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Abstract 

 

Detection of Transient Pollution Incidents in River Catchments to Support the Objective of the Water 

Framework Directive in the context of Increasing Frequency and Intensity of Rainfall Events due to 

Climate Change  

 

Lisa Cronin 

 

Over 25 years since the Water Framework Directive was adopted, water quality is in decline across 

the EU with little improvement since the 2010s. Freshwater ecosystems are highly susceptible to the 

impacts of this, particularly climate change due to the existing anthropogenic pressures on water 

quality.  

Ireland remains one of the few remaining sanctuaries for high status waterbodies in Europe despite 

numbers dropping from 500 river sites in 1990s to just 30 sites in 2022, with diffuse pollution 

identified as a key pressure. There are significant gaps in how protected areas can be managed and 

monitored, to effectively meet the aquatic biodiversity and water quality requirements. To provide 

new insights and address this critical gap, this thesis aims to explore the water protection benefits of 

protected area designation and examine how to effectively monitor the impact of hydroclimatic 

events on a high-status river within a protected area study site, thereby contributing to a more 

comprehensive understanding of protection strategies for aquatic ecosystems.  

The research produced a comprehensive, practical, protocol for high frequency water quality 

monitoring and event detection, tailored for both experts and non-experts, to encourage faster, 

more widespread adoption of high frequency monitoring by providing a structured, accessible 

framework that reduces implementation barriers. The protocol was tested and refined on a high-

status river demonstrating the protocols' robustness and adaptability, but also highlighted the 

potential of short term, remote deployments to capture the variability in water quality over a 

comprehensive range of river discharge. Water quality events over the study period were matched 

to 86% of rainfall events, matched to 67% of streamflow events and 75% of stream level events 

demonstrating the impact of hydroclimatic events on these rivers, and the urgency of adopting 

event-based monitoring to mitigate any further drop in high-status waterbodies and reverse water 

quality declines.  
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1.1 Introduction 

The planet is in the midst of a ‘Triple Planetary Crisis’ caused by climate change, biodiversity loss and 

pollution 1. Freshwater ecosystems are highly susceptible to the impacts of the triple planetary crisis, 

particularly climate change due to the existing anthropogenic pressures on water quality and quantity, 

the direct impact of climate on water resources and the inability of most freshwater species to 

relocate to other habitats 2 

Water quality deterioration is one of the main drivers of freshwater biodiversity decline globally 3,4 

due to habitat degradation and direct impact on aquatic species, compounded by climate change 

pressures 5.  

The European Union has responded to the water and biodiversity crises through legally binding 

legislation and cross-sectoral strategies, with key actions under the European Water Resilience 

Strategy 6, Zero Pollution Action Plan 7 and the Nature Restoration Law 8, being underpinned by the 

EU Biodiversity Strategy for 2030 9. The EU also aligns its water policies with the United National 

Sustainable Development Goal 6, Clean Water and Sanitation and SDG 14, Life Below Water 10. 

However, more than twenty five years since the enactment of the Water Framework Directive (WFD) 

11 and thirty five years since the enactment of the Habitats Directive 12, European freshwater 

biodiversity recovery has come to a halt 13 and water quality is in decline 14. Only 39.5 % of surface 

water bodies in Europe are in good ecological status or ecological potential 6 with only 14% of habitat 

assessments and 27% of non-bird species in ‘good’ conservation status in the EU 15. Similarly, in 

Ireland, 52 % of surface waters are in good or high ecological status, a decline from previous 

assessments 16 while 90 % of Ireland’s protected habitats are in ‘unfavourable’ conservation status, 

with 51 % showing deteriorating trends 17.  

Under the WFD, the Habitats Directive, and the Birds Directive, protected areas are a key element of 

water, habitat and species management. However, protected areas are failing to protect freshwater 

biodiversity 18,19, which is an even greater challenge now due to climate change 20,21. While much 

progress has been made on the regulatory and policy area, there are significant implementation gaps 
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in protected area designation 22 and data gaps for effective protection and management of designated 

sites 23. Small rivers in protected areas frequently support sensitive habitats and species but bridging 

the data gaps to support conservation and restoration targets requires adopting newer monitoring 

strategies including high frequency monitoring to detect the impact of increasing frequency of 

hydroclimatic events on water quality 24. Reference conditions are a key concept in the WFD 11 and it 

was the first instance reference conditions were used in EU policy or legislation 25. Reference 

conditions for an ecological system are defined in the directive as the natural environmental 

conditions that exist when human influence is minimal or absent 11. Water bodies at high ecological 

status provide reference conditions against which water status under WFD is assigned 26 and authors 

have argued that high status sites under the WFD be designated as PAs to mitigate the significant 

decline in high status sites 27. Reference sites provide a baseline for comparison, with ecological status 

of a site under the WFD based on the degree of deviation from reference conditions. Therefore 

reference sites are a key benchmark for water quality, informing the target water quality aims for sites 

not achieving at least ‘good status’ and helping distinguish human impacts from natural changes 25.  

This research explored the water protection benefits of protected area designation and studied how 

effectively monitoring the impact of hydroclimatic events on a high-status river within a protected 

area study site in the northwest of Ireland can inform better protection strategies.  

 

1.2 Protected areas and their role in protecting against biodiversity loss and 

conserving high status waters under the Water Framework Directive. 

Protected areas play an important role in addressing both climate change and biodiversity loss 28. The 

designation of protected areas (PAs) is a mechanism that has been adopted worldwide, initially to 

preserve those areas perceived as being of high value to humans 29 and more recently to reverse losses 

in biodiversity 30. The number of protected areas worldwide is increasing with 287,359 PAs covering 

244 countries and territories 31 currently designated, compared to just over 230,000 PAs five years 

previously 32. PAs are a key tool in conserving nature and reversing biodiversity decline 33–36 and a 

fundamental instrument for delivering biodiversity targets 33,37. Protected areas are experiencing 
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increased pressure to deliver economic value, in conjunction with increased climate change and land-

use pressures 38 and despite significant conservation activity, biodiversity improvements are not being 

realised 39. Freshwater species are rarely the focus of area based approaches to conservation 40,41 with 

an assumption that terrestrial PAs afforded the same level of protection to freshwater ecosystems 42. 

Only 10% of large global rivers are under protection 43 and the adoption of freshwater PAs for 

biodiversity conservation has been much slower than marine PAs 44,45. PAs are disproportionally 

located at higher elevations 46 but lower elevation freshwater ecosystems contain higher number of 

species than upland areas with the majority of a river channel also occurring in lowland areas 47. 

Worldwide, almost two-thirds of people are living downstream of protected areas 48 with half of all 

river systems have been significantly impacted by human activity, with the least impacted or most 

pristine areas of the world’s surface and its river channel now only accounting for less than 14% of the 

total 49.  

Climate change is a key driver of changes in biodiversity worldwide 50 and the impact of climate change 

is predicted to outstrip the effects of alterations in land use in the forthcoming decades with the sixth 

IPCC assessment report emphasising that restoration of biodiversity is key to mitigating the negative 

impacts of climate change 51.The EU aims to combat climate change, declines in biodiversity and 

environmental damage via the European Green Deal initiated in 2021 52. One of the key actions of the 

European Green Deal is the implementation of the EU Biodiversity Strategy to restore and protect 

nature across the EU 9. The EU Biodiversity Strategy aims to restore at least 25,000 km of free-flowing 

rivers by 2030 by removing barriers and restoring floodplains and wetlands 9. However, this in conflict 

with plans to construct 8,785 new hydropower plants across Europe with 33% of such plants planned 

for protected areas in the EU, predominantly in national parks and Natura 2000 sites 53. This is in 

addition to the more than one million in-stream barriers already impacting European rivers 54. There 

are areas of conflict between EU climate, energy and environmental law 55,56, and in the absence of a 

hierarchy in EU law it requires balancing trade-offs at a national level 57 with authors highlighting that 

EU policies on renewable energy are eroding nature protection 58,59. 
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Highlighting the urgency of the situation for freshwater conservation, it has been described it as a 

‘freshwater biodiversity crisis’ 60,61 and an ‘Emergency Recovery Plan’ for freshwater biodiversity has 

been proposed 62. Protection of inland waters has been found to be inconsistent globally, with 53% of 

countries, failing to meet the Convention on Biological Diversity (CBD) Aichi target 11 for 2020 of 17% 

for inland waters 63 and implementation reports frequently failing to adequately address the specific 

needs of aquatic PAs 64. 

While the Aichi 2020 targets along with the Convention for Biological Diversity were focused on 

terrestrial area based targets 41, this has been rectified in the Kunming-Montreal Global Biodiversity 

Framework (KM-GBF) which distinctly recognises inland waters, aiming for their restoration in Target 

2, and protection via systems of protected areas in Target 3 37. The key legislation in Europe for the 

restoration and protection of aquatic ecosystems are the WFD and the Nature Directives 65 which are 

now complemented by the Nature Restoration Regulations 66. The urgency for freshwater 

conservation is highlighted by the plateau in freshwater biodiversity gains in Europe since the 2010s, 

despite the implementation of water quality improvement and restoration measures 13.  

1.2.1 Defining the Protected Area 

There is no single definition for protected areas, with over 1000 different expressions used around the 

globe 67–69. The International Union for Conservation of Nature (IUCN) and the Convention for 

Biological Diversity (CBD) definitions of protected areas are the most commonly referenced definitions 

internationally 70, but not all protected areas are represented by these categories 71. 

 

1.3 Protected Area Coverage 

In terms of land area, protected areas are one of the most important categories of land use on the 

planet 67 and Europe has the largest number of protected areas in the world 72–74. In the EU 26.4% of 

land and 12.1% of marine waters, covering more than 1840 species and more than 230 habitats are 

protected under EU law 75. However, the high number of protected areas in Europe may be misleading 

as the size of those areas is relatively small compared to other regions, and underlines the fragmented 

nature of habitats in European protected areas 74,76 with 50% of protected areas in the EU being less 
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than 1 km² in size 75. This is significant for freshwater conservation as fragmented and disconnected 

protected areas are particularly problematic for conservation of smaller more specialised aquatic 

species 77. The EU has committed to developing a network of Green Infrastructure, ‘ a strategically 

planned network of natural and semi-natural areas’ designed to deliver for a number of key EU policy 

objectives, including improving connectivity between sites in the Natura 2000 network 78. 

The increase in protected areas has led to an expansion in the numbers, types and policies in protected 

areas with an overlap in many areas 79. These overlaps may lead to an overestimation of the extent of 

protected areas 68 and approximately 25% of protected areas worldwide have more than one 

designation 79. The overlaps are most common in terrestrial areas of Europe with 28.9% of PAs in the 

EU covered by national PAs and Natura 2000 73. Freshwater areas fall within terrestrial protected areas 

80,81, with these freshwater areas generally only forming a small portion of the overall protected area 

which can diminish their relative importance for protected areas managers 82. Freshwater ecosystems 

included in PA coverage globally is approximated to be between 11-21% depending on the 

methodology and dataset employed 83, with the fact that non-riparian freshwater PAs coverage still 

yet to be measured being highlighted 84.  

The high population density in Europe brings environmental impacts on ecosystems 74 and has often 

resulted in the location of protected areas in remote areas, or areas of low commercial or agricultural 

value 46,85,86. This can lead to Natura 2000 species present in lowland areas being unprotected 87 and 

can result in lowland aquatic ecosystems being the most endangered 88. To address this issue, the Aichi 

Biodiversity Target No. 11 required conservation areas to be ‘ecologically representative and well 

connected’ and should ‘include areas of particular importance for biodiversity and ecosystem services’ 

89. While the Aichi target of protecting 10% of Europe’s seas was met at the end of 2018 90, and the 

Natura 2000 network exceeded the 17% terrestrial protected area target 91, overly focusing on the 

size of area protected can diminish the importance of protecting and improving biodiversity 33. It has 

been argued that current area based targets are insufficient to protect biodiversity92, and the EU aims 

to address this issue by establishing a coherent Trans-European Nature Network, covering at least 30% 
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of land and sea, with 10% of that area strictly protected to conserve areas of very high biodiversity 

value or potential 9. 

The majority of Europe’s biodiversity continues to decline with only 14% of European habitats having 

good conservation status, therefore the vast majority are at bad or poor status 15 with freshwater 

biodiversity being particularly impacted both in Europe 93,94 and globally 62,95. Analysis of PAs for 

freshwater species in Europe highlights that only 7% of European sub basins are covered by existing 

PAs with low proportion of species distribution of 4% across all taxa 96.  

 

1.3.1 Freshwaters and Protected Areas (PAs) 

Freshwater regions while only comprising less than 1% of global area, account for around 10% of the 

world’s species and even more significantly, account for approximately one-third of vertebrate species 

97 with the greatest species diversity per unit area of any habitat 98. Freshwater systems have been 

described as hotspots of diversity but also of human activity 97, and critical for human survival 99 with 

hotspots being a crucial component of conservation planning 100,101. There is an absence of protected 

areas in the upper reaches of over 70% of the world’s rivers by length, with most of the largest river 

basins having less than 10% of their areas protected 102 with freshwater protection in 53% of countries 

was less than the AICHI 11 target of 17% 63. Key Biodiversity Areas (KBA) across terrestrial, freshwater 

and marine ecosystems are 'sites contributing significantly to the global persistence of biodiversity’ 

103, and they must be sufficiently large and interconnected to sustain viable populations of the species 

requiring protection 104. 

 

1.3.2 Protection afforded to freshwater habitats by PA designation. 

While freshwater ecosystems are most at risk, they form the smaller portion of protected areas 70, are 

often under-researched 95,105 and are valued more as a ‘physical resource’ rather than for their habitat 

value 106. 107 underlines the lack of protection for headwaters, ponds, streams, ditches, swamps and 

floodplains, particularly in agricultural catchments with 108 demonstrating that springs within 



7 

protected areas are frequently exploited as sources of drinking water despite supporting unique 

macroinvertebrate communities.  

In designating PAs, terrestrial species hotspots may not occur in the same areas as freshwater species 

hotspots. It was found that the majority of hotspots for mussel and fish biodiversity in the south-

eastern USA did not fall within terrestrial protected areas 101 , with less than half of the freshwater 

species covered by the current terrestrial protected areas in the Western Ghats Hotspot 109. The 

inability of the hotspot approach to recognise the linear interaction between streams, rivers and 

estuaries has been highlighted, along with the impact of areas a distance away from the PA, and that 

‘hotlines’ rather than hotspots is more appropriate for river networks 110. 

Although they form only a minor portion of terrestrial protected areas, it is argued that protecting 

freshwater habitats is critical to successfully supporting worldwide biodiversity 98, and the protection 

of freshwater areas should be prioritised 42. Even for freshwaters that are protected, habitats including 

ponds and standing-water aquatic habitats are frequently excluded in freshwater PAs 107. The 

significance of creating and assessing freshwater protected areas for “aquatic conservation” has been 

highlighted and how the practice of designating distinct parcels of protected areas within a continuous 

system such as a river, poses particular challenges for aquatic protected areas and provides limited, 

disjointed conservation111. This is despite the fact that many terrestrial species rely on these aquatic 

ecosystems, so adequate protection of freshwaters is therefore key to reducing biodiversity loss in 

numerous terrestrial species 82. 112 determined that incidental and complete gaps, where target 

species or habitats are inadvertently included in a PA with different conservation targets e.g. forest 

PAs, or are completely unprotected, can be significant, particularly at national scales.  

A bias towards terrestrial system research has led to disjointed knowledge of freshwater biodiversity 

113 and even when freshwater systems fall within terrestrial protected areas, management strategies 

are often concentrated on terrestrial species 62,113. It has been highlighted that conservation strategies 

for terrestrial protected areas are unsatisfactory for freshwater systems and their distinct 

requirements 41, however it has been argued that the decline of some aquatic species may be linked 

not only to changes in the aquatic habitat, but also to changes in the terrestrial habitat bordering that 
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waterbody 114 including land use changes, eutrophication, invasive species and hydrological 

disturbances 115. Despite the limitations of PAs for freshwater biodiversity conservation, they have 

been shown to be very effective and important for floodplain habitat protection, particularly due to 

the dramatic decrease in the number of floodplain habitats across Europe 116  

A novel approach to freshwater protection has been adopted in New Zealand, ‘ownership by river’ 

whereby the Te Awa Tupua (Whanganui) River has been granted legal personhood and it speaks and 

acts via a representative body which protects the river and must act in the river’s best interests 117. 

This nature held property rights approach has not been adopted in Europe as yet and has some 

limitations, but such property rights act as an additional conservation measure to protected areas and 

may positively influence public awareness and policy around freshwater conservation 118. 

 

1.3.3 Challenges for Freshwater Biodiversity 

Numerous authors have identified and described the threats and challenges to freshwater diversity 

19,61,63,81,99,119,120. As outlined in Figure 1, five categories of threats to freshwater biodiversity have been 

defined including traditional pressures such as water pollution, habitat modification and alien invasive 

species 119, with a comparison of marine PAs and freshwater PAs also identifying 6 categories including 

poverty and illegal fishing 121. Dudgeon’s 5 categories were expanded to comprise 12 emerging and 

enduring threats including climate change, infectious diseases, emerging contaminants and 

microplastics 99. The European Environment Agency has identified the greatest threats to aquatic and 

water dependent ecosystems as changes in the physical environment and natural flows along with 

diffuse pollution sources 6. However, authors have advised against ranking threats to biodiversity as 

such rankings oversimplify multiple threats and only provide partial information as they do not 

consider the intensity of the threat, the sensitivity of various species and the adaptative capacities of 

different aquatic ecosystems 122.  
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Figure 1: Threats to Freshwater Biodiversity 

Quality freshwaters are key to supporting freshwater biodiversity with the main pressures on 

freshwaters in protected areas identified as alien invasive species, inadequate catchment 

management and pollution 123. It has been calculated that 63% of freshwater resources coming from 

protected areas are subject to moderate levels of threat due to human activity 48 with the connectivity 

of freshwaters ecosystems being a particular advantage to invasive species 121.  

Our current position for biodiversity has been described as a ‘brief window of opportunity’ to address 

the decline in freshwater systems 62. While much focus has been paid to the impact of climate change 

on ecosystems 99,121 and the increased threats to freshwater due to the Anthropocene 99, authors have 

warned against complacency in addressing threats that are more immediate for freshwaters such as 

dams, habitat loss and pollution 124.  
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1.4 Protected Areas in Europe 

1.4.1 Natura 2000 European Network of Protected Areas 

Despite the large number of protected areas worldwide, there are minimal numbers of ‘coordinated 

networks of protected areas aiming at continental-scale conservation’ 125. In addition to nationally 

designed protected areas, the European Union created the Natura 2000 network to safeguard 

biodiversity and the ‘Nature Directives’ provide the collective legislative framework for that network 

in Europe 126. The Natura 2000 network is a coordinated conservation network 126,127 as it operates 

across the 27 EU member states and is the largest such network globally 125–128. The Nature Directives 

provide for the creation of PAs, Special Protected Areas (SPAs) classified under the Birds Directive 

which protects rare, vulnerable, or migratory birds and their breeding or roosting sites 129, and Special 

Areas of Conservation (SACs) designated under the Habitats Directive which protects a broader range 

of rare or endangered wildlife habitats, plants, and non-bird animal species. 12. Both form part of the 

European Union's Natura 2000 network. The EU is a contracting party to the Convention on the 

Conservation of European wildlife and natural habitats (Bern Convention), and the SACs and SPAs are 

the EU member states contribution to the Emerald Network 130.  

By the end of 2021, the Natura 2000 network consisted of over 27,000 sites covering 18.6% of the EU 

land territory 131, and its implementation significantly increased biological knowledge of European 

habitats and species 127. The network is a cornerstone of EU biodiversity conservation strategy 39,73,74,125 

and forms part of the EU’s strategy to halt biodiversity decline and meet the targets of the EU 

Biodiversity Strategy for 2030 9. However despite the large scale of Natura 2000, only a limited amount 

of freshwater species are protected under the Habitats Directive with many range restricted and highly 

endangered aquatic species not included 132. Although European lakes are adequately covered by the 

Natura 2000 network at waterbody level, terrestrial areas surrounding those waterbodies have much 

lower protection including buffer zones around waterbodies has been highlighted 133. Notwithstanding 

the limitations of the Natura 2000 network for freshwater conservation, significantly higher levels of 

PA coverage of rivers exists in EU member states then non-EU member states in neighbouring Balkan 

countries 134.  
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1.4.2 Water Framework Directive (Directive 2000/60/EC) Protected Areas  

The WFD specifically provides for protected areas where such areas require ‘special protection under 

specific Community legislation for the protection of their surface water and groundwater or for the 

conservation of habitats and species directly depending on water’ 11. The WFD identifies five 

categories of protected areas listed under Annex IV including SACs under the Habitats directive & SPAs 

under the Birds Directive, designated areas for drinking water abstraction, designated areas for 

economically significant aquatic species, recreational waters including bathing waters, and nutrient 

sensitive areas (nitrate vulnerable zones and urban wastewater sensitive areas). Drinking Water PAs 

which are water bodies identified under WFD Article 7(1) are the only category of WFD PAs that are 

solely designated by the WFD legislation 135. Annex IV of the WFD also makes specific mention of the 

Natura 2000 sites, so therefore WFD PA applies to all Natura 2000 sites that contain water-dependent 

habitats and species. Under Article 6, member states are obliged to monitor such protected areas 11 

and were required to achieve compliance with any objectives or standards in protected areas by 2015. 

Where a waterbody occurs within a Natura 2000 site then both the WFD status objectives along with 

the requirement to maintain or restore the site to favourable conservation status must be considered, 

with Article 4.2 of the WFD requiring that the more stringent of the objectives shall apply 11 In principle 

it is the WFD objective of the restoration of good ecological status that prevails, but all the objectives 

of the WFD and the Nature Directives must be achieved by member states 136. In addition, that the 

management of water bodies at catchment level under the WFD provides the opportunity for 

extending the protection of PAs beyond the defined spatial boundaries of those PAs 18. 

Data on WFD protected areas is available via the Water Information System for Europe (WISE) PA data 

set 137. The data source varies depending on the relevant legislation under which the data is being 

reported to the European Commission by each member state.  

1.4.3 National protected areas 

National protected areas in Europe cover a broad range of designation types, assigned under national 

legislation to areas of land and to water bodies with some of the most common designations including 

national parks, nature reserves and wilderness areas 138. The long history of protected areas in Europe 
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has generated a diverse range of PA types 76 with over 400 designation categories across Europe 75. 

The different designation types reflect different management authorities and varying level of 

protection 139. 

1.4.4 River Protected Areas 

Globally, 1.9 million kilometres or 16% of river length occurs within PAs with 1.7 million kilometres of 

free flowing rivers or 17% of free flowing river length occurring within PAs 140. Of the larger river basins 

in the EU, those with a high level of protection for free-flowing kilometres include the Rhine and the 

Danube, with Poland and Germany having more than 40% of free-flowing kilometres within PAs. 

However, for European long (>500Km) free flowing rivers, the majority of which are in Western Russia, 

only 7% are in PAs compared to 25% of long non free flowing rivers occurring within PAs.   

Europe’s first Wild River National Park, the Vjosa Wild River National Park which flows freely for 272km 

from its source to the Adriatic coast, was designated on 15 March 2023 and protects the entire river 

length and 4 of its tributaries. The Albanian and Greek governments engaged to create the Aoös -Vjosa 

transboundary park to protect the river from source to sea 141. The Vjosa Wild River National Park PA 

consists of 400 km of waterway with over 1000 species of flora and fauna, 300 cultural monuments 

and 1 UNESCO Cultural World Heritage site 142. Under the EU Nature Restoration Law and the 

Biodiversity Strategy for 2030, the EU set a target to restore at least 25,000 km of free flowing river 

and in the U.S. Five EU countries, Finland, France, Slovenia, Spain and Sweden along with two other 

European countries, Norway and Iceland have national legal provisions protecting the free-flowing 

character of rivers with proposals for similar in North Macedonia, Montenegro and Portugal 143. Only 

two larger rivers are fully protected from source to sea, the Kalixälv in Sweden and the Torneälv in 

Finland and Sweden and while only short sections are protected in some cases, they were found to be 

‘remarkably successful in safeguarding the protection aims of free flowing character and preventing 

hydropower development 143.  

1.4.5 Key Biodiversity Areas 

Key Biodiversity Areas (KBA) across terrestrial, freshwater and marine ecosystems are 'sites 

contributing significantly to the global persistence of biodiversity’ 103 and they must be sufficiently 
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large and interconnected to sustain viable populations of the species requiring protection 104. KBAs 

are legally designated PAs but are an inexpensive, standardised approach to scientifically identify sites 

areas based on the presence of trigger species that are critically important for the persistence of 

biodiversity 144. An advantage of KBAs is that they can mitigate some of the shortfalls for freshwater 

biodiversity in terrestrial PAs 81. The IUCN developed a methodology for identifying freshwater KBIs to 

determine priority areas for freshwater conservation which is based on catchment boundaries, 

therefore which facilitating easy integration into River Basin Management Plans 143. In Europe, since 

2000 there was more than a 50% increase in the proportion of freshwater KBAs covered by designated 

PAs, from 40% in 2000 up to 63.3% in 2021 145.  

KBAs have been used as an important tool to prioritise sites for PA designation, with research 

demonstrating that KBAs were more exposed to the impact of future climate and land-use projections 

in Mediterranean countries (9 within the EU) than lower value sites for biodiversity 146. 147 used a 

variety of freshwater species and the KBA criteria, to apply a spatial conservation strategy approach 

for identifying a network of Critical Catchments of freshwater biodiversity in Europe. They highlighted 

the ‘spatial mismatch’ between freshwater biodiversity and PAs in Europe, with 94% of the Critical 

Catchments identified having only 30% spatial overlap with PAs. Using spatial prioritisation, they 

identified the key areas for freshwater biodiversity conservation comprising 17% of the area of 

Europe, primarily occurring in southern and eastern Europe.  

1.5 Protected Area Designation in Europe 

The categorisation of PAs is determined by the administrative and political scale that they are 

designated and in turn managed, ranging from global treaties, EU directives, national legislation and 

local level authorities 75. Examples of international PAs in Europe include UNESCO world heritage sites 

and the Natura 2000 network, of regional PAs includes Danubeparks and European Geoparks Network, 

and of national protected areas include national parks 139 . The Biodiversity Information System for 

Europe (BISE) provides data on the numbers and area coverage of protected areas 75and the World 

Database on Protected Areas provides details on the number and type of designations. The European 

inventory of nationally designated protected areas (CDDA) maintained by the European Environment 
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Agency, details information on PAs including their designation type, and provides information from 38 

European member countries of Eionet to the World Database of Protected areas 149.  

The World Database on PAs provides the best source of data, however there is a lack of a complete 

database for PAs and this is further complicated by areas with no legal designation but which in effect 

act as protected areas 150. For the purpose of this review, the data used was from the BISE 75 and the 

World Database on Protected Areas . According to the database, in Europe (62 countries) there are 

427 categories of international, regional and national protected areas 151 as outlined in Figure 2: 

International, regional, and national designations of protected areas in Europe (October 2023). 

 

Figure 2: International, regional, and national designations of protected areas in Europe (October 2023). 

International designations account for only 1353 (0.77%) of the total number of protected sites with 

almost 80% of these being Ramsar sites (Figure 3).  
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Figure 3:International protected area designations in Europe (October 2023). 

Regional designated PAs account for 30,838 (17.47%) of sites and greater than 60% of these PAs are 

designated special areas of conservation under the Habitats Directive (Figure 4).  

 

Figure 4:Regional protected area designations in Europe (October 2023). 
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The proportion of international, regional, and national protected area designations of the total in the 

EU-27 + UK countries varies significantly, with Estonia having the largest proportion of national PAs at 

96.7% of its total, followed by the UK at 95.6%. Italy has the largest proportion of regional PAs at 76% 

of its total PAs, closely followed by Ireland at 75%. Most countries had less than 2% international PAs 

of their total designations with the Netherlands having the largest proportion at almost 10% of its 

total PAs followed by Portugal at 8.3 % (Figure 5).  

 

Figure 5: Percentage of total international, regional, and national protected area designations by country (October 2023). 

The vast majority of protected sites in Europe are national protected areas accounting for 144,373 of 

sites (81.77%) with over 400 categories, 328 of those categories in EU-27 + UK 151. The number of 

national PA designation categories varies from 1 category in Ireland to 43 categories in Spain with a 

median of 9 categories across the EU-27 + UK (Figure 6).  
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Figure 6: Number of National Designation Categories for Protected Areas in EU-27 + UK (October 2023) (created using Bing 

Maps). 

Similarly, the numbers of national PAs vary considerably between European countries with just 59 in 

Cyprus compared to over 27,000 in Sweden, with a median of 998 national PAs across the EU-27 + UK. 

Differences in the numbers of protected areas across countries ae associated with differences in total 

land area, level of affluence, land ownership and habitat variety 152 as highlighted in Figure 7. 
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Figure 7: Number of Protected Areas in EU-27 + United Kingdom (October 2023) (created using Bing maps). 

The designation of protected areas has increased significantly over the last 50 years 102 with more than 

80% of protected areas created since 1962 38. Despite the slow pace of designations in the late 1990s 

153, the establishment of EU’s Natura 2000 network has significantly increased the protected area 

coverage 154 (Figure 8). The total number of protected areas globally stands at 257,889 with 158,450 

(61.4%) of those in Europe 138. The EU Nature Restoration Law 8 strengthens protection within existing 

PAs areas through strict legal frameworks and extends restoration, protection, and non-deterioration 

obligations beyond protected areas, encouraging the expansion of protected areas and connectivity 

between PAs across the EU. However, it does allow limited, controlled derogations for major public 

interest projects (especially energy and defence). 
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Figure 8: Increase in the number of sites and the cumulative area for nationally designated Protected Areas in Europe from 

1800 to 2020 149. 

While the drivers for PA designation in the EU may be policy, legislative or convention driven (EEA and 

European Commission, 2023), other factors including an area being identified as a key biodiversity 

area (KBA) can influence designation 155. Worldwide there are 16,333 KBAs with Europe having 4,862 

KBAs covering an area of 1,565,283 km2 and 1,082 trigger species. Freshwater KBA’s make up just over 

28% of the overall KBAs in Europe covering 26.5% of the KBA area and consisting of up to 40% of the 

trigger species. However, the average proportion (%) of freshwater KBAs covered by protected areas 

in Europe has remained largely static since the early 2000s, with 11 EU countries having over 90% of 

freshwater KBAs covered by PAs in 2022, and Cyprus and Luxembourg having less than 40% coverage 

(Figure 9) 156. The Water Framework Directive was enacted in 2000 with a focus on the implementation 

of this directive as the primary tool to restore water quality across EU 11.  



20 

 

Figure 9: Average proportion (%) of Freshwater Key Biodiversity Areas (KBAs) covered by protected areas in Europe in 2022. 

 

1.5.1 Governance and Management of Protected Areas in Europe 

There are a wide variety of agencies involved in protected area governance 157 . Although the types of 

governance in protected areas can be quite diverse 158, there are 4 categories of protected areas 

recognised by the International Union for Conservation of Nature (IUCN) and the Convention for 

Biological Diversity (CBD), Governance by government, Shared governance, Private governance, and 

Governance by indigenous peoples and local communities 157.The World Database for Protected Areas 

reports information on Governance type and management authority for each PA, but for many 

National PAs on the database the management authority is ‘not reported’ 159. The extensive history of 

protected areas in Europe has resulted in diverse approaches to both PA designation and PA 

management across the different countries 76. The author could find no single repository for 

information on the competent authorities for protected areas, either for the EU member states or 

worldwide. The author searched the World Database for PAs and searched government agency 
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websites for information on competent authors for EU-27 + UK countries. In the absence of 

information from the database and website, information on agencies involved in protected area 

management in the EU was gathered via correspondence with government departments, via 

academics and via government websites, and is detailed in Table 1 under ‘reference’.  
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Table 1: National Protected Areas and competent authorities in EU-27 plus the United Kingdom. Based on data from Biodiversity Information System for Europe A 75,159.  

Country (a)1 

 

(b)2 (c)3 No. of 
National 
Designation 
TypesB 

No. of 
National 
PAs 
Designated 
B 

% Overlap 
between 
terrestrial 
National PA 
Designation 
and Natura 
2000 SitesA 

Agencies involved in management of 
Protected Areas  

Reference 

Austria 1668 29.2 0 17 1237 38.2 
Nine Federal Provinces Umweltbundesamt /Environment Agency 

Austria (2021) Email to Lisa Cronin, 14 Mar.  

Belgium 2256 15.55 38.06 19 1708 23.5 

Three Institutions 
Flanders: 
INBO - Research Institute Nature and 
Forest 
Brussels:  
Brussels Environment 
Wallonia: 
SPW Agriculture, Resources naturelles 
et Environnement 

Nationaal Knooppunt EMA & EIONET/NFP 
Belgium (2021) Email to Lisa Cronin, 15 
Mar.  

Bulgaria 1430 41.04 8.11 7 1052 21.5 

Directorates, operating under the 
ministry of Environment, manage and 
administer the National Parks with 
the Executive Agency for Environment 
providing guidance on ecological 
monitoring and environmental 
quality. 

Parks, Reserves, and other Protected Areas 
in Bulgaria. Available at: 
http://www.parks.it/world/BG/Eindex.html 
(Accessed: 30 Mar 2021) 

 

1 (a) Total Protected Areas A 

2 (b) Land Cover for PA (% of total land area) A 

3 (c) Marine Cover for PA (% of total marine and coastal area)A 

http://www.parks.it/world/BG/Eindex.html
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Croatia 1200 38.51 8.99 9 408 32.0 

Ministry of Economy and Sustainable 
development oversees and funds 
public institutions responsible for the 
management of protected areas and 
Institute for Environment and Nature 
within the Ministry provides 
centralized oversight and expertise. 

Republike Hrvatska Ministarstvo 
gospodarstva I održivog razvoja/ Republic 
of Croatia Ministry of Economy & 
Sustainable Development (2021) Email to 
Lisa Cronin, 15 Mar.  

Cyprus 129 38.72 8.62 10 59 41.2 

Department of Environment, 
Department of Forests, Department 
of Fisheries and Marine Research, 
Game Fund  

Department of Environment, Ministry of 
Agriculture, Rural Development and 
Environment (2021) Email to Lisa Cronin, 18 
Mar.  

Czechia 3899 22.17 0 7 2725 44.0 

Nature Conservation Agency of the 
Czech Republic, Regional authorities, 
Contracting Parties for Contractually 
Protected Areas. 

Agentura Ochrany Přírody a Krajiny ČR/ 
Nature Conservation Agency of the Czech 
Republic (2021) Email to Lisa Cronin, 15 
Mar.  

Denmark 1088 16.97 18.32 3 584 30.4 
Danish Environmental Protection 
Agency has the primary responsibility 
for designation and protection. 

 Miljøministeriet Miljøstyrelsen/Ministry of 
Environment Denmark (2021) Email to Lisa 
Cronin, 15 Mar.  

Estonia 18947 21.41 18.78 20 18315 84.7 

Estonian Environmental Board 
designates protected areas and 
compiles area-based rules and 
management plans. 

Keskkonnaministeerium/Republic of 
Estonia Ministry of Environment (2021) 
Email to Lisa Cronin, 15 Mar.  

Finland 17801 13.4 11.99 14 15544 74.2 

State-owned land: Metsähallitus 
under the Ministry of the 
Environment. Privately owned 
Protected Areas: Landowner, ELY 
Centre & Metsähallitus. 

 Ympäristöhallinto/Finish Ministry of the 
Environment (2020) Protected Areas. 
Available at https://www.ymparisto.fi/en-
US/Nature/Protected_areas (Accessed 16 
Mar 2021) 

France 6085 28.4 49.82 17 4238 18.4 
The Ministry of Environment (Ministry 
of Ecological Transition). 

Ministère de l'Ecologie/Ministry of Ecology, 
CGDD / SDES (2021) Email to Lisa Cronin, 15 
Mar. 

Germany 23207 37.59 45.46 4 17851 25.4 

Federal States designate and manage 
terrestrial protected areas, large scale 
protected areas by special agencies 
e.g. Park Administrations for each 
National Park and Biosphere Reserve. 
Nature Parks are managed by Park 

Umweltbundesamt Deutschland/ German 
Environment Agency (2021) Email to Lisa 
Cronin, 15 Mar. 

https://www.ymparisto.fi/en-US/Nature/Protected_areas
https://www.ymparisto.fi/en-US/Nature/Protected_areas
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Administrations and smaller 
protected areas managed by County 
Districts (Landkreis). 

Greece 1289 35.22 4.52 21 803 28.1 

36 Protected Areas Management 
Bodies (2018) cover the PA network in 
Greece, supervised by the Minister of 
Environment and Energy. The Natural 
Environment and Climate Change 
Agency implement the policy set by 
the Ministry of Environment and 
Energy for the management of 
protected areas and the conservation 
of biodiversity. The small percentage 
of nationally designated PAs areas 
outside the Natura 2000 network are 
managed by the relevant 
Decentralised Administration. 

NHMC (2018) Life Natura Themis. Available 
at 
http://www.lifethemis.eu/en/content/new-
law-management-bodies-protected-areas 
(Accessed 7 Sept 2021) 

Hungary 896 22.6 0 4 326 37.5 

Under the Ministry of Agriculture, 
Department of National Parks and 
Landscape Protection, 10 national 
park directorates are responsible for 
the protection, development, 
maintenance, and presentation of the 
nationally important PAs. Locally 
important PAs are under the 
responsibility of the local 
government. 

Nemzeti Parki és Tájvéd/ Department of 
National Parks and Landscape Protection 
(2021) Email to Lisa Cronin, 15 Mar. 

Ireland 825 14.43 2.33 1 155 1.34 

The National Parks & Wildlife Service 
(NPWS) is responsible for the 
designation of conservation sites in 
Ireland. 

National Parks and Wildlife Service 
Available at 
https://www.npws.ie/protected-sites 
(Accessed 15 Mar 2021) 

Italy 3348 21.58 10.61 8 875 37.9 

National parks and marine fall under 
the Italian Ministry for the 
Environment and the Protection of 
Land and Sea, regional parks under 
various regional administrations, 

Federparchi, Italian Federation of Parks and 
Natural Reserves (2022) Available at 
http://www.federparchi.it/ (Accessed 15 
Mar 2021) 

http://www.lifethemis.eu/en/content/new-law-management-bodies-protected-areas
http://www.lifethemis.eu/en/content/new-law-management-bodies-protected-areas
https://www.npws.ie/protected-sites
http://www.federparchi.it/
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reserves under the Italian Ministry for 
Agricultural Policy, and others which 
are under provincial or municipal 
administrations.  

Latvia 1123 18.18 16.04 9 682 63.5 

Strict nature reserves, national parks 
and biosphere reserves are 
established by the Saeima (Parliament 
of the Republic of Latvia). Protected 
landscape areas, nature reserves, 
nature parks, protected sea territories 
and nature monuments are 
established by the Cabinet of 
Ministers. Nature reserves, nature 
parks and nature monuments of local 
significance may be established by 
local governments. Management of 
protected territories is coordinated by 
the Ministry of Environmental 
Protection and Regional 
Development. Nature Conservation 
Agency manage protected areas 
established by the Saeima and 
Cabinet, Local governments may also 
manage protected areas. Specific 
associations and foundations 
implement measures necessary in a 
PA.  

Dabas Aizsardzības 
Departamenta/Department of Nature 
Protection (2021) Email to Lisa Cronin, 22 
Mar. 

Lithuania 1061 17.08 25.59 6 479 63.3 

Government establishes state 
protected areas.  
Management and monitoring by State 
Service for Protected Areas (SSPA). 
Department of Cultural Heritage 
under the Ministry of Culture is 
responsible for cultural heritage sites. 

Aplinkos Apsaugos Agentura/Lithuanian 
Environmental Protection Agency (2021) 
Email to Lisa Cronin, 15 Mar. 
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Luxembourg 271 55.8 0 6 205 48.1 

The Administration de la Nature et 
des Forêts is responsible for 
management and monitoring of 
protected areas. 

Administration de la nature et des 
forêts/Administration for Nature and 
Forests (2021) Email to Lisa Cronin, 14 Sept. 

Malta 335 30.64 7.44 16 271 48.5 

Lead agency for designation, 
protection, monitoring and 
management of protected areas is the 
Environment and Resources Authority 
(ERA). The ERA delegates 
implementation to stakeholders via 
management agreements. 

Environment & Resources Authority (2021) 
Email to Lisa Cronin, 22 Sept. 

Netherlands 462 22.47 26.86 3 194 57.3 

Ministry of Agriculture, Nature and 
Food Quality responsible for the 
designation of Natura 2000 sites and 
the 12 Provincial Administrations 
responsible for management of 
N2000 and the other protected areas 
mostly National Nature Network 
(NNN) and areas of national parks not 
part of NNN or N2000. 
Rijkswaterstaat (national water 
agency) is responsible for the 
management and the nature 
monitoring for the large waterbodies 

Ministerie van Landbouw, Natuur en 
Voedselkwaliteit /Ministry of Agriculture, 
Nature and Food Quality (2021) Email to 
Lisa Cronin, 7 Apr. 

Poland 3109 39.57 22.57 4 2061 31.0 

National parks are managed by the 
director of the national park and 
national park management. 
Designation of landscape parks and 
protected landscape area is carried 
out by resolution of the voivodeship 
council, and managed by the director 
of the landscape park, appointed by 
the voivodship board (local 
government authority). Nature 
monuments, documentation sites, 
ecological sites and nature and 

Departament Ochrony Przyrody/ 
Department of Nature Conservation (2021) 
Email to Lisa Cronin, 15 Mar. 
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landscape areas are appointed by 
municipal councils, and the municipal 
government is also responsible for 
managing these areas. Designation 
and protection of Nature reserves and 
Natura 2000 sites is the responsibility 
of the regional environmental 
protection directors and the General 
Director of Environmental Protection 
who also have a decisive influence on 
planning, spatial and implementation 
of projects in all protected areas. 

Portugal 469 22.91 16.9 21 247 33.0 

Instituto da Conservação da Natureza 
e Florestas (ICNF) responsible for 
designation monitoring and managing 
protected areas, including marine 
protected areas. 

Agencia Portuguesa do Ambiente/ 
Portuguese Environment Agency (2021) 
Email to Lisa Cronin, 15 Mar. 

Romania  1574 24.52 23.1 6 944 20.2 

Designation is by local authorities (for 
local protected areas), by the Ministry 
for Environment (for sites for 
community importance - Natura 2000 
sites SCI), by Romania Government 
(for natural and natural parks, natural 
reserve and natural monuments, 
Natura 2000 sites SPA) or by the 
Romanian Parliament (for 
international protected areas). 
Management is by National Agency 
for Protected Areas (ANANP), some 
natural and national parks by the 
National Company for Forestry 
(ROMSILVA), and for Danube Delta 
Biosphere Reserve with the 
Administration of the Danube Delta 
Biosphere Reserve. 

Ioja, C. (2021) Email to Lisa Cronin 3 Sept. 
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Slovakia 1969 37.59 0 11 1266 42.4 

The Ministry for Environment 
manages and controls state agencies 
responsible for protected areas. The 
State Nature Protection of the Slovak 
Republic Authority has national 
competence for nature and landscape 
protection and works alongside other 
agencies including the Inspectorate, 
District Offices, State Veterinary and 
Food Administration and the Nature 
Guards.  

Žoncová, M. (2021) Email to Lisa Cronin 9 
Sept  

Slovenia 2267 40.44 2.32 9 1904 93.3 

Protected areas are designated by the 
state, one of the municipalities or the 
state and the municipality together. 
All major and some of the smaller 
ones are managed by state or 
municipal public institutes, 
concessionaires or managers. 
Supervision of compliance with the 
prescribed regimes is performed by 
nature conservation and voluntary 
supervisors.  

Kus Veenvliet, J. (2021). Email to Lisa Cronin 
9 Oct 

Spain 4119 28.12 12.79 43 1849 50 

Ministry of Agriculture Food and 
Environment is responsible for the 
declaration, planning and 
management of protected spaces 
located in marine areas under 
national sovereignty or jurisdiction, 
provided that there is no ecological 
continuity of the marine ecosystem 
with a natural land area subject to 
protection. In turn, the Autonomous 
Communities are responsible for the 
declaration, planning and 
management of protected areas in 
their territorial scope, as well as in 

Ministerio para la Transcion Ecologica y el 
Reto Demografico/ Ministry for Ecological 
Transition and Demographic Challenge 
Available at: https://www.miteco.gob.es/ 
es/biodiversidad/temas/espacios-
protegidos/default.aspx (Accessed 21 Mar 
2021) 
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marine waters when, for the latter, in 
each case there is such ecological 
continuity. 

Sweden 31801 15.43 15.82 15 27137 85.6 

The responsible organisation for the 
National Parks, Natures Reserves, 
nature conservation areas, animal and 
plant protection areas, cultural 
reserves, water protection areas, 
natural monuments, biotype 
protection areas, Natura 2000 
SPA/SCI/SAC & landscape image 
protection areas is the Swedish 
Environmental Protection Agency. The 
Swedish Forest Agency is responsible 
for forest habitat protection areas. 

Naturvårdsverket / Swedish Environmental 
Protection Agency 2021. Email to Lisa 
Cronin 6 Sept. 

United 
Kingdom 
(Non-EU-27) 

10902  27.77 44.06 18 10426 

 
Not 
available 

National Governments, Department 
for Environment, Food and Rural 
Affairs (DEFRA), Joint Nature 
Conservation Committee (JNCC) 
which is umbrella body for four 
national agencies Natural England, 
the Countryside Council for Wales, 
Scottish National Heritage and the 
Council for Nature Conservation and 
the Countryside, Local authorities and 
Marine Management Organisation 

Dept. of Agriculture, Environment and Rural 
Affairs, Protected Areas. Available at: 
https://www.daera-ni.gov.uk/landing-
pages/protected-areas. (Accessed 26Mar 
2021) 

https://www.daera-ni.gov.uk/landing-pages/protected-areas
https://www.daera-ni.gov.uk/landing-pages/protected-areas
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Data from 21 EU-27 + UK countries reveals that protected area (PA) designation and management 

involve a fragmented array of national, regional, and municipal agencies (Table 1). This institutional 

fragmentation, combined with decentralised governance, poses severe challenges for freshwater 

biodiversity conservation 160. Because freshwater ecosystems rely heavily on lateral and longitudinal 

connectivity 161, managing them across fragmented jurisdictions often results in a lack of cohesive 

strategy. 

For example, delegating conservation duties to regional authorities in countries like Austria 162 and 

Italy 163 has created significant discrepancies and a lack of national standards. In contrast, stronger 

central oversight in Germany and Spain has fostered better cross-border coherence 164. Furthermore, 

national reporting frameworks remain inadequate for coherent planning, and a lack of formal 

structures severely hinders vital cross-border cooperation 164,165. 

To bridge these gaps, a systematic, continental-scale approach to policy instruments such as the EU 

Green Infrastructure Network, is necessary to efficiently improve PA connectivity. A Green 

Infrastructure Network would be multifunctional in nature with areas for protection jointly selected 

to meet multiple objectives 166 with a higher priority assigned to areas providing the greatest value for 

multiple ecosystem services 167. A Green Infrastructure Network would enhancing the capacity of 

existing PAs to provide protection under the predicted land use and climate changes by connecting 

existing Natura 2000 sites 166. However, considerable investment is required for implementation 168 

and additional areas of agriculture and forestry and further policy development will be necessary 166. 

This type of approach is further complicated by massive spatial discrepancies across the EU; for 

instance, the overlap between national PA designations and Natura 2000 sites plummets from 93.3% 

in Slovenia to a mere 1.3% in Ireland (Figure 10). Standardising spatial prioritisation across member 

states is essential to resolve these coverage gaps and safeguard interconnected aquatic ecosystems 

133. 
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Figure 10: Percentage overlap between terrestrial National PA designation and Natura 2000 Sites in EU-27 75.  

 

Some areas in Europe are covered by 5 or more designations and it’s argued that such overlaps may 

lead to ambiguity in governance 79. Multiple designations can bring many benefits including greater 

levels of research and may in fact bolster protection69 although it is argued that multiple designations 

do not guarantee ‘cumulative protection effect’ 169. 

The Natura 2000 network, established under the Nature Directives has no single management strategy 

as EU directives are not directly applicable, therefore while member states are bound by the terms of 

a directive, they can choose the manner in which the directive will be transposed into national law 170. 

This illustrates the complexity of the current way in which PAs are managed across the EU and the 

absence of a single, systematic approach to PA management even within the EU Natura 2000 network.  
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1.5.2 Protected areas and governance under the Water Framework Directive  

The WFD specifically provides for protected areas where such areas require ‘special protection under 

specific Community legislation for the protection of their surface water and groundwater or for the 

conservation of habitats and species directly depending on water’ 11. The WFD identifies five different 

categories of protected areas listed under Annex IV, 

1. Drinking Water Abstraction,  

2. Economically Significant Species,  

3. Recreational Waters,  

4. Nutrient-Sensitive Areas and  

5. Habitats and Species Protection 11.  

The WFD makes specific mention of the Natura 2000 sites with member states obliged to monitor 

such protected areas 11. There is a direct relationship between the WFD and the Nature Directives via 

Articles 1, 4, and 11 along with Annex IV and Annex VI of the WFD 171.  

The WFD entered the 3rd and final Management Cycle in January 2021 11, and similarly to freshwater 

biodiversity, while monitoring has advanced, water quality is deteriorating 14. Article 8 of the WFD 

requires the monitoring of protected areas along with surface water status and ground water status 

11. Although it includes monitoring protected areas defined under the Directive, specific 

supplementary monitoring for water dependent habitat and species is not always included, and 

consequently suitable intervention measures to protect such species including appropriate 

Environmental Quality Standards are not identified 172. Article 4(1) of the WFD requires that where 

multiple objectives apply to a water body i.e., for surface waters, for groundwater or for protected 

areas, then the most rigorous objectives shall apply 11. There is good consensus between the objectives 

of the WFD and the Nature Directives, and the WFD implementation must respect the obligations of 

the Nature Directives 173. In addition, according to Annex VI of the WFD, programmes of measures to 

restore water quality must consider the Nature directives and water bodies that fall under both WFD 

and Natures directive must be integrated into the programme of measures for the WFD. However 

Article 4 of the WFD also allows for exemptions from deadlines or exemptions to meet environmental 
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objectives to balance strict environmental goals with social and economic needs allowing member 

states to extend deadlines, permit temporary deterioration, set lower targets where unfair social or 

economic hard may be caused 11. It has been argued that such exemptions weaken the 

implementation of the directive and can impede the achievement of good status 174 with Germany 

claiming exemptions for 82% of surface water bodies and 36% of groundwater bodies 175. Conversely, 

exemptions can provide a mechanism for balancing the competing interests of environmental, social 

and economic sustainability 176. Conflict may also arise where restoration of aquatic habitats can 

threaten protected species currently occupying the altered habitat 65. It has been recommended that 

high status sites under the water framework directive be designated as PAs to help reverse the 

significant decline in high status sites, as they argue the requirements for high status waters and 

protected aquatic areas are broadly comparable 27. However, analysis carried examining freshwater 

ecological quality within Natura 2000 sites in Greece, concluded that sites within protected areas were 

as likely to fail to achieve ‘good status’ under the WFD as sites outside protected areas 177. In addition, 

implementation of the WFD is centred on larger rivers with catchment areas greater than 10 km2 and 

larger lakes with surface area greater than 50 ha, to the exclusion of smaller water bodies including 

ponds and headwater streams 107. 

The integration of the WFD and Nature directives was examined in ten case studies across Europe and 

highlighted the importance of integrating the objectives for both directives at the outset of river 

restoration projects 136 with greater synergies than differences identified in the legislation, however 

collaboration between the agencies involved is necessary for successful outcomes 173. In Ireland, 

restoration of freshwater pearl mussel to favourable conservation status was only possible by 

adopting a sub-basin management plan approach for the freshwater pearl mussel catchments rather 

than individual Habitats Directive management plans for the PAs, with pressure specific measures 

produced to deliver for the objectives of both the WFD and the Habitats Directive. Similarly in France, 

an integrated monitoring strategy was implemented to achieve the objectives of both the WFD and 
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the Habitats Directive improving cost effectiveness, reducing resources required and more effective 

monitoring of a larger number of sites 136.  

1.6 Protected area designation and improving freshwater biodiversity.  

It’s important to note that the protection of freshwater areas is seldom conceived specifically for 

protecting freshwater biodiversity 120,178 and many authors advocate for designating protected area 

status specifically for freshwater systems 119,179. The Natura 2000 network was found to deliver 

inadequate coverage for freshwater species in the Iberian Peninsula 180 and similarly it was found that 

a network of river protected areas in Spain was ineffective to protect aquatic biodiversity 181. In an 

examination of the benefit of PAs for freshwater species, it was observed that both positive and 

negative impacts occurred, however it was highlighted that these studies examined the differences in 

biodiversity between protected and non-protected areas and not the performance of the protected 

area over time. The authors highlighted that PAs can result in improvements to: 

• fish abundance, 

•  fish size,  

• biodiversity,  

• water quality, 

•  help control invasive species. 

 

However their effectiveness for freshwater species can be constrained by the following resulting in 

mixed evidence for conservation success 182: 

• connectivity, 

•  cross-boundary threats, 

• time lags, 

• limitations in the PA design.  

A systematic review found that for the 75 global case studies examined, just 51% of protected 

areas (73% in tropical and subtropical rivers) were effective for conserving freshwater biodiversity, 

and that protecting freshwaters is complex with no single reason identified as the primary cause 

for lack of effectiveness 19. Protection of the whole aquatic habitat was found to be a key factor in 
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sustaining global freshwater biodiversity, with aquatic connectivity highlighted as particularly 

important along with the need to reduce and manage anthropogenic pressures and invasive 

species 19.  

It has been argued that applying protected areas concepts designed for terrestrial areas to freshwater 

systems is challenging and that a conceptual framework for freshwaters protected areas is required 

43. Aquatic connectivity has been identified as the single most important factor why terrestrial 

protected areas are ineffective for protecting freshwater systems, with designing for connectivity 

doubling the conservation of aquatic species 42. Aquatic connectivity enhances the conservation of 

aquatic species by allowing organisms to move between different habitats for feeding, for breeding 

and for migration 183 and overall aquatic ecosystem functioning184. Connected rivers, wetlands and 

floodplains supports genetic diversity and population resilience of freshwater species including fish 

185. Connectivity also allows PAs to act as refuges, allowing mobile species to move to deeper or cooler 

waters during droughts or extreme heat 186. This is supported by other studies that argue connectivity 

and upstream water quality are necessary for conserving biodiversity 101,187 and that while ‘linearity 

and continuity of river systems’ add complexity, they are crucial to the design of freshwater protected 

areas 111. 

1.6.1 Expanding Protected Area Coverage for Freshwater Biