the waterbodies through flow regulation services. 

The structure of the forest and ambient weather conditions affect the partitioning in complex 

and competing ways. In most cases net rainfall under the canopy is less than gross rainfall 

in unobstructed areas. (Brauman, Freyberg & Daily 2010, 265.) Water, which is being 

partitioned while it passes through the plant canopy, is divided as: (1) throughfall, falling 

either through gaps in the canopy or dripping from branches and leaves to the ground; (2) 

stemflow, water funneling down trunks and stems and (3) interception, water that is being 

retained by the canopy (Jiang et al. 2021, 1). Rainfall partitioning determines the spatial-

temporal rainwater inputs at the soil surface and greatly impacts the nutrient flux, soil 

properties and microbial community, water pollution, and metals transfer. When rain falls 

through the canopy or through the vegetation, the water is also hydrologically and 

chemically altered, for example, by altering the solute concentrations. This means that 

rainfall partitioning is also linked to the effects that forests have on water quality. Vegetation 

can also intercept fog, increasing the water input below the canopy and sometimes increasing 
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throughfall to 80–100% of rainfall. (Jiang et al. 2021, 1–2.) Figure 2 presents a schematic 

image of the forest hydrological cycle. 

Tree canopy also plays an important role in snow processes like snow accumulation and 

snowmelt due to its influence on precipitation, interception, radiation, and windspeed. 

Snowfall interception is particularly important in boreal hydrological cycles because 

streamflow is dominated by the spring freshet (water-level rise), which is driven by 

snowmelt. Up to 60% of the cumulative snowfall is intercepted by boreal forests. (Wei et al. 

2022, 2.)  

Forests are considered the main contributors to water flow regulation. Water flow regulation 

governs streamflow, flood mitigation, groundwater recharge, water purification, erosion 

control, and maintaining the streamflow during dry seasons. (Esquivel et al. 2020, 2.) Flow 

regulation is very important to the watershed-level flow, and it describes what portion of the 

water received is retained from the water flow for the ecosystem functioning (Onainda et al. 

2012, 2). Through flow control, forests can affect water storage either positively or 

negatively through infiltration, evapotranspiration, or surface runoff (François et al. 2024, 

2). Trees also influence water flow and lake hydrology through soil stabilization, reducing 

soil erosion, compaction, and surface runoff during precipitation. Trees need deep root 

systems, 10 meters or more, to reach water to meet their transpiration needs, which means 

that their roots stabilize the soil at a fairly deep level affecting infiltration. The reduction in 

Figure 2 Main components of the schematic forest hydrological cycle, adapted from Centritto et al. 2011. 
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soil organic material can adversely affect the root penetration, which compromises the trees 

as erosion mitigators. (François et al. 2024, 2, 4.) Unstable soil releases more nutrients, along 

with organic and inorganic particles, into the waterflow, which increases turbidity and 

nutrient loading (Fortin-Hamel & Chapman 2024, 2). The accumulation of sediment changes 

the shape and depth of a waterbody, reducing its water-holding capacity and altering the 

natural flow. A decrease in water-holding capacity increases the risk of flooding during 

rainfall events. (Sustainability Directory, 2025.) 

Forests also act as natural barriers to flooding, slowing water speed and affecting overland 

flow and river channel stormflows. They are especially important in reducing peak flows of 

small or moderate storm events. (Hurtado-Pidal et al. 2022, 2.) During precipitation, forests 

act as sponges trapping heavy rainfall in the soil and vegetation, evaporating excess back to 

the atmosphere and releasing water slowly into streams and waterbodies. This lessens the 

severity of floods and maintains streamflow during dry season. (Laurance 2007, 409.) The 

soil is an important part of flood mitigation, and forest cover influences water retention 

primarily through soil porosity. Soils in natural forests tend to be more porous, with higher 

infiltration rates, which means they also reduce the surface runoff more effectively. Trees 

with large root-systems can loosen the soil, even in hydrologically impermeable and 

compacted layers, increasing the forest’s water storing capacity. This might be the reason 

why forests act as effective buffers during flood-generating rainfall, reducing the peak 

runoff. (Hümann et al. 2011, 638.) 

2.2.3  Definition and Significance of Turbidity 

In lakes, turbidity affects the vertical distribution of phytoplankton, aquatic animals, and 

plants by altering light availability, which further leads to in changes in the ecosystem (Lin 

et al. 2023, 2). Turbidity is used as an overall indicator of water quality in natural 

waterbodies, although it only detects the presence of particles in the water. The measured 

turbidity value is not only related to the concentration of particles in the sample, but also 

their dynamics and primary properties, like particle size, density, and behavior (settling, 

aggregation, or dispersion). (Yao et al. 2014, 117.) Turbidity is the measurement of the 

relative clarity of a liquid, and it is measured as the amount of light scattered by material 

within the water when the light is shone through a sample. High turbidity means higher 
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intensity of scattered light and vice versa. Various particles, like inorganic and organic 

matter, algae and dissolved compounds, can increase turbidity. (US Geological Survey 

2018a.) Turbidity is measured traditionally with Secchi disks or turbidimeters, nephelometer 

or turbidimeter, which are paired with laboratory analysis. Standards determine the units 

which are being used in the measurements, determining also the device. (HELCOM n.d.) 

Nephelometry measures light scattering and turbidimetry measures the reduction in light 

intensity when it passes through a sample. (U.S. Geological Survey 2018a.)  

Turbidity is related to particle behavior in suspension, and that in turn to the particle surface 

charge. Particles present in lakes are often very small in size with high surface area causing 

the gravitational effects to be negligible and surface phenomena to dominate. Particles of the 

same charge repel each other, which keeps them from forming larger flocs, agglomerating. 

Although the particles have a surface charge, each particle also has “layers” of different 

electrical charges around its surface. The negative surface charge is neutralized by oppositely 

charged ions at the solid-liquid interface, leading to the formation of an electric double-layer. 

The overall electrochemical potential at the surface is called the Nernst potential, while the 

tightly bound layer of counterions on the particle surface is called the Stern layer. The mobile 

portion of the colloid is separated from the surrounding mixture of diffuse ions by the shear 

plane. The counter-ions located at the shear plane partially neutralize the particle’s charge, 

producing what is called the Stern potential. The remaining effective charge at the shear 

plane is called Zeta potential, which determines the repulsion between the particles and is 

considered the cause of the stability of the system. The particles can approach each other 

within the solution, but the repulsion increases at the decreasing distance, preventing 

aggregation. (Holdich 2002, 131–133; Shammas 2005, 105, 107–108.) This repulsion means 

that small particles, with negligible gravitational effect, remain suspended within the water 

causing the water to become turbid. The particles present in water only agglomerate when 

their surface charge is neutralized and sediment after the agglomerate size is large enough. 

(Yao et al. 2017, 117.) Figure 3 describes the particle surface charge.  
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When organic material decays, decomposition releases small particles into the water column 

as suspended solids. Some suspended solids present in natural water can settle over time, 

which are known as bedded sediments. Their fate is affected by flow rate related to their 

size. Finer particles tend to be more easily carried in comparison to larger ones, and they 

also settle more rarely. However once the particles are bedded, they can even move 

downstream without resuspending. (Folorunso, Omotoso & Aribisala 2022, 1–2.) The 

relationship between turbidity and the total suspended solids (TSS) is complicated by 

changes in particle characteristics and the effects particles have on water clarity differ 

between environments. The shape, size, and surface characteristics of particles determine 

how they will scatter light; therefore, an increase in TSS does not necessarily mean higher 

measured turbidity. However, on average, higher turbidity also means higher TSS. TSS 

consists of particles that are larger than 2 µm, but bacteria and algae can also contribute to 

the total concentration. (Xylem Analytics n.d.)  

2.3  Hydrological Variability  

Boreal, subarctic climate is characterized by long, cold winters and short summers with most 

of the annual precipitation falling as snow. The climate is generally humid, meaning that 

Figure 3 Electrical charge around particle in a solution, adapted from Holdich 2002. 
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rainfall exceeds evapotranspiration annually. This difference generates runoff, which 

accumulates in the depressions of the landscape. (Laurén & Koivusalo 2010, 15.) 

Hydrological variability in boreal forests is high and driven by the strong seasonality, climate 

change, and disturbances such as logging or fires, which alter evapotranspiration, soil 

moisture, and runoff patterns (Wei et al. 2022, 2, 4–6). The waterbodies experience seasonal 

shifts from low winter flow through the spring freshet to summer recession, with drier and 

wetter interannual cycles (Woo et al. 2008, 2249).  

2.3.1  Precipitation Effects 

Precipitation in Finland is approximately 600 mm a year including rain and snowfall. 

Precipitation affects the lake water levels, but the surrounding soil can mitigate it, as healthy 

boggy or peat-rich soils absorb large amounts of water. The larger the catchment is, the 

longer the time it takes for the rainwater to end up in lakes; this also means that the 

surrounding soils release water long after the rain has ended. (Finnish Environment Institute 

2019a.) Lakes in cold regions are characterized by seasonal ice and snow cover, which alter 

the air and heat transfer of water. This mainly affects the DO levels and seasonal evaporation, 

as well as filtering the solar radiation that affects the photosynthetic oxygen production in 

the lake. (Dibike et al. 2024, 488–489.) Thick ice also protects lakeshores from erosion and 

flooding during storm events. Less ice or a shorter period of ice can lead to an increase in 

water sediment concentration and CH4 production, and a decrease in C storage. (NOAA 

research 2024.) 

Rain has significant impacts on lake water chemistry, and the effects are heavily linked to 

surrounding land use. This means that water quality variation in lakes is affected by both 

rainfall and runoff characteristics. (Chowfin et al. 2024, 121–122, 125.) The sensitivity to 

anthropogenic activities is not fully understood, however, due to high natural variability in 

surface water chemical composition. The concentrations of biologically and organically 

active elements exhibit seasonal variation primarily driven by a combination of hydrological 

and other natural processes, like changes in temperature. (Muller et al. 2015, 344, 349.) 

Rainfall erodes and washes nutrients, fertilizers, microbes, and organic matter into lakes, 

which promotes algal blooms, affects water color, and increases DO concentrations. Rain 

also significantly impacts the physicochemical properties of surface waters through dilution 
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and aeriation, altering DO levels and redox potentials, leading to changes in contaminant 

behavior. Increased rainfall can also change water volume, depth, and distribution, 

potentially enhancing mixing with oxygenated groundwater. (Chowfin et al. 2024, 121–

122.) After heavy rainfall, the water pH usually declines, while chemical oxygen demand 

(COD) increases with NH4+, Fe, total phosphorus (TP), and total nitrogen (TN) 

concentrations. Together these changes, with the increased particulate matter content, can 

lead to an increase in water turbidity, which can even cause the death of aquatic organisms 

and increase in algal blooms, among other negative effects. Water quality is generally poorer 

during rainy seasons than during dry seasons. (Jia et al. 2021, 1.) 

Precipitation effects on the watershed-level C cycle depend on soil conditions around the 

waterbody before the rain, and the hydrological response correlates with soil moisture and 

rain intensity. Rainfall can have severe consequences for the soil C storage and for the C 

cycle to a certain extent. Drought and re-wetting can double the amount of CO2 soils release, 

which can then lead to higher CO2 release from the whole waterbody. CO2 enters the water 

bodies after a rain event from the surrounding soils. Rainfall also increases the CO2 flux at 

the air-water interface, increasing heterotrophic metabolic capacity. While rainfall and 

snowmelt seasonality determine the annual flow regimes, storms create short-term 

variability in the transport by runoff. Rain events, even though they are infrequent, can 

contribute to cumulative short-term changes in C transport of more than 20%. (Li et al. 2024, 

1–2; Rasilo et al. 2012, 2, 13.)  Precipitation also affects lakes during the dormant season. 

Lake ice-cover can strongly affect the water chemistry, physiology of individual organisms, 

population abundance, and food-web dynamics together with water temperature. (Magee et 

al. 2015, 1682.)  

2.3.2  Water Level Fluctuations and Seasonal Timing 

In boreal regions, the cold season is typically hydrologically stagnant and “locks up” most 

of the catchment’s water as snow, while the lakes and rivers are often under ice cover. This 

combination suppresses the two largest components that affect the lake water level: runoff 

inputs and open-water evaporation. (Finnish Environment Institute 2019b.) During the 

colder months, before the ground freezes, when evaporation rates are low and plants are 

dormant, precipitation infiltrates soil, leading to soil water recharge and elevated 
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groundwater levels. During winter, because water is being restored rather than transported, 

water levels typically decline or remain low. When thaw arrives the snow water equivalent 

(SWE) accumulated during winter is released through snowmelt, which produces the spring 

freshet and leads to the rise of water levels. (Finnish Meteorological Institute n.d.) Winter 

temperatures have great effect on the cold season hydrology. Mild temperatures can shift 

precipitation from snow to rain, triggering mid-winter runoff and causing the lake water 

levels to rise earlier than usual. This re-timing can still be consistent with boreal hydrology, 

however, in which the winter low flow typically ends abruptly during snowmelt and freshet. 

(Woo et al. 2007, 2253–2254.) The effects of climate change are already evident in Southern 

Finland: the precipitation received during winter months is increasingly rain, the ground 

does not necessarily have frost, and if it does the frost melts earlier. The groundwater 

reserves also stay relatively high throughout the winter. These type of changes in hydrology 

are no longer natural in boreal regions. (Finnish Environment Institute 2022.)  

The dry season in boreal region usually lasts from summer to early autumn. During this time, 

less rainfall and more evaporation lower lake water levels. With less precipitation and more 

sunshine, evaporation from lakes increases and runoff from surrounding land decreases, 

causing lakes to lose more water than they receive. This seasonal decline is a normal part of 

the boreal lake cycle: spring snowmelt and freshet fills the water storages, and the dry 

summer months deplete them. (Lintunen et al. 2024, 1–3, 6, 10.) Groundwater can help 

balance the water levels during wet periods, but this effect is weaker during drier months. 

Although these fluctuations are typical, especially hot or dry summers can make water levels 

drop faster and stay low for longer. As a result, lakes may reach their lowest levels earlier 

and lose more water overall, which affects the water quality and the local ecosystems. 

(Lintunen et al. 2024, 6, 10, 14–17; Ozdemir et al. 2023, 1–2, 7–8.)  

Autumn is a time of change in boreal lakes, when water levels often rise after the summer 

lows. Cooler weather reduces evaporation, and more rain with less water use by plants 

increases runoff and helps to refill groundwater reserves. As the soil gets wetter and plants 

absorb less water, more rainfall ends up in the lakes, resulting in increases in water levels 

which can happen either gradually or rapidly. (Dingman 2015, 229–231, 256–263; Kane 

2012, 482–483.) The timing and scale of these changes depend on soil moisture conditions, 

rainfall intensity, and catchment storage capacity. In Finland, most rain falls before the 
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ground freezes, which allows efficient infiltration and prevents runoff. This process helps to 

establish the baseline water level for winter. (Lintunen et al. 2024, 6, 10, 14–17.) 

2.4  Lake Pielinen 

Lake Pielinen is located in Eastern Finland, in North Karelia. It is the fourth largest lake in 

Finland with a surface area of 894 km2, a mean depth of 9.9 m, and a maximum depth of 61 

m. Pielinen experiences natural water-level fluctuations during summer and late autumn, 

especially low levels. (Kosenius et al. 2013, 149.) The lake receives water from four main 

areas: Haapajärvi-Valtimonjärvi and Saramojoki drainage basins discharging into the north-

western part; Viekijoki and Lieksanjoki rivers flowing into the north-eastern side, and two 

drainage basins of Juvanjoki river into the western side. The lake drains southward towards 

the River Pielisjoki, until Lake Saimaa and it is part of the Vuoksi watercourse. Pielinen is 

dimictic mesotrophic lake with intermediate nutrient levels and signs of eutrophication due 

to the leaching of HS from surrounding soils. (World Lake Database, n.d.) Pielinen has 

several large islands, the largest being Paalasmaa (27.2 km2) and the second largest 

Kynsisaari (13.7 km2). Pielinen is surrounded by dense forests, and the rugged Finnish 

National Landscape Koli is located on the western shore (Britannica Editors, 2010).  

The lake is surrounded by four municipalities, which the lake shores belong to: Nurmes, 

Lieksa, Juuka, and City of Joensuu, which now reaches the shores due to the incorporation 

of Uimaharju and Eno into the city. There are industrial activities around Pielinen: 

Pankakoski paperboard production in Lieksa, Binderholz Sawmills in Nurmes, and Enocell 

pulp mill in Uimaharju. There also used to be Mätäsvaara quarry, a significant molybdenum 

mining site in the area, which is currently used for cultural activities. The quarry has filled 

with water but is not directly connected to Pielinen, although it is part of the same catchment 

area. There are many farmlands along the shorelines, especially the northern parts of the lake 

around Lieksa, Nurmes, and Juuka. The rivers from Haapajärvi-Valtimonjärvi flow through 

farmland, increasing the nutrient concentration of the water Pielinen receives. The P load of 

Haapajärvi-Valtimonjärvi lakes and rivers is classified as very significant. Although this 

thesis focuses on the impacts of forestry, it is important to recognize other sources that can 

also affect water quality. Figure 4 shows the P load of Pielinen and the surrounding 

waterbodies and a lake map with the locations of the industry around the lake. The 
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phosphorus map is taken from VESI.fi map service, which is an open service by Finnish 

Environment Institute offering information and observations for citizens and specialists.  

a 

 

b 

 

Figure 4 a. Phosphorus load of Pielinen and surrounding waterbodies, yellow meaning a level to be monitored, b. the 

industry around Pielinen marked with red and waterbodies with significant nutrient loads with blue. (Vesi.fi map service.) 

The P load map shows red areas on top of the lake, which indicate the nutrient load of 

Haapajärvi-Valtimonjärvi and rivers that drain to Pielinen are very high. It also shows that 

the larger lakes in the north and northeast, Viekijärvi and Lautiainen, have significant P load, 

showing them in orange. Both lakes drain to Pielinen. Pielinen appears yellow on the map, 

indicating that the nutrient load needs to be monitored.  

Although the nature around Pielinen is mainly forested with rugged cliffs and hills, 27.2% 

of the area is wetland (World Lake Database, n.d.). Wetlands can affect the water quality of 

surrounding waterbodies, but the effects are usually positive. Boreal swamps and wetlands 

typically filter sediments, absorb excess nutrients, act as C storage, prevent erosion, and 

break down pollutants. (Smith 2023, 10.)  In Finland the wetlands are divided into forested 

mires and treeless open bogs. These are further divided into six main types: spruce mires, 

pine mires, bogs, fens, flood mires and spring mires. (Kaakinen et al. 2018, 147.) Wetlands 

differ from one another, offer distinct ecosystem services within the forests and have a role 

in maintaining the ecosystem health and stability. Wetlands are part of the nutrient cycling, 

which is a complex process within them. The internal and external nutrient inputs determine 

the overall wetland nutrient dynamics and also their function as regulators for water quality. 

Boreal wetlands are facing several threats that disrupt their functions. Anthropogenic 

activities that directly affect wetlands include forestry and agriculture. The changes in 

wetlands lead to degradation in their ecosystem functions and affect the quality of water in 

the waterbodies close to them. (Smith 2023, 13, 16.)  Figure 5 shows the locations of mapped 

wetlands around Pielinen and the ditched peatlands in the lake area.  
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Figure 5 a. mapped wetlands around Pielinen (big, light green dots); b. ditched peatlands around the lake (areas in dark 

green) (Geological Survey of Finland).  

From the Figures 5a and 5b it can be seen that both wetlands and ditched peatlands are 

prominent around the lake, both having the potential to affect the water quality. Peatland 

ditching is an indicator of forestry and agricultural activities in the area with around 5.9 

million hectares of peatlands having been drained for forestry in Finland (Natural Resources 

Institute Finland 2023). 

 

3  Forestry Impacts on Water Quality and Mitigation Strategies 

Currently, 86% of the total land area of Finland is forestry land, which means forest areas 

managed for timber production or economic yield. Forestry land includes poorly productive 

forest land and completely or nearly treeless unproductive land. (Natural Resources Institute 

Finland 2025.) Of the total forested area, about 10% is strictly protected, covering 6.1% of 

the total productive forest. Except in Southern Finland, where the share is only 3%, and 

approximately 75% of the strictly protected forests have been under management practices 

and are considered ecologically degraded. All the forests that are not protected are being 

used by the forestry industry. There is no data of the exact area of old-growth forests, forests 

in their natural state with no management or management within a certain time period, within 

the strictly protected areas. (Roberntz & Suominen 2025, 8–9.) About one-third of the 

Finnish landscape is peatland, which has traditionally been considered a wasteland. To 

ensure better growth conditions for forests and crops, about half of the peatlands have been 

drained over the decades. These large-scale alterations have led to changes in peatland 

hydrology, which have caused and are causing water quality deterioration, as the forested 
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waterbodies do not receive water only from the peatland as surface runoff but also from the 

ditches that were dug to drain them. (Laurén & Koivusalo 2010, 15.) Finnish forest 

management practices and the traditional management of peatlands have led to a significant 

issue in Finland’s forested catchments: the waterbodies have largely brownified due to 

increased humic matter content (Härkönen & Lepistö, 2024). 

Deforestation and other anthropogenic activities damage natural forest ecosystem functions, 

like precipitation recycling, atmospheric moisture transport, cooling temperatures, 

increasing earth reflectance, groundwater recharge and the natural dispersion of water 

(Ellison et al. 2017, 52). Factors that directly affect the forest-water dynamics include 

rainfall intensity, climate and climate change, topography, silviculture, soil physical 

properties, above-ground biomass, and canopy density (Scion 2020, 2). Freshwater 

catchments are some of the most disturbed ecosystems on our planet due to land conversion, 

sediment and contaminant inflow, species introduction, and overharvesting. Two abiotic 

stresses are co-occurring at an increasing rate: high turbidity and elevated water temperature. 

Climate change can also lead to increases in average temperature, temperature extremes, and 

changes in precipitation negatively affecting waterbodies. Climate change caused extreme 

weather events are not the only thing threatening the freshwater ecosystems: land use 

change, like forestry, and urban development, can increase sedimentary inflow and nutrient 

loading. (Fortin-Hamel & Chapman 2024, 2.) 

3.1  Impacts of Forest Management and Deforestation 

Forest management methods such as clear-cutting and drainage affect water quality in 

different ways than permanent deforestation, but they can still have short- and medium-term 

effects on boreal lake systems. Clear-cut harvesting has been shown to increase runoff and 

leaching even years after logging, particularly in areas with extensive soil disturbance and 

low post-harvest recovery. (Härkönen et al. 2023, 1–2.) Managed forests can increase 

sediment transport, especially when drainage networks improve the hydrological 

connectivity between terrestrial and aquatic systems. When fine sediments enter lakes, they 

lower water transparency and carry P and organic matter, influencing turbidity and water 

color in boreal lakes. Soil scarification and ditch maintenance are the main reasons for higher 

sediment levels and turbidity, especially after land preparation and tree harvesting. Forestry 
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affects turbidity primarily by changing how stable the soil is, which then changes runoff. 

When forests are disturbed, the protective canopy, which intercepts precipitation, and root 

networks, which stabilize the soil, are reduced. This increases runoff and erosion, leading to 

increased sediment load in waterbodies, which in turn leads to an increase in SS and light 

scattering of the water. (Shah et al. 2022, 11–12, 14.) Forestry activities are major sources 

of C and Fe, leading to the browning of boreal lakes and altering aquatic ecosystems. At the 

same time, increased nutrient inputs especially from clear-cut sites, enhance eutrophication 

risk. (Härkönen et al. 2023, 2.)  

Surface water browning has traditionally been linked to climate variability and land use 

change, as well as to declining atmospheric Sulphur (S) deposition. Reduced S inputs have 

increased pH and altered ionic strength, enhancing the solubility and mobility of organic 

matter in soils. Earlier trends in lake water color change prior to 2004 were mainly driven 

by changes in atmospheric chemistry. In more recent years, however, increasing attention 

has been directed toward the combined influence of climate drivers, biogeochemical 

processes, and forest management practices as key explanatory factors. (Härkönen et al. 

2023, 2.) In Finland, the ditch maintenance has been found to increase the solids runoff to 

concentrations as high as 45.8 mg/L-1, when the pre-maintenance concentrations average at 

4–5 mg/L-1. Post-maintenance concentrations are affected by the area subjected to ditching 

and the soil type at the bottom of the ditches. The solids runoff can be expected to increase, 

especially if the ditches reach the mineral soil underneath the peat layer due to an increase 

in erosion. (Joensuu et al. 1999, 343, 350–351.) However, drainage can lead to a decrease in 

nutrient loading and C transport as the lowered water level might not reach the peat soils. It 

can also trigger chemical reactions, like oxidation, which can lead to sorption in peat soil, 

precipitation to sediments, and biological uptake. Older drainage areas can also experience 

an increase in nutrient loading, but this is more likely due to unsustainable management 

practices, like fertilizing, coupled with changes in precipitation and unhealthy soil. (Shah et 

al. 2022, 3.)  

Deforestation changes the connections between land and water by affecting hydrology, soil 

stability, and biochemical cycles. When the canopy is removed, less water evaporates from 

plants and less rain is intercepted, which increases surface runoff. This stronger runoff 

carries more sediments, nutrients, and organic matter into waterbodies. (Kong et al. 2022, 

1.) In boreal regions, where soils are thin and rich in C, deforestation can greatly increase 
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erosion and the movement of both particulate matter and dissolved substances into surface 

waters (Madsen et al. 2025, 1–2; Shah et al. 2022, 2–4). Boreal lakes are most often 

oligotrophic (nutrient-poor) or mesotrophic, which means that even a moderate increase in 

nutrient input can induce measurable changes. This is especially evident in oligotrophic 

lakes, where even lower nutrient inputs can cause rapid eutrophication and a decrease in 

oxygen concentration. (National Research Council 2000, 102; Reinl et al. 2021, 1853.) The 

effects on watershed hydrology vary in time and space, meaning that large-scale 

deforestation can have a detrimental effect on watershed hydrology, but the results depend 

on the forest type and the area being studied. (François et al. 2024, 9; Qiu et al. 2023, 896.) 

Table 1 summarizes the effects forest management and deforestation has on water quality; 

the table is not a complete list of all the management practices and effects.   

Table 1 Forest management and deforestation effects on water quality, summary table. 

Disturbance type 

 

Hydrological change Main mechanism 

affecting water 

quality 

Water quality 

variables affected 

Reference 

Clear-cutting / 

Regeneration felling 

 

Increased runoff, 

reduced 

evapotranspiration 

 

Soil erosion, 

sediment transport, 

nutrient leaching 

Turbidity, TSS, TN, 

TP, water color 

 

Sarkkola et al. 

2022, 9–12. 

Selective Logging / 

Thinning 

Changes in runoff Soil disturbance, 

canopy opening, 

reduced interception 

Turbidity, 

temperature, 

nutrients 

 

Erdoğan et al. 

2018, 223; Ring 

et al. 2023, 1–2, 

8. 

 

Ditching Faster flow pathways, 

altered groundwater 

contribution 

 

Organic matter 

export, nutrient 

transport 

DOC, water color, 

TN, TP 

Sarkkola et al. 

2022, 6, 12–14. 

Afforestation/ 

Deforestation 

Increased infiltration, 

reduced runoff 

Soil stabilization, 

nutrient retention 

Turbidity and 

nutrients (positive 

effects) 

Qiu et al. 2023, 

878. 
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3.2  Ways to Mitigate the Water Quality Degradation 

Well-designed forest management can substantially mitigate the negative impacts on water 

quality. The main goal of water protection in Finnish forestry is to minimize the runoff of 

nutrients, chemicals, like pesticides and fuel, and suspended solids into waterbodies. 

(Ministry of Agriculture and Forestry of Finland 2026a.) There are several ways to mitigate 

water quality degradation from forestry operations: retaining of riparian buffer zones, 

minimizing soil disturbance, and carefully timing operations have been shown to reduce 

nutrient and sediment export to surface waters. The mitigation method is chosen based on 

what is done and what type of area is under management. In case of felling mainly buffer 

zones, catchment planning, operation timing, and area-specific felling methods are used. 

Catchment planning is an integrated approach to manage land use at the drainage basin -

scale, recognizing that activities upstream influence the downstream conditions. The 

planning coordinates which mitigation measures, or forestry practices, are being used to 

achieve the water protection goals. In the forestry context, catchment planning shifts water 

protection from isolated site-level actions to a strategic, landscape-scale framework that can 

be more effective over time if done correctly. (Shah et al. 2022, 5, 6, 8.)  

Traditional approaches to protecting the surface waters from the negative impacts of forestry 

often focus on maintaining a fixed-width buffer zone around the waterbody. Riparian buffers 

are forested or semi-natural zones that are spared from harvesting and retained along the 

edges of waterbodies, like lakes or rivers. They reduce the sediment and nutrient runoff, 

prevent bank erosion, and help regulate water temperature through shading, which is 

especially critical to small watercourses. (Tiwari et al. 2016, 1056.) In the Finnish forestry 

context, their primary purpose is to protect water quality and aquatic ecosystems from the 

impacts of forest management operations. The buffer zones are included in different laws, 

PEFC and FSC certifications, and the best practices in sustainable forest management, which 

are guidelines produced by the Ministry of Agriculture and Forestry. (Ministry of 

Agriculture and Forestry of Finland 2026b.) While this method is simple to design and 

implement, it leads to heterogeneity of the biochemical processes and biodiversity within 

these riparian zones, but it is still in use as opposed to site-specific variable-width zones 

(Tiwari et al. 2016, 1056).  
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Another possibility to mitigate water quality degradation is the use of either natural or built 

wetlands. Wetlands act as a natural biofilter in forested catchments by slowing runoff, 

promoting sedimentation, and facilitating nutrient and organic matter transformation through 

plant uptake and microbial processes. Wetland soils and vegetation together enhance the 

removal of P, N, and suspended solids from runoff before it reaches waterbodies. Wetlands 

reduce particulate transport through sedimentation and filtration, while chemical reactions, 

like denitrification under anoxic conditions, can reduce the dissolved nutrient load. (Silvan 

et al. 2004, 179–180, 185.) Restored peatlands have also been proposed as wetland buffers 

since they are efficient in retaining nutrients and other elements, except Fe. However, the 

restoration projects have shown negative impacts on short-term water quality, and the long-

term effects are challenging to estimate. (Nieminen et al. 2026, 1–2.) There is a need to 

improve the water quality management practices, and among the available methods, wetland 

buffers might lead to best outcomes in drained peatland forests. Simulations suggest that 

properly designed systems combined with continuous cover forestry maximize nutrient and 

sediment retention. (Nieminen et al. 2025, 1–2.)  

3.3  Water Quality and Forestry Monitoring 

In Finland, water quality is monitored with regular environmental sampling and in situ 

monitoring, but remote sensing (RS) and other novel technologies are emerging and being 

developed as part of the monitoring development strategy (Finnish Environment Institute 

2026). The monitoring is done by several government agencies: the new Finnish Supervisory 

Agency, which is in charge of the water status classification; the Finnish Environment 

Institute, which monitors water quality; the new Economic Development Centers, which 

monitor water levels; and the Natural Resources Institute, which monitors water pollution 

related to forestry. The opening of the two new government agencies has led to the 

redistribution of responsibilities across many sectors. (Finnish Supervisory Agency n.d.) 

Water status classification is based on both national and EU regulations: the Water 

Management Act (1299/2004), the EU Water Framework Directive and the Nature 

Conservation Act (9/2023). The goal of the legislation is to prevent the deterioration of water 

quality and to maintain at least a fair level of ecological and chemical status of the 

waterbodies. (Arovirta & Mitikka 2019, 11.)  
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All the legislation regarding forest monitoring in Finland is based on the Forest Act 

(1093/1996), but it is also included in the Nature Conservation Act (9/2023). The forests are 

monitored by various agencies, like Natural Resources Institute, which operates under 

Ministry of Agriculture and Forestry. They produce annual information regarding forest 

resources, forest health, biodiversity, and C resources. This information is used to monitor 

the sustainability of forestry, C sinks, and biodiversity. (Natural Resources Institute Finland 

n.d.b) The Finnish Forest Centre, also funded and directed by the Ministry of Agriculture 

and Forestry, monitors logging operations, promote profitable forestry and advise forest 

owners. (Forest Centre n.d.)  

 

4  Remote Sensing in Environmental Monitoring 

RS is a geospatial technology that allows us to observe and analyze Earth’s surface, 

atmosphere, and waterbodies without direct physical contact. It works by measuring 

electromagnetic radiation reflected or emitted from natural and built features, which is 

recorded by sensors on satellites or other airborne platforms. These observations enable the 

remote collection of environmental information across large spatial-temporal scales. 

(Pettorelli et al. 2014, 841.) RS data is widely used for monitoring of physical and ecological 

processes, including land cover change and hydrological dynamics. As a result, RS has 

become an essential tool across numerous disciplines like ecology, meteorology, geology, 

hydrology, and oceanography. Some of the ways the data is collected include aerial 

photography, satellite imagery, and light detection and ranging (LiDAR). RS enables data 

collection from unreachable and sometimes hazardous locations, making it increasingly 

important in today’s world. (Rahimoon et al. 2025, 49–50, 51–52.)  

4.1  Earth Observation Missions 

Satellite-based RS is a significant source of spatial data. The satellite imagery available in 

Google Earth Engine (GEE) includes MODIS, Sentinel-1, 2, 3, and 5P, NOAA, ALOS, and 

Landsat series (Rahimoon et al. 2025, 54). The Landsat program is the longest continuous 

record of satellite-based Earth observation. The program, initiated in 1972 with the launch 
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of Landsat-1 by NASA and the U.S. Geological Survey, was designed to systematically 

monitor land surface-processes using multispectral imagery. Subsequent missions have 

progressively improved spatial, spectral, and radiometric resolution, enabling consistent 

long-term analysis of land cover, vegetation, waterbodies, and surface dynamics. (Emery & 

Camps 2017, 26–28.) The Copernicus Sentinel program, developed by the European Space 

Agency, complements the Landsat record by providing high-frequency Earth observation 

data for systematic environmental monitoring. Launched from 2014 onwards, the Sentinel 

missions form a coordinated satellite constellation with Sentinel-2 delivering multispectral 

imagery at improved spatial and spectral resolution. (Drusch et al. 2012, 26.) 

These earth observation missions often operate in low-Earth, Sun-synchronous polar orbits 

providing a consistent and repeatable global coverage. The satellites typically orbit at 

altitudes of approximately 700 to 800 kilometres, which enables the acquisition of high-

resolution images while maintaining regular revisit intervals. (European Space Agency 

2015, 18; European Space Agency n.d.) Their near-polar inclination allows sensors to 

systematically scan the Earth’s surface as the planet rotates beneath them. The Sun-

synchronous design ensures that observations are collected under similar illumination 

conditions, which is particularly important for long-term environmental monitoring. This 

orbital configuration makes Landsat and Sentinel especially well-suited for analyzing land 

and water dynamics over extended time periods. (Drusch et al. 2012, 26; Rahimoon et al. 

2025, 54–55.) 

4.1.1  Sensors 

Most RS systems work by measuring the energy carried by photons. A photon is a physical 

form of a quantum, a basic particle of Quantum Mechanics, described as a messenger particle 

of electromagnetic (EM) force and a basic unit of EM radiation. The energy of a photon 

depends on its wavelength, or equivalently, its frequency. Different parts of the EM spectrum 

contain photons with different energy levels. When a material interacts with EM radiation, 

either by emitting, reflecting, or absorbing energy, it produces photons with characteristic 

wavelengths and energy levels. These differences can be measured by sensors and used to 

identify and analyze the material. (Emery & Camps 2017, 47.) The EM radiation consists of 

oscillating electric and magnetic fields that propagate through space and time much like 
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waves on water, but (apart from polarized light) they oscillate in all directions perpendicular 

to their direction of travel. The waves vary in wavelength and frequency, with shorter 

wavelengths corresponding to higher frequencies and vice versa. The visible portion of the 

spectrum is a narrow band of wavelengths detectable by the human eye, but many RS 

applications rely on wavelengths outside the visible light, like near-infrared and shortwave 

infrared, which must be measured by using specialized instruments on satellites. (Emery & 

Camps 2017, 45–49, 68.) EM radiation interacts with Earth’s surface and atmosphere 

through reflection, absorption, and transmission, producing unique spectral signatures that 

allow remote sensors to distinguish different materials like vegetation and water, based on 

how they reflect energy at specific wavelengths. (Rahimoon et al. 2025, 56–57.) 

The RS instruments fall into two major categories: passive and active sensors. Passive 

sensors detect natural radiation, typically sunlight reflected from Earth’s surface or thermal 

energy emitted by objects. Most optical sensors, including those aboard Landsat and Sentinel 

satellites, are passive and measure reflected solar radiation across multiple spectral bands. 

The passive sensors consist of a variety of spectrometers and radiometers that assess both 

the spectral content of reflected EM radiation and its strength. Most passive systems operate 

in visible, infrared, thermal infrared or microwave areas of the EM spectrum. The sensors 

also record temperature and different properties of clouds, aerosols and plants. Cloud cover 

limits the use of passive sensors. Active sensors, like Synthetic Aperture Radar (SAR), emit 

their own energy and measure the return signal, enabling observation through clouds and in 

darkness. (Rahimoon et al. 2025, 57–58.) The Sentinel-2A and Sentinel-2B satellites carry 

the Multispectral Instrument (MSI), which provides higher spatial resolution than the 

Landsat-series sensors for several spectral bands, with additional bands specifically designed 

for vegetation, water, and atmospheric analysis. Sentinel-2’s MSI records 13 spectral bands 

ranging from visible through shortwave infrared, providing detailed information on land 

cover, plant health, and water. The combination of these spectral bands with frequent revisit 

times enhances the detection of subtle changes in surface reflectance. (Drusch et al. 2012, 

26, 28; European Space Agency 2015, 51–58.) Table 2 lists the Sentinel-2 spectral bands 

used in this thesis, the band wavelengths and their utilization in the NDVI and NDTI indices. 
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Table 2 Relevant Sentinel-2 spectral bands, their wavelengths and how the bands are utilised in NDTI and NDVI indices 

(European Space Agency 2015, 53). 

 

The spectral bands that are used in this study were selected based on their sensitivity to 

vegetation and water optical properties. Red, Green and NIR bands are utilized in RS to 

compute vegetation indices (NDVI) and turbidity indices (NDTI). 

4.2  Satellite-based Forest and Water Monitoring 

Effective decision-making in sustainable land and water resources management relies on 

environmental data that spans large areas and long time periods. RS provides the only 

practical means for spatially continuous monitoring at this scale, which is why satellite 

observations are now central to the assessment of land-surface dynamics. (Eisfelder et al. 

2023, 1; Rahimoon et al. 2025, 49.) Satellite-based RS methods provide advantages to 

traditional methods due to them being less labor-intensive and more cost-effective than 

traditional in-situ monitoring; they also offer possibilities to monitor vast areas at regular 

intervals (Lin et al. 2023, 2). Long-term satellite data archives also enable the analysis of 

environmental trends and gradual changes that would be difficult to capture through field 

observations alone (Wulder et al. 2008, 967). The consistency and repeatability of satellite-

based measurements, which enable analysis over different time-periods and regions, make 

satellite-based RS particularly valuable for large-scale environmental assessment and 

resource management planning (Pettorelli et al. 2014, 840).  

Spectral Band Central 

Wavelength (nm) 

Bandwidth 

(nm) 

NDTI NDVI 

Red (band 4) 665 30 Contributes to vegetation-water 

contrast in NDTI, used to detect 

suspended matter and water 

color changes. 

Used with NIR to 

capture chlorophyll 

absorption. 

Green (band 3) 560 35 Used to detect suspended matter 

and water color changes. 

 

NIR (band 8) 842 115 Helps separate water from land.  Combined with red to 

indicate vegetation 

density.  
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4.2.1  Normalized Difference Vegetation Index 

Land cover and habitat monitoring are the oldest applications of satellite-based RS, and they 

have recently been expanded from the terrestrial environments to cover the aquatic 

environments also. There is also clear evidence that satellite-based RS is beneficial for 

monitoring human-induced threats to biodiversity, but more validation is needed to apply 

the methods across different ecosystems and conditions. (Pettorelli et al. 2014, 842–843.) 

NDVI is a widely used RS indicator for vegetation monitoring due to its simplicity, long 

historical record, and reliance on readily available multispectral satellite data. Since its 

adoption in the early 1970s NDVI has been used across multiple satellite missions and 

spatial-temporal scales, enabling consistent monitoring of vegetation dynamics over large 

areas and long time periods. NDVI has been shown to correlate well with key vegetation 

properties like biomass and plant stress, supporting its widespread use in various assessment 

studies. (Huang et al. 2021, 2.) NDVI analysis is important for a variety of applications, such 

as the derivation of vegetation dynamics. It is especially used for deforestation and forest 

disturbance mapping and forest recovery monitoring. A common way to use NDVI is the 

trend analysis, which has been performed widely in both local and global scales. Most 

studies evaluate NDVI at an annual scale, and seasonal trends are less frequently analyzed. 

(Eisfelder et al. 2023, 2.)  

NDVI uses near-infrared and red spectral bands, and it is calculated as the difference of the 

spectral reflectance measurements and then normalized to the range [-1–1] by relating to 

their sum as demonstrated by Eisfelder et al. 2023. It is calculated by using the following 

equation (1):  

 

𝑁𝐷𝑉𝐼 =
𝜌𝑁𝐼𝑅 − 𝜌𝑟𝑒𝑑
𝜌𝑁𝐼𝑅 + 𝜌𝑟𝑒𝑑

  (1) 

 

where NDVI is Normalized Difference Vegetation Index, 𝜌red  is the red spectral band and 

ρNIR is the near infrared band. In the NDVI the range 0.6–0.9 means dense, healthy and lush 

vegetation, 0.2–0.5 sparse and stressed vegetation, 0.0–0.2 bare soil, light vegetation or dead 

plants and negative values usually indicate water, snow, ice or clouds (Martinez & Labib 
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2023, 2; U.S. Geological Survey 2018b). Table 3 lists the NDVI value ranges used in this 

thesis. 

Table 3 NDVI value ranges used in this thesis. 

NDVI range Land Cover Type Vegetation Density  Approx. Canopy Cover 

< 0 Water, snow, clouds 

 

None 0 % 

0–0.1 Bare soil, rock, urban 

surfaces 

 

None to extremely sparse ~0–5 % 

0.1–0.2 Very sparse vegetation 

 

Very low vegetation ~5–20 % 

0.2–0.3 Sparse vegetation 

 

Grassland and shrubs ~20–40 % 

0.3–0.4 Moderate vegetation 

 

Mixed vegetation, young 

forest 

~40–60 % 

0.4–0.5 Moderately dense 

vegetation 

 

Developing forest canopy ~60–70 % 

0.5–0.7 Dense vegetation 

 

Mature forest ~70–90 % 

0.7–0.8 Very dense vegetation 

 

Closed forest canopy ~90–100 % 

> 0.8 Extremely dense 

vegetation 

Tropical or peak biomass 

canopy 

~100 % 

 

Since soil coverage and properties vary in time and space, it is recommended to adapt 

thresholds to local conditions to optimise the use of NDVI (Chen et al. 2025, 21).  

4.2.2  Normalized Difference Turbidity Index 

Turbidity is not a sole indicator of water quality, but it can be used to evaluate it. In the EU, 

turbidity has become a mandatory water quality monitoring parameter but monitoring it 

solely by sampling can be costly, and it offers only limited data and coverage. NDTI is a 

tool used to evaluate changes in water quality, track pollution levels, and manage water 

resources with satellite-based RS. (Kolli & Chinnasamy 2024, 33838; Singh et al. 2024, 4.)  

NDTI is calculated from spectral reflectance values of the water pixels, and it utilizes the 

optical measurements obtained with RS instruments to quantify water turbidity. NDTI 

employs two spectral bands: green and red. Clear water typically has higher reflectance in 

the green band, meaning that when the reflectance increases in the red band, turbidity is also 

higher. (Kolli & Chinnasamy 2024, 33838; Singh et al. 2024, 4.)  



42 

 

 

The use of NDTI for RS water quality monitoring has been extensively validated. The NDTI 

equation was introduced in studies by, for example, Atiz & Durduran (2025), Kolli & 

Chinnasamy (2024) and Singh et al. (2024). The NDTI index is calculated with the following 

equation (2): 

 

𝑁𝐷𝑇𝐼 =
𝜌𝑟𝑒𝑑 − 𝜌𝑔𝑟𝑒𝑒𝑛
𝜌𝑟𝑒𝑑 + 𝜌𝑔𝑟𝑒𝑒𝑛

 (2) 

 

where NDTI is Normalized Difference Turbidity Index, 𝜌red  is the spectral red band and 

𝜌green  is the spectral green band. The NDTI values for clear water typically range from -0.2 

to 0, moderately turbid from 0.0 to 0.2, and highly turbid water > 0.25 (Kolli & Chinnasamy 

2024, 33840). Table 4 lists the NDTI value ranges used in this thesis.  

Table 4 NDTI value ranges used in this thesis. 

NDTI Value Range Interpretation 

< -0.05 

 

Very clear water 

-0.05–0.00 

 

Clear water 

0.00–0.05 

 

Slight turbidity 

0.05–0.10 

 

Moderate turbidity 

0.10–0.20 High turbidity 

 

> 0.25 Very high turbidity 

 

Turbidity indices, like NDTI, are based on the increase in red-band reflectance with 

suspended sediments. However, their performance is influenced by spatial variability in 

sediment composition, often requiring site-specific calibration to account for differences in 

upstream soil and sediment characteristics. (Chen et al. 2025, 8.) 
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4.2.3  Statistical Analysis 

The relationship between NDTI and turbidity is modelled with linear regression similar to, 

for example, Amran & Daming 2023, Bid & Siddique 2019, Elhag et al. 2019, and 

Wijayawardhana et al. 2026. In the simplest approach, a linear regression model is fitted 

between the measured turbidity values and the corresponding NDTI at the same locations 

and dates. The linear equation (3), which is then used for the conversion, is:  

 

𝐹𝑁𝑈 = 𝑚 ×  𝑁𝐷𝑇𝐼 + 𝑐 (3) 

 

where FNU is turbidity (FNU), 𝑚  is the slope and 𝑐 is the intercept. The resulting linear 

equation can only be applied to convert NDTI values into turbidity (FNU) values if a 

statistically meaningful relationship exists between the variables.  

The relationship of NDTI and turbidity, and changes in NDVI and NDTI values were 

assessed using correlation analysis. Specifically, the strength and direction of the linear 

relationship between the variables were evaluated using the Pearson correlation coefficient 

(r), which ranges from -1 to +1. Values close to +1 indicate a strong positive relationship, 

values close to -1 indicate a strong negative relationship, and values near 0 suggest little to 

no linear association. (Berman 2016, 168.) The Pearson correlation coefficient is calculated 

with the following equation (4): 

 

𝑟 =
∑ (𝑥𝑖 − 𝑥̅)(𝑦𝑖 − 𝑦̅)𝑛
𝑖=1

√∑ (𝑥𝑖 − 𝑥̅)2 ∑ (𝑦𝑖 − 𝑦̅)2𝑛
𝑖=1

𝑛
𝑖=1

 (4) 

 

where 𝑥𝑖 and 𝑦𝑖 represent the paired observations of NDVI and NDTI, and 𝑥  and ȳ are their 

respective mean values.  
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4.3  Google Earth Engine 

Satellite-based RS has long been used to study environmental changes, but the process has 

traditionally been complex and time-consuming. GEE has transformed traditional workflows 

by providing a powerful platform for mapping, monitoring, and analyzing the environment. 

GEE reduces the workload associated with RS by eliminating the need to download, store, 

and manually pre-process large datasets. (Sharma et al. 2025, 26–29.) As a cloud-based 

platform, GEE lets users access satellite and environmental data online without needing local 

data storage or advanced computers. It allows large-scale processing, analysis, and 

visualization of environmental data by combining a large data catalog with high-

performance computing, all available through the web-based Application Programming 

Interface (APIs) and an interactive development environment. (Pérez-Cutillas et al. 2023, 1–

2.) Some environmental studies have used GEE to examine long-term water trends, focusing 

on either water quantity or water quality, but the temporal scope of these studies has 

generally been limited to the past few years (Atiz & Durduran 2025, 33).  

GEE works through an API, which lets users interact with its cloud-based data and 

computing resources. An API is a structured interface that allows users to set up analytical 

tasks like data selection, processing, and analysis. These tasks are then sent to remote 

servers, which execute the computations and return the results to the users. In GEE, the API 

handles the technical details of cloud computing automatically managing data access, 

parallel processing, and combining results. This means the users can focus on analysis rather 

than the technical setup. Google offers official JavaScript and Python tools for using the 

Earth Engine API, allowing the same analyzes to be performed regardless of the preferred 

programming language with minor code differences. (Gandhi 2024, 4.) Researchers have 

used GEE to monitor ecosystem health, natural disasters, and diseases because it can process 

large amounts of satellite images and geospatial data. GEE is also widely used across 

environmental and Earth science sectors, including tracking and mapping CO2 emissions and 

other environmental indicators. (Rahimoon et al. 2025, 54.) 
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EXPERIMENTAL PART 

Previous studies have demonstrated the usefulness of satellite-based RS for monitoring land 

cover dynamics, water quality, and catchment-lake interactions across different 

environments. Spectral indices derived from multispectral satellite imagery have been 

widely applied to assess vegetation conditions and turbidity over the past decades. In 

Finland, environmental monitoring has traditionally relied on environmental sampling, but 

satellite-based RS is being integrated into the monitoring programs to improve spatial 

coverage, temporal frequency, and long-term monitoring capacity. RS offers several 

advantages, including the ability to monitor large and remote areas consistently, detect 

spatial patterns that may not be captured by traditional monitoring, and support cost-effective 

environmental assessment.  

This study applies RS workflow combining forest cover analysis and water quality indicator 

assessment using Sentinel-2 imagery and complementary data. Particular emphasis is placed 

on evaluating the applicability of the selected spectral indices for detecting relationships 

between catchment changes and lake water turbidity dynamics in Lake Pielinen. The 

methodological approach consisted of satellite image preprocessing, cloud masking, 

monthly composite generation, spectral index calculations, and spatial analysis of the 

selected regions of interest. The workflow was designed to enable both temporal comparison 

and spatial variability within the study area.  
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5  Materials and Methods 

The research process workflow follows a methodology flowchart that was created at the 

planning stages of the thesis. It starts from study design done on GEE, followed by image 

preprocessing, data extraction, data handling and analysis. Figure 6 presents the workflow 

of this study.   

Figure 6 Methodology flowchart of the research process.  
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5.1  Study Area and Data Sources 

5.1.1  Study Area 

Lake Pielinen, the study area, is bound within the coordinates 62°54´–63°33´N and 29°07´–

30°14´E and located in the Eastern Finland, North Karelia region. Figure 7 shows the lake 

location within Finland.  

In total 13 sites within the lake were chosen for analysis. The decisions were based on visual 

analysis of the satellite imagery, forest use declarations, and the availability of turbidity 

measurements from SYKE Hertta database. Figure 8 shows all the chosen sites on the lake 

map; the sites and their coordinates are also listed in appendix 1. 

Figure 7 Location of Lake Pielinen within Finland, satellite images and surface lake outline from Google Earth Engine. 
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Figure 8 The chosen monitoring sites around Lake Pielinen. 

During selection, 7 sampling sites were selected from the SYKE Hertta database for the 

NDTI–turbidity (FNU) relationship analysis. The sites were chosen based the number of 

samples taken from each to ensure sufficient opportunities to pair them with satellite 

overpass dates and to have sufficient representation of the lake. Three sites were included in 

the NDTI–precipitation and NDTI–NDVI analyzes based on visual estimates of turbidity 

from the composites: these were the recognized hotspots. Another three sites were included 

based on the forest use declarations that fit the timeframe of this study. 

5.1.2  Data Sources 

The country boundaries were from the USDOS LSIB Simple 2017 dataset, and the lake 

surface water data were derived from the JRC Global Surface Water Mapping Layers (v1.4) 

within GEE. The USDOS LSIB was used for the regional overview map and study area 

visualization. The JRC was used to identify the permanent surface areas and to support the 

visualization of lake boundaries. Water occurrence was used to map lake extent and derive 

vector shorelines. Sentinel-2 MSI Level-2A imagery was used as the primary satellite dataset 

in the analysis. The dataset provides multispectral reflectance data with spatial resolutions 

of 10–20 m and a revisit time of approximately 5 days. The imagery was accessed and 

processed in GEE.  
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The precipitation data were obtained from the Finnish Meteorological Institute Observation 

Download service. The total monthly precipitation for July and August of each analysis year 

was downloaded for the relevant observation stations around Pielinen. The chosen stations 

were: Nurmes Valtimo, Nurmes Mujejärvi, Lieksa Lampela, Lieksa Koli, and Juuka 

Niemelä. In the southern part of the lake, near Uimaharju, the closest observation stations 

are in the Ilomantsi and Joensuu areas, and they were excluded from this step because they 

are too far away from the lake.  

The turbidity measurement data were taken from the SYKE Hertta environmental database, 

only measurements taken in the depth of 1 meter were included. These values were used for 

analyzing the relationship between NDTI and field-based turbidity data. The forest use 

declaration data were obtained from the Finnish Forest Centre, and it served as a basis for 

selecting some of the analysis sites. The surface water temperature data were obtained from 

Järvi-Meriwiki, which had data from one observation site: Pielinen (04.411.1.001). This site 

is part of the Environmental Administration’s nationwide hydrological monitoring 

observation network. The site had consistent, and also past, water temperature data available 

and was chosen as a data source for this reason. The surface water temperature data were 

used to describe the hydrological conditions. 

5.2  Remote Sensing Water Turbidity 

5.2.1  Data Cleaning, Preparation and NDTI Computation 

At the start of the process, an area of interest (AOI) was first drawn with a polygon tool 

around the Lake Pielinen, and the turbidity monitoring site coordinates were added for the 

data extraction. Sentinel-2, level 2A surface reflectance images were processed in GEE to 

derive the monthly turbidity indicators for the lake. The images were obtained from 

COPERNICUS/S2-SR_HARMONISED collection, which provides atmospherically 

corrected surface reflectance data. All non-water pixels were masked to restrict the analysis 

to the water surface.  

RS studies rely on the availability of accurate cloud masking as clouds and other atmospheric 

particles limit the amount of valid surface information and can compromise the parameters 

(Sedano et al. 2011, 588). In this study, scenes with more than 60% cloud cover were 
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excluded, similar to a study done by García-Tuñon et al. (2024). Clouds, cloud shadows, and 

atmospheric artefacts were removed by using the Sentinel-2 Scene Classification Layer 

(SCL). Pixels classified as cloud shadow, medium- and high-probability clouds, and cirrus 

were masked prior to creating the composites.  

Pixel-based composites are used in RS to address limitations in single-date satellite imagery, 

particularly cloud contamination and incomplete spatial coverage. By integrating multiple 

observations, composites increase the number of usable pixels and improve overall 

reliability of spatial datasets. This approach is valuable in cloud-prone regions, where 

consistent cloud-free imagery is difficult to obtain. Consequently, composites enable more 

stable derivation of indices, although they might introduce temporal variability that should 

be considered in the interpretation. (Francini et al. 2023, 1–2.) Monthly median composites 

were generated to reduce noise and outliers in the satellite imagery by applying a median 

reducer to all remaining observations within each month. This approach was chosen to 

reduce contamination and noise while preserving stable surface reflectance patterns. Figure 

9 shows an example NDTI composite of the entire lake in the GEE interface, with different 

turbidity levels visualized in different colors.  

a 

 

b 

 

Figure 9 a. composite of August 2019 (the AOI is lighter than surrounding image), b. zoomed image showing regions of 

high turbidity (NDTI) from a section of the lake in the middle of agricultural land and areas of low turbidity towards open 

water zone. 

The resulting composites were used for visual interpretation, turbidity dynamics analysis, 

hotspot identification, and the extraction of index values at selected regions of interest 

(ROIs). To reduce pixel-level variability and geolocation uncertainty, a 30 m buffer was 

applied to each ROI prior to value extraction. NDTI was calculated from the composites by 

using a normalized difference operation in GEE with Equation 2, and the spatially averaged 
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mean values were then derived for each ROI, and the data were exported for further 

processing. 

5.2.2  Relationship Between NDTI and Turbidity 

In Finland, turbidity is measured in accordance with SFS-EN ISO 7027-1:2026, which 

specifies the optical methods for measuring turbidity. Turbidity from typical natural waters 

is measured by using nephelometry, whose unit is FNU. Therefore, the statistical relationship 

between the in-situ measurements and the calculated values was assessed using the NDTI–

FNU pairing, similar to Wijayawardhana et al. (2026). 

The NDTI–turbidity pairing dates were selected from the 2018–2025 period. Due to 

limitations in the available in-situ data in the Syke database, only 10 sites were chosen for 

this study. While there are more than 10 monitoring sites in Pielinen, not all are used for 

turbidity monitoring, and some turbidity sites did not have enough samples collected. Each 

of the chosen sites had more than 3 separate in-situ sampling dates available. The site number 

was further reduced to 7 during the pairing step, due to limited availability of satellite 

overpasses and cloud-free images. From the chosen sites, 3 sampling dates were paired with 

a satellite overpass (+/- 3 days), totaling 21 sample pairs. Only the samples from a depth of 

one meter were considered, since satellites do not reach very deep in the water column, and 

therefore the deeper samples are not comparable with the satellite-derived values. After an 

overpass image was found for a chosen site and date, the mean NDTI value was calculated, 

representing the exact coordinate location and pixels surrounding it. This was done to 

minimize the pixel-level variability and geolocation uncertainty, producing a more 

representative satellite value for validation.  

In this step, the code from the NDTI composite creation was used slightly modified. Where 

in the composite creation, GEE gathered data for a set month, in this step, individual images 

were searched based on the sampling date (+/- 3 days). When there was high cloud cover 

during the overpass, the cloud mask removed significant portions of the lake. If the 

monitoring site was in the removed area, no NDTI value was obtained and the date was 

excluded. Figure 10 shows examples of images under different cloud conditions in the GEE 

image-processing environment.  
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 a 

 

b 

 

Figure 10 Different cloud conditions in Lake Pielinen at two different satellite overpass dates with cloud masking, a. 

significant clouds, b. almost no cloud cover. 

If a monitoring site was located in an area where the map view was visible behind the AOI 

on Figure 10a the date would be excluded from that site pairing, similarly to dates where 

there were no satellite overpasses available within the timeframe.  

5.3  Remote Sensing Forest Cover Analysis 

5.3.1  Data Cleaning, Preparation and NDVI Computation 

Monthly composites with cloud masking were generated for all of the months (July & 

August) within the observation period using the Sentinel-2 SCL band to remove clouds, 

cloud shadows, and cirrus. The NDVI values were calculated using the normalized 

difference operation available in the GEE image-processing environment with Equation 1. 

The NDVI was calculated for the forest areas around the NDTI hotspot and forest declaration 

sites. ROIs were first drawn with the polygon tool around each of the NDTI observation 

sites, 6 sites, to cover the forested areas which could immediately affect the water quality in 

the site, excluding pixels of water, agricultural land, and large roads. The NDVI statistics 

were extracted for each site at 10 m spatial resolution. The mean NDVI values and standard 

deviations were calculated from each monthly composite to characterize vegetation density 

and spatial variability within each ROI, and the data were exported for further processing. 

Figure 11 shows an example of what the lake-level NDVI composite looked like in the GEE 

image-processing environment.  
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Figure 11 Lake-level NDVI composite layer of August 2019. 

To assess the high-NDVI development, a proportion of pixels with NDVI ≥ 0.75 relative to 

the total number of pixels in each ROI was also calculated. The high-NDVI values from the 

2017 composite were used as a baseline for comparison. The threshold value 0.75 was 

chosen as a proxy for strongly vegetated surfaces during peak growing season, as it best 

represented the situation compared to lower values. It is acknowledged that NDVI does not 

directly measure the tree canopy structure and can also capture dense shrub and regenerating 

vegetation (Wang et al. 2023, 408–409), despite it being a common index for monitoring 

deforestation and forest disturbance (Eisfelder et al. 2023, 2).   

 

6  Results and Discussion 

6.1  Hydrological Context and Surface Water Temperature 

The average values of monthly precipitation were used to present the hydrological context 

of the observation period and to compare if the precipitation showed expected effects on 

turbidity in the observation sites. During the observation period, the mean July precipitation 

across the precipitation observation stations (Nurmes Valtimo, Nurmes Mujejärvi, Lieksa 

Lampela, Lieksa Koli, and Juuka Niemelä) showed particularly strong fluctuations, with 

precipitation exceeding August in several years. Figure 12 shows the annual mean 

precipitation of July and August across the observation stations. 
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Figure 12 July & August precipitation mean across the observation stations during the 2018–2025 observation period 

(Finnish Meteorological Institute). 

From the Figure 12, it can be seen that 2020 and 2022 had the highest precipitation in July, 

and 2021 had the highest in August. Turbidity is largely influenced by precipitation and is 

tied to the spatial distribution of rainfall. This means that while the general amount of 

precipitation might be high, it does not mean that it automatically increases turbidity all over 

the lake. Differences in precipitation patterns provide an important hydrological context for 

interpreting temporal variability in lake turbidity and water color, as increased rainfall may 

enhance runoff and the transport of suspended materials to the lake (Bamal et al. 2025, 3). 

Figure 13 shows the monthly rainfall of each observation station; the exact values are also 

listed in Appendix 3.  

 a 

 

b 

 

Figure 13 Monthly total rainfall during 2018–2025 in each observation station, a. July and b. August (Finnish 

Meteorological Institute). 

From the Figure 13, it can clearly be seen that the highest rainfall was in July 2020, 2022, 

and 2023, and the fluctuations between the different years are more visible. It is also evident 

that August has less rainfall, more consistently, apart from a few peaks, like 2023 in Nurmes 

Mujejärvi and Lieksa Lampela. Rain affects turbidity most during and right after the rain 
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event, when runoff from land and possible erosion are at their peak (Jia et al. 2021, 1). Also, 

after a drier period, soils do not retain water as well as moist soil, so a single rain event 

during the drier season can have a larger effect on turbidity than a similar rain event during 

a season when the soil has not dried as much prior to the rain and is capable of retaining 

more water. (Laurance 2007, 409; Hümann et al. 2011, 638.) 

Water temperature and turbidity are also closely linked. High turbidity often increases water 

temperature by absorbing sunlight. Higher water temperature, in turn, decreases water 

viscosity, allowing particles to remain suspended for longer periods. Figure 14 shows the 

July and August surface water temperatures of the 2018–2025 period from the Nurmes 

observation station.  

a 

 

b 

 

Figure 14 Surface water temperatures of July and August 2018–2025, from Environmental Administration's Nurmes -

sampling site, a. showing columns with standard deviation and b. showing the trend. 

While a single station is insufficient in determining the lake thermal conditions, it was 

included to show the temperature trend for this time period. The same data, from which these 

temperatures were extracted, is part of the long-term hydrological monitoring done by the 

Environmental Administration. The data is used, for example, to evaluate the progression of 

climate change. From the Figure 14 it can be seen that even in this short timeframe, the 

August surface water temperatures are showing a clear increase, while July shows more 

fluctuation. However, determining the actual trends would require evaluating surface water 

temperatures from several sites within the lake over longer time periods.  

6.2  Analysis of the Relationship Between NDTI and Turbidity 

The NDTI–turbidity (FNU) relationship analysis was performed similar to the research done 

by Bid & Siddique (2019), where they compared measured turbidity and NDTI map-based 
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turbidity index. Because of data limitations, the analysis was performed with only 21 sample 

pairs, from 7 sites. All the FNU samples, which were considered, were taken from the depth 

of 1 meter. Table 5 lists the pairing sites, site depths and FNU mean values in 1 meter, the 

more specific data is also listed in Appendix 1.  

Table 5 NDTI–turbidity pairing sites, their coordinates, depths, and FNU values in 1 meter. 

Site name Coordinates Site Depth (m) FNU Mean, 1m Turbidity conditions 

Ritoniemi 63 31.574 N, 029 08.974 E 31.2 2.77 Low turbidity 

Kalkkusaari 63 17.549 N, 029 34.975 E 59 1.17 Low turbidity 

Peltosaari 63 13.863 N, 029 20.249 E 41 1.93 Low turbidity 

Kevätniemi 63 19.433 N, 0.29 57.877 E 9.8 1.50 Low turbidity 

Ahveninen 62 56.694 N, 030 06.682 E 4.3 0.73 Clear water 

Vinkerlahti 63 32.354 N, 029 08.766 E 15.8 2.77 Low turbidity 

Kertonsaari 63 22.888 N, 029 12.171 E 39.9 1.19 Low turbidity 

 

Based on literature, for example Bid & Siddique 2019 and Wijayawardhana et al. 2026, it 

was expected that NDTI and turbidity would be positively correlated. However, the whole 

dataset has low coefficient of determination (R2<0.10), which suggests that NDTI captures 

only a small fraction of turbidity variability. The correlation coefficient (r = 0.26), calculated 

with Equation 4, further supports a weak relationship between NDTI and turbidity (FNU). 

Figure 15 shows the linear regression of the NDTI and turbidity (FNU) pairs.  

 

Figure 15 Linear regression of 21 NDTI and turbidity (FNU) sample pairs. 

While the pooled dataset exhibited a low coefficient of determination, site-level analysis 

revealed clustered observations with internally consistent, and sometimes approximately 

R² = 0.0671
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linear relationships between NDTI and turbidity. This suggests that spatial heterogeneity 

influences the model performance, and that the relationship may be site dependent. Figure 

16 shows the site-specific NDTI and turbidity (FNU) pairs.  

 

Figure 16 NDTI and turbidity (FNU) pairs from each site. 

This linear model exhibited low explanatory power when all the pairs were considered 

together, suggesting that a single global relationship does not accurately describe the dataset. 

However, close inspection of the data revealed that observations from individual sampling 

sites formed more distinctive clusters, within which approximately linear relationships were 

also evident. From the Figure 16 it can also be seen that Ritoniemi and Vinkerlahti might 

have a negative correlation, these sites are close to each other in an urban area with a sawmill 

close by, which can affect the turbidity conditions and cause the correlation to differ from 

other sites. The clustering indicates that the NDTI–turbidity relationship may be influenced 

by spatial variability, likely due to differences in local optical properties, like suspended 

matter composition, DOM, and biological activity. It is also possible that the weak 

relationship is driven by low turbidity conditions, low FNU, where reduced concentrations 

of suspended particles result in weak optical contrast and decreased sensitivity of Sentinel-

2 reflectance signals. Latwal et al. (2025) found that NDTI performs well in identifying 

turbidity levels above 10 nephelometric turbidity unit (NTU), while red-band reflectance 

provides improved performance under low turbidity conditions. This combined approach 

enabled more robust turbidity classification from Sentinel-2 imagery. However, the authors 

also emphasize that further validation is required to assess the transferability of the method 

across different environments and datasets. (Latwal et al. 2025, 8, 14.) FNU and NTU are 

numerically equivalent (International Organization for Standardization, 2016). 
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As a result, the use of single regression model for NDTI-turbidity (FNU) conversion is not 

appropriate for this dataset. Instead, NDTI was used as a relative indicator of turbidity 

patterns. While the current dataset does not support a NDTI-turbidity (FNU) conversion 

model, the observed within-site consistency suggests that NDTI retains sensitivity to 

turbidity changes under site-specific conditions. Developing a reliable conversion model 

would require targeted research designed to capture a more representative range of turbidity 

conditions across the sites, with sufficient number of turbidity samples and satellite overpass 

pairing, or further research with the red-band and NDTI combination approach.  

6.3  Forest and Turbidity Dynamics in the Monitoring Sites 

The turbidity development of each chosen site was evaluated with the NDTI values, which 

are not strict thresholds or universal turbidity classes. They are relative turbidity indicators 

that can be used to interpret the conditions from the satellite maps, together with visual 

observations. Table 6 shows the NDTI range of each analysis site and what it indicates.  

Table 6 Minimum and maximum NDTI of each chosen observation sites. 

Site Min. Max. Interpretation of Turbidity Level 

Autiolahti 0.0176 0.1992 Slight turbidity – High turbidity 

 

Laiskanniemi -0.0299 0.2381 Clear water – Very high turbidity 

 

Kontiolahti -0.1226 0.0962 Clear water – Moderate turbidity 

 

Kutkutlahti -0.1481 0.0340 

 

Very clear water – Slight turbidity 

Ahvenlahti -0.1779 0.0631 

 

Very clear water – Moderate turbidity 

Miessalmi -0.0658 0.2192 Very clear water – Very high turbidity 

 

Vegetation development at each selected site was evaluated by comparing the proportion of 

high-NDVI pixels (NDVI ≥ 0.75) of each analysis year to the 2017 baseline. The changes 

are reported as percentage-point difference relative to the baseline year. The exact NDVI 

values for each site are listed in Appendix 4. When evaluating the turbidity change in relation 

to the high-NDVI change, the expected outcome is an inverse relationship: a decrease in 
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NDVI causes the NDTI to increase, and vice versa. This is due to reduced soil stability and 

increased erosion and surface runoff caused by tree loss. (Shah et al. 2022, 11–12, 14). 

6.3.1  Turbidity Development in the Hotspot Sites 

There is a significant number of agricultural sites around the lake, and many areas of high 

turbidity are located directly next to agricultural land near the lake shores. Other types of 

highly turbid areas were sandy beaches or inflows from rivers that flow through agricultural 

land. There is also a significant number of ditched peatlands around the lake, which can also 

be sources of turbidity. The hotspots, chosen by visual inspection of the composite images, 

were Autiolahti Cove in Paalasmaa, Laiskanniemi Point in Uimaharju, and Kontiolahti Cove 

in Kynsisaari. While Kontiolahti does not show as high turbidity as the two other sites in the 

2019 composite, it was chosen because there has been significant fellings around the bay 

within the 2018–2025 period. Figure 17 shows the hotspot locations on the lake map and 

turbidity dynamics of the sites from the July 2019 NDTI composite, calculated in GEE. 

a 

 

b 

 

c 

 

d 

 

Figure 17 Turbidity (NDTI) of the chosen hotspot sites from July 2019 composite showing turbidity dynamics, a. hotspot 

sites on map, b. Autiolahti showing moderate–high turbidity, c. Laiskanniemi showing moderate–high turbidity and d. 

Kontiolahti showing low–moderate turbidity. 
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Autiolahti Cove in Paalasmaa was chosen as one of the turbidity hotspots to be analyzed. 

The small cove is in Karhusalmi area of Pielinen. The site is surrounded by older, clear-cut 

logging areas and forests. Paalasmaa is located in the deepest regions of Pielinen, with wide, 

deep basins. However, the depth of Autiolahti Cove was not available from public sources; 

based on satellite images, it appears to be fairly shallow. Figure 18 shows turbidity (NDTI) 

development in Autiolahti during both months in relation to the total precipitation of the 

closest observation station. The forest cover development is reported as a high-NDVI 

proportion of all the pixels within the AOI, and it is compared to the 2017 baseline. 

a 

 

b 

 
c 

 

d 

 
Figure 18 Turbidity (NDTI) development in Autiolahti during 2018–2025 with precipitation and high-NDVI 

development as a fraction of pixels above canopy threshold value, compared to the 2017 baseline, a. Precipitation effects 

July, b. NDVI effects July, c. precipitation effects August, d. NDVI effects August.  

Turbidity (NDTI) in Autiolahti was in moderate – high turbidity range. A moderate negative 

correlation (r = -0.50) was observed between July precipitation and NDTI, suggesting that 

higher precipitation is associated with lower turbidity values, as opposed to what was 

expected based on the literature. This can indicate, for example, that rain dilutes the water, 

leading to lower turbidity levels. Augusts show a moderate positive correlation (r = 0.51), 

indicating that higher precipitation is associated with increased turbidity, consistent with 

runoff-driven sediment input. A moderate positive correlation (r = 0.41) was observed 

between the NDTI and high-NDVI change during Julys as opposed to the expected inverse 

relationship, meaning that an increase in canopy cover increases turbidity. It suggests that 

turbidity is influenced by other factors than the change in canopy cover. Augusts showed a 
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weak negative correlation (r = -0.23), indicating only a limited association between changes 

in canopy and turbidity.  

Another hotspot chosen for analysis was near Laiskanniemi Point in Uimaharju. The whole 

beachfront was quite turbid in that area, maybe due to shallow water and a sandy shoreline 

that increase mixing and turbidity. There is a long, shallow Uimaharju Laiska Beach in 

Laiskanniemi, and the area has large, forested areas that appear to be in different stages of 

growth based on visual analysis of the satellite images. Figure 19 shows turbidity (NDTI) 

development in Laiskanniemi during both months in relation to the total precipitation of the 

closest observation station. The forest cover development is reported as a high-NDVI 

proportion of all the pixels within the AOI, and it is compared to the 2017 baseline. 

a 

 

b 

 
c 

 

d 

 
Figure 19 Turbidity (NDTI) development in Laiskanniemi during 2018–2025 with precipitation and high-NDVI 

development as a fraction of pixels above canopy threshold value, compared to the 2017 baseline, a. Precipitation effects 

July, b. NDVI effects July, c. precipitation effects August, d. NDVI effects August. 

Turbidity (NDTI) in Laiskanniemi was in clear water – very high turbidity range. A moderate 

negative correlation (r = -0.63) was observed between July precipitation and NDTI in 

Laiskanniemi, similar to Autiolahti, suggesting that higher precipitation is associated with 

lower turbidity. No meaningful correlation between the two was observed in August (r = 

0.02). Julys show a moderate negative correlation (r = -0.65) between NDTI and high-NDVI 

change, indicating that increased vegetation loss is associated with higher turbidity levels. 

Similarly, a moderate negative correlation (r = -0.53) was observed during Augusts, although 

the relationship is weaker than in July. This shows that there is a moderate inverse 
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relationship between vegetation change and turbidity in Laiskanniemi, with a slightly 

stronger relationship observed in July. Turbidity in Laiskanniemi appears to be more 

strongly linked to vegetation change than to precipitation, suggesting that land-cover 

conditions have a role in regulating sediment transport and water quality. 

The third hotspot site was Kontiolahti Cove, located in Kynsisaari, one of the largest islands 

in Pielinen, with a quite significant amount of forestry. There have been forestry activities 

around the cove within the timeframe of the thesis but also clear-cutting at an earlier time. 

There were forest use declarations around the cove for seedling felling, thinning and first 

thinning for 2016 and 2023 and renewal felling and thinning for 2018. Islands in Pielinen 

are generally formed by piles of large boulders, like Kynsisaari. Kontiolahti Cove is located 

between two steep and rocky hills, receiving very high waves at times of high wind. 

Kontiolahti is very deep at the entrance but becomes very shallow towards the bottom with 

a muddy lakebed. Because of the location and characteristics, runoff from the hillside and 

mixing due to high waves can increase turbidity in the cove, especially towards the bottom. 

Figure 20 shows turbidity (NDTI) development in Kontiolahti during both months in relation 

to the total precipitation of the closest observation station. The forest cover development is 

reported as a high-NDVI proportion of all the pixels within the AOI, and it is compared to 

the 2017 baseline. 

a 

 

b 

 
c 

 

d 

 
Figure 20 Turbidity (NDTI) development in Kontiolahti during 2018–2025 with precipitation and high-NDVI 

development as a fraction of pixels above canopy threshold value, compared to the 2017 baseline, a. Precipitation effects 

July, b. NDVI effects July, c. precipitation effects August, d. NDVI effects August. 
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Turbidity (NDTI) in Kontiolahti was in clear water – moderate turbidity range. A moderate 

negative correlation (r = -0.45) was observed between July precipitation and the NDTI, 

similar to the other hotspot sites. Augusts showed a weak negative correlation (r = -0.19) 

between the precipitation and NDTI, indicating that there is no meaningful linear 

relationship between turbidity and precipitation during this period. The results suggest that 

the relationship is likely influenced by event-scale dynamics and hydrological buffering 

within the lake system. The correlation between the mean July NDTI values and high-NDVI 

change was negligible (r = -0.03), meaning there is no meaningful linear relationship 

between vegetation change and turbidity in Kontiolahti within the Julys of the observation 

period. Augusts showed a moderate negative correlation (r = -0.41), indicating that greater 

vegetation loss is associated with an increase in turbidity.  

The expected precipitation effects on turbidity were only seen during Augusts in Autiolahti. 

Other sites showed either a very weak correlation or moderate negative correlation 

indicating, for example, that rain dilutes the water which leads to decreases in turbidity. 

Other reason for the inconsistencies can be that the effects are more evident right after rain 

events, although periods of heavier rain should lead to higher turbidity. High-NDVI change 

and turbidity showed a moderate negative correlation in Laiskanniemi during both months 

and in Kontiolahti during Augusts, as expected. In other cases, the correlation was either 

negligible or positive, which means that the turbidity is affected by other factors than 

changes in vegetation. 

6.3.2  Turbidity Development in the Forest-Use Declaration Sites 

The selected forest-use declaration sites were included to explore, whether detectable effects 

on turbidity and localized turbidity patterns can be observed in areas with documented 

intentions for forest-use activity. It needs to be noted that a forest use declaration is not a 

guarantee that the declared fellings have been carried out. There is a separate service for 

forest owners where they can check the declarations and timetables of fellings being carried 

out in their own forest. The chosen sites were Kutkutlahti Cove, Ahvenlahti Cove, and 

Miessalmi Strait. Figure 21 shows the forest-use declaration sites on the lake map and 

turbidity dynamics of the sites from the July 2019 NDTI composite, calculated in GEE. 
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d 

 

Figure 21 Turbidity (NDTI) of the chosen forest-use declaration sites from the July 2019 composite showing turbidity 

dynamics, a. the forest-use declaration sites on map, b. Kutkutlahti showing moderate turbidity, c. Ahvenlahti showing 

low–moderate turbidity and d. Miessalmi showing moderate–high turbidity. 

Kutkutlahti is an almost closed cove located in the Kutkutsaari Island. The water in 

Kutkutlahti was in very clear – slight turbidity range. There were declarations of first 

thinning for Kutkutlahti Cove in 2021 on the right side of the bay and thinning and clear-

cutting on the left side the same year. Larger portions of the island have been under forestry 

practices over the past decades. Figure 22 shows turbidity (NDTI) development in 

Kutkutlahti during both months in relation to the total precipitation of the closest observation 

station. The forest cover development is reported as a high-NDVI proportion of all the pixels 

within the AOI, and it is compared to the 2017 baseline. 
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Figure 22 Turbidity (NDTI) development in Kutkutlahti during 2018–2025 with precipitation and high-NDVI 

development as a fraction of pixels above canopy threshold value, compared to the 2017 baseline, a. Precipitation effects 

July, b. NDVI effects July, c. precipitation effects August, d. NDVI effects August. 

Precipitation showed a strong negative correlation (r = -0.70) to turbidity (NDTI) in 

Kutkutlahti, indicating that higher precipitation is associated with lower turbidity levels, 

similar to the hotspot sites. This can indicate stronger dilution effects, compared to the 

hotspot sites. Augusts showed a weak to moderate positive correlation (r= 0.36), indicating 

a limited tendency for higher precipitation leading to increase in turbidity. Kutkutlahti 

showed a moderate negative correlation (r = -0.61) between NDTI and high-NDVI change 

in July, indicating that increased vegetation loss is associated with higher turbidity levels. 

August also showed a moderate negative correlation (r = -0.56) between the two.  

Ahvenlahti Cove, the second forest declaration site, is also a closed cove with forested and 

agricultural areas surrounding it. Turbidity in Ahvenlahti is in very clear water – moderate 

turbidity range. There were declarations of thinning sparsely around the cove for 2021, 2023, 

and 2024. There were also planned larger clear-cutting sites for 2019 and 2023 on the right 

side and at the end of the bay. Figure 23 shows turbidity (NDTI) development in Ahvenlahti 

during both months in relation to the total precipitation of the closest observation station. 

The forest cover development is reported as a high-NDVI proportion of all the pixels within 

the AOI, and it is compared to the 2017 baseline. 
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Figure 23 Turbidity (NDTI) development in Ahvenlahti during 2018–2025 with precipitation and high-NDVI 

development as a fraction of pixels above canopy threshold value, compared to the 2017 baseline, a. Precipitation effects 

July, b. NDVI effects July, c. precipitation effects August, d. NDVI effects August. 

In Ahvenlahti, turbidity (NDTI) showed a negligible negative correlation (r = -0.08) with 

July precipitation. Similar negligible correlation was observed between August precipitation 

and turbidity (r = 0.10). This indicates that there is no meaningful relationship between 

precipitation and turbidity during the observation period in Ahvenlahti. Turbidity and high-

NDVI change showed a weak positive correlation (r = 0.15) during Julys and a weak to 

moderate positive correlation during Augusts (r = 0.32). This indicates that there is no 

meaningful relationship between the two during Julys or Augusts of the observation period.  

Miessalmi Strait is located between Liklamonsaari Island and Sipolansaari Point with 

turbidity in very clear water – very high turbidity range. There were planned clear-cutting, 

strip-cutting, and thinning sites in Sipolansaari point for 2021, 2023, and 2024. Figure 24 

shows turbidity (NDTI) development in Miessalmi during both months in relation to the total 

precipitation of the closest observation station. The forest cover development is reported as 

a high-NDVI proportion of all the pixels within the AOI, and it is compared to the 2017 

baseline. 
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Figure 24 Turbidity (NDTI) development in Miessalmi during 2018–2025 with precipitation and high-NDVI 

development as a fraction of pixels above canopy threshold value, compared to the 2017 baseline, a. Precipitation effects 

July, b. NDVI effects July, c. precipitation effects August, d. NDVI effects August. 

Precipitation showed a moderate negative correlation (r = -0.65) to turbidity (NDTI) in 

Miessalmi, indicating that higher precipitation is associated with lower turbidity levels, 

similar to the hotspot sites and Kutkutlahti. August showed a weak correlation (r = -0.14). 

Turbidity and high-NDVI change showed a weak positive correlation (r = 0.12) during Julys 

indicating to correlation. Augusts showed a moderate positive correlation (r = 0.58), 

indicating that an increase in vegetation increases turbidity. 

Precipitation overall did not show a clear positive relationship with turbidity where increased 

precipitation increases turbidity, as expected based on literature, and the correlations were 

weak or negative across all the sites, apart from Augusts in Autiolahti. This suggests that 

rainfall alone is not a primary driver of turbidity variability in Lake Pielinen and the 

influence of precipitation is likely mediated by other factors, like catchment characteristics 

and hydrological processes. Precipitation does not always affect turbidity because the effects 

are connected to the transport of sediments and not just the volume of water. While seasons 

of heavier rain usually increase turbidity, there are many factors that mitigate the transport 

of sediments, like high soil permeability and lack of loose sediment. Also, other mitigating 

effects of vegetation can reduce or limit the increase of turbidity. All in all, rain only 

increases turbidity when it has enough energy and volume to detach and transport sediment 

into the waterbody. However, there are regions along the lake’s shoreline, showing 
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consistently higher turbidity, for example around agricultural fields. In some cases, 

differences in turbidity between an agricultural field with forested buffer and a field without 

one can also be seen. Shoreline is a dynamic region where, for example, waves can move 

loose sediment in shallow water, which can increase turbidity. Sometimes in these regions 

rain can also have an opposite effect on turbidity where it dilutes the water making it appear 

less turbid. Precipitation effects on turbidity require further research and analysis done on a 

daily basis at each site to see if any effects can be detected.  

Overall, the results did not show the expected inverse relationship between vegetation 

change and turbidity, in which reduced vegetation cover would correspond to increased 

turbidity. The high-NDVI change and NDTI showed the expected relationship only in three 

of the sites: Laiskanniemi during both months, Kontiolahti during Augusts, and Kutkutlahti 

during both months, all with moderate correlation. This suggests that changes in NDVI alone 

does not depict the canopy disturbances accurately or explain the turbidity changes in the 

monitoring sites.  

6.4  NDVI Accuracy 

The reliability of spectral indices such as NDVI depends on their validity domain, which is 

often not explicitly defined. Applying NDVI outside the conditions under which it was 

developed or calibrated can lead to inconsistent or biased results, particularly across different 

vegetation densities, soil backgrounds, and sensor types. (Chen et al. 2025, 21.) NDVI is a 

widely used RS tool to measure tree loss, particularly for detecting abrupt changes like 

deforestation. However, in this study the NDVI values in general, although showing changes 

compared to baseline, remain consistently in dense–very dense range in most of the sites. 

Despite there being disturbances in the canopy cover within the observation period. This can 

be caused by understory interference, where dense and green vegetation remaining after tree 

loss masks the canopy condition and causes the NDVI values to remain high (Eriksson et al. 

2006, 416). NDVI is also sensitive to saturation when the vegetation is dense. Saturation 

occurs when the index approaches its maximum and it is more likely in forests with complex 

spatial heterogeneity and high biomass, causing inaccuracies and lack of sensitivity in 

NDVI. (Gao et al. 2023, 2.)  
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The results highlight the limitations of NDVI as canopy disturbance indicator in this context. 

Although most sites exhibited high NDVI values, the proportion of high-NDVI pixels varied, 

indicating that mean NDVI values may mask significant spatial heterogeneity within the 

observation sites. Additionally, NDVI sensitivity reduces in densely vegetated 

environments, limiting its ability to distinguish between levels of vegetation density. These 

findings demonstrate that NDVI should be interpreted cautiously, particularly when used as 

a proxy for canopy cover and vegetation structure. Table 7 lists the NDVI and high-NDVI 

range of the monitoring sites. 

Table 7 NDVI and high-NDVI range of the monitoring sites in the 2018–2025 period. 

Site NDVI High-NDVI (%) Land Cover Type Based on the NDVI 

 

Autiolahti 0.79–0.85 

 

23–93 Very–extremely dense vegetation 

Laiskanniemi 0.55–0.81 23–93 

 

Dense–extremely dense vegetation 

Kontiolahti 0.69–0.83 

 

49–92 Moderate–very dense vegetation 

Kutkutlahti 0.72–0.85 31–100 Moderate–extremely dense vegetation 

 

Ahvenlahti 0.82–0.87 

 

89–100 Extremely dense vegetation 

Miessalmi 0.70–0.85 38–98 Very–extremely dense vegetation 

 

Kontiolahti is presented as an example due to extensive forestry operations around the cove 

during the observation period. The NDVI values remained within the moderate to very dense 

vegetation range throughout the observation period, while the proportion of high-NDVI 

pixels varied between 49% and 92%. In August 2018, NDVI reached 0.82 (very dense 

vegetation) with 90.5% high-NDVI pixels. By July 2020, NDVI declined to 0.69 and high-

NDVI to 49.1%, indicating disturbance in forest cover. This reduction coincides with a fairly 

large clear-cut area visible in satellite imagery on the right side of the cove. Despite this 

reduction, however, NDVI remained within the dense vegetation range and high-NDVI 

pixels had only <3% percentage point reduction from August 2018. Following 2020, NDVI 

values stabilized at approximately 0.70–0.75, with high-NDVI ranging between 48% – 61%. 

In August 2025, another large clear-cut area was observed, covering a substantial portion of 

the AOI, although NDVI still indicated very dense vegetation (0.73). Figure 25 shows the 

canopy cover development in August 2018, July 2020 and August 2025 in Kontiolahti 

together with the NDVI view of the same months.  
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c 

 

Figure 25 Canopy cover development in Kontiolahti a. in satellite images, b. corresponding NDVI layer, c. NDTI 

composite of the same month and year. 

From Figures 25a and 25b it can be seen that while NDVI responds to some disturbances 

like clear-cutting, it primarily reflects vegetation greenness rather than structural 

characteristics of the canopy and reacts to the understory left after tree loss. NDVI does 

reflect the clear-cut site, that emerges in 2020 and it can be seen on both the satellite image 

and the NDVI layer. In 2025, with new vegetation, that same site becomes almost 

indistinguishable from the NDVI layer. Figure 25c demonstrates that NDTI responds to 

vegetation change by indicating increased turbidity, particularly along the shorelines of the 

cove in August 2025 with the largest clear-cut site present. Similar trends were observed in 

Figures 20b and 20d, where moderate negative correlation (r = -0.41) between high-NDVI 

and NDTI values during Augusts suggests that vegetation loss is associated with increased 

turbidity. This result aligned with findings reported in previous studies concerning canopy 

cover loss and turbidity (NDTI).  

NDVI does not always provide reliable results for boreal forest mapping because it has 

limited sensitivity to changes in areas with dense biomass. As a result, it can misrepresent 
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vegetation dynamics in certain forest types, and no single method is universally suitable for 

all conditions. Despite these limitations, NDVI can still be useful for forest assessment when 

applied in a consistent and reproducible way. Alternative RS approaches, such as RADAR 

or LiDAR, have been identified as more effective tools for monitoring above-ground 

biomass in forested regions. These methods are often recommended for tracking forest 

degradation instead of relying solely on indices like NDVI. LiDAR, as an active sensor, can 

capture detailed structural information including tree height, stem density, and biomass. 

RADAR also offers advantages, such as the ability to operate under cloudy conditions, 

although its performance can also be limited in very dense forests. In many cases, combining 

multiple sensors and indices provides more accurate and comprehensive information than 

relying on a single method alone. (Pettorelli 2013, 139–140, 146, 153.) 

6.5  Visual Estimation of Turbidity with NDTI 

Visual comparison of the NDTI composites and the corresponding satellite images suggests 

that NDTI provides a clearer basis for assessing lake turbidity conditions. Autiolahti Cove, 

with NDTI range of slight–high turbidity, was selected as an example for the visual analysis 

of the NDTI images. Figure 26 shows the turbidity (NDTI) development of Autiolahti in 

July 2018, July 2020, and July 2025 with NDTI layer and corresponding satellite images.  

a 

 

b 

 

Figure 26 Turbidity (NDTI) dynamics of Autiolahti a. in satellite images, b. corresponding NDTI layer. 
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In July 2018, the NDTI value for Autiolahti was 0.165, indicating high turbidity. This was 

hard to assess from the satellite image alone but can be clearly seen from the NDTI layer. In 

July 2020, the NDTI was 0.102, also indicating high turbidity. However, the water appears 

visually more turbid in the satellite image compared to July 2018. This difference may be 

influenced by lower image saturation in the July 2020 satellite data. In July 2025, the NDTI 

was 0.122, again indicating high turbidity. In this case, the elevated turbidity is also visible 

in the satellite image. However, the NDTI values suggest that the turbidity is lower in 2025 

than 2018 despite the water appearing more turbid in 2025.  

The apparent discrepancy between the years can be due to differences in imaging conditions 

rather than actual turbidity levels. Variations in illumination, atmospheric correction, 

atmospheric conditions, and image saturation can significantly affect the visual appearance 

of water in RGB images. In contrast, NDTI is based on spectral reflectance ratios and 

provides more reliable indicator of suspended matter. Because of this, NDTI composites can 

be more reliably and consistently used for turbidity assessment as opposed to visual 

interpretation of the satellite images.  

6.6  Practical Applications of NDTI Composites 

NDTI is a governance tool, not just a monitoring tool. It supports who acts, when they act 

and where they act. Despite the recognised limitations, the NDTI composites are useful in 

hotspot detection and evaluation of turbidity dynamics for water monitoring and 

management purposes, which are beneficial for different government agencies and also 

private citizens. NDTI can be used for monitoring purposes without the NDTI-turbidity 

(FNU) model as long as it is not treated as an indicator of a specific, standardized turbidity 

metric but as a color-scale of low–high turbidity. Figure 27 lists examples of how different 

entities can benefit from using NDTI and how it can also be combined with other 

environmental data.  



73 

 

 

 

Figure 27 how NDTI composites can be used in environmental monitoring by different agencies and private citizens. 

Figure 27 lists pixel-based monitoring as one alternative for analyzing long-term trends with 

NDTI. Following is an example of how this type of monitoring can be done in one of the 

chosen monitoring sites, Autiolahti, within the observation period. Figure 28 illustrates the 

high-NDTI trend of the 2018–2025 observation period. 

 

Figure 28 High-NDTI trend of the 2018–2025 observation period in Autiolahti Cove. 

Figure 28 shows one way of how NDTI can be used for monitoring: comparing the changes 

in high-NDTI pixel percentage between the years. In the example, a threshold value of 0.05, 

moderate turbidity and values above that, was applied to the NDTI to classify pixels 
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representing relatively high turbidity. It was selected based on the observed distribution of 

NDTI values and the visual interpretation of turbidity patterns in the satellite imagery. The 

threshold can be chosen based on what is being monitored. Analysis of the high-NDTI values 

indicates that turbidity levels were generally higher during Augusts throughout the 

observation period. In contrast, between July 2023 and 2024, the proportion of high-NDTI 

pixels remained below 10%, suggesting significantly clearer water conditions compared to 

other months. The lower turbidity (NDTI) is also reflected in the Figures 18b and 18d. After 

a trend is established further analysis can be done, like in this case on the time period between 

July 2023 and 2024. During the time of lower turbidity precipitation in Autiolahti was 

higher, especially in July and August 2023, which can explain the lower turbidity conditions 

due to dilution. Monitoring changes in high-NDTI values provides a practical approach for 

assessing turbidity dynamics without relying solely on environmental sampling or in situ 

monitoring. This method enables trend analysis and spatial variability of turbidity within a 

waterbody, complementing the traditional water quality monitoring which largely relies on 

environmental sampling.   

 

7  Conclusions 

This was a case study of Lake Pielinen, and it examined the applicability of NDVI and NDTI 

indices, derived from Sentinel-2 multispectral imagery, for monitoring forest-use impacts on 

lake water quality in boreal regions. The results indicate that both indices have limited 

applicability for capturing the studied processes in this specific context. NDVI showed 

limited sensitivity to changes in forest structure, likely due to understory response or 

saturation effect. The saturation effect is common in areas of dense vegetation, where the 

index becomes less responsive to variations in biomass. Consequently, areas affected by 

forestry activities may remain within high vegetation signal range despite structural 

disturbances, reducing the detectability of canopy-level changes. A closer visual inspection 

of NDTI layers across different years indicated that the index does respond to vegetation-

related changes in some of the observation sites, like Kontiolahti Cove. NDTI showed an 

increase when the canopy cover declined in the satellite images, this relationship was 

expected based on literature. However, NDTI does also appear to be influenced by multiple 
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environmental and seasonal factors, which were reflected by the precipitation effects. 

Although increased precipitation is often associated with elevated turbidity in the literature, 

this relationship was not consistently observed in this study. This may indicate that 

precipitation-driven changes in turbidity are mitigated by catchment characteristics, like soil 

permeability, or timing mismatches between rainfall events, turbidity samples, and satellite 

overpasses.  

The NDTI–turbidity (FNU) relationship analysis indicated a site-dependent behaviour, 

suggesting that spatial heterogeneity influences model performance. In addition, the results 

suggest reduced reliability of NDTI in low-turbidity conditions, where limited optical 

sensitivity may weaken its relationship with field measurements. Therefore, further research 

is required to investigate the site-dependent behaviour of the NDTI–turbidity (FNU) 

relationship and to assess how well NDTI values predict the measured turbidity values across 

different turbidity conditions. This can be achieved by collecting water samples from 

multiple locations around the lake under varying turbidity conditions and aligning them with 

Sentinel-2 overpass dates. This also allows the performance analysis of NDTI and single-

band combination approach. Despite these limitations, NDTI remains a useful tool for water 

quality monitoring when interpreted as a relative indicator rather than a direct proxy for 

standardized turbidity units. 

NDTI composites enable the assessment of overall turbidity dynamics within a lake, 

identification of turbidity hotspots, and the identification of potential turbidity sources. In 

addition, NDTI can be used for temporal trend assessment and planning for turbidity 

monitoring sites. Satellite-based analysis provides a quick and efficient way of identifying 

areas for monitoring and mitigation, particularly when pollution sources are not immediately 

evident. While the results demonstrate a practical applicability of Sentinel-2 derived NDTI 

for turbidity monitoring, further research is needed to improve the detection of forestry-

related impacts on water quality, NDTI-turbidity pairing in Lake Pielinen and assessment of 

other indices for detecting canopy loss. Future studies should incorporate additional 

indicators and other satellites to see if they are more sensitive to forest structural changes 

and hydrological connectivity, like higher-resolution land cover data, disturbance mapping, 

or LiDAR-based canopy metrics. Integrating catchment-scale analysis with hydrological 

variables, like runoff pathways and soil characteristics, can improve the understanding of 

how terrestrial changes affect aquatic systems. Expanding the time period and including 
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more precise alignment between disturbance timing, satellite imagery and environmental 

samples can help clarify the relationship between water quality and changes in forest cover.  
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Appendix 1. Monitoring locations chosen for NDTI-FNU and NDTI-NDVI analyses.  

Location name Coordinates Secchi depth (m) FNU 1 (m) NDTI, mean NDTI St.dev 

Ritoniemi 63 31.574 N, 029 08.974 E 1.50 3.10 -0.11 0.05 

    1.20 2.50 -0.05 0.07 

    1.20 2.70 -0.17 0.05 

Kalkkusaari 63 17.549 N, 029 34.975 E 2.80 1.40 -0.11 0.02 

    2.05 1.10 -0.09 0.02 

    2.70 1.00 -0.19 0.03 

Peltosaari 63 13.863 N, 029 20.249 E 1.70 2.20 -0.14 0.02 

    1.90 2.00 -0.16 0.04 

    2.00 1.60 -0.24 0.07 

Kevätniemi 63 19.433 N, 0.29 57.877 E 1.70 1.30 -0.03 0.04 

    1.70 1.20 -0.10 0.04 

    1.80 2.00 -0.03 0.04 

Ahveninen 62 56.694 N, 030 06.682 E 2.00 0.73 -0.20 0.04 

    2.80 0.59 -0.17 0.06 

    2.70 0.86 -0.19 0.04 

Vinkerlahti 63 32.354 N, 029 08.766 E 1.3 3.4 -0.07 0.08 

    1.4 2.3 0.03 0.03 

      2.6 0.01 0.03 

Kertonsaari 63 22.888 N, 029 12.171 E 3.2 1 0.04 0.21 

    2.7 0.98 -0.12 0.05 

    1.8 1.6 0.04 0.21 

Autiolahti 63 18.551, N 029 24.111 E  -  -  -  - 

Laiskanniemi 62 54.363 N, 030 12.446 E - -  -  - 
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Kynsisaari, Kontiolahti 63 25.750 N, 029 14.773 E -   -  -  - 

Kutkutlahti 63 17.319 N, 029 45.828 E -   -  -  - 

Ahvenlahti 63 20.217 N, 029 39.871 E -   -  -  - 

Miessalmi 63 15.263 N, 029 49.806 E -   -  -  - 
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Appendix 2. Monthly precipitation at each individual observation station in 2018–2025 period, from Finnish Meteorological Institute 

Observation Download service. 

Year Month Nurmes-Valtimo (mm) Nurmes-Mujejärvi (mm) Lieksa-Lampela (mm) Lieksa-Koli (mm) Juuka-Niemelä (mm)  

2018 July 20.00 47.50 36.40 44.40 49.70 

2018 August 72.30 65.90 86.20 88.40 62.20 

2019 July 23.90 34.40 45.50 48.50 31.40 

2019 August 38.20 57.30 25.10 31.50 29.30 

2020 July 85.70 154.30 96.00 161.60 119.80 

2020 August 46.70 41.00 53.10 42.10 35.20 

2021 July 30.20 47.60 40.90 34.40 36.00 

2021 August 104.40 142.80 98.30 108.40 117.60 

2022 July 104.00 173.60 102.30 131.70 131.80 

2022 August 87.60 58.50 52.80 54.90 30.70 

2023 July 118.00 165.00 142.70 178.20 145.30 

2023 August 76.90 181.70 90.40 75.70 67.70 

2024 July 100.00 140.50 80.20 102.60 69.80 

2024 August 62.50 54.60 28.10 52.00 51.30 

2025 July 28.10 71.60 47.10 47.70 44.60 

2025 August 32.90 98.40 86.10 73.40 73.50 
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Appendix 3. NDVI development of each hotspot and forest declaration sites. 

 

Year Month 

Kontiolahti NDVI 

mean 

Kontiolahti 

High-NDVI pct 

Autiolahti NDVI 

mean 

Autiolahti High-

NDVI pct 

Ahvenlahti NDVI 

mean 

Ahvenlahti High-NDVI 

pct 

2018 July 0.8286 91.54 0.8384 93.36 0.8641 94.77 

2018 August 0.8208 90.50 0.8136 92.16 0.8333 92.44 

2019 July 0.8020 87.68 0.8159 94.53 0.8257 89.22 

2019 August 0.7752 68.72 0.8069 89.96 0.8188 91.07 

2020 July 0.6872 49.12 0.8221 92.74 0.8410 94.17 

2020 August 0.7045 56.12 0.7930 85.55 0.8363 90.76 

2021 July 0.7548 67.64 0.8353 97.56 0.8522 94.28 

2021 August 0.7544 70.48 0.8446 97.58 0.8528 97.15 

2022 July 0.7179 48.90 0.8351 95.53 0.8459 96.08 

2022 August 0.7326 56.71 0.8431 94.83 0.8697 99.56 

2023 July 0.7416 61.07 0.8428 97.96 0.8621 98.94 

2023 August 0.7377 56.85 0.8487 98.41 0.8471 99.42 

2024 July 0.7380 55.29 0.8435 97.87 0.8686 99.77 

2024 August 0.7227 51.28 0.8410 97.15 0.8403 99.57 

2025 July 0.7464 55.53 0.8358 97.35 0.8253 92.98 

2025 August 0.7325 51.49 0.8400 96.36 0.8432 96.46 
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Year Month 

Kutkutlahti NDVI 

mean 

Kutkutlahti High-

NDVI pct 

Laiskanniemi NDVI 

mean 

Laiskanniemi High-

NDVI pct 

Miessalmi NDVI 

mean 

Miessalmi High-

NDVI pct 

2018 July 0.8452 99.78 0.78131 74.82 0.8213 94.72 

2018 August 0.8062 85.81 0.73744 47.79 0.7948 87.12 

2019 July 0.8040 84.40 0.68935 35.49 0.7873 86.07 

2019 August 0.8053 84.55 0.75438 57.17 0.7815 82.77 

2020 July 0.7379 41.94 0.73102 38.86 0.6983 37.67 

2020 August 0.7172 31.01 0.74860 64.14 0.7911 90.26 

2021 July 0.8126 96.46 0.76559 66.43 0.8185 95.98 

2021 August 0.8382 99.48 0.80761 92.70 0.8216 95.96 

2022 July 0.7666 66.35 0.75047 56.52 0.8226 96.97 

2022 August 0.7986 92.86 0.80539 84.03 0.8459 97.13 

2023 July 0.8058 90.21 0.54706 22.92 0.8211 97.51 

2023 August 0.7934 92.82 0.76115 68.55 0.8178 97.11 

2024 July 0.8259 98.53 0.79756 89.45 0.8026 87.59 

2024 August 0.8024 90.81 0.80107 93.45 0.7827 81.48 

2025 July 0.7957 89.82 0.79567 79.77 0.7710 76.76 

2025 August 0.8240 95.95 0.77406 75.83 0.8119 91.75 
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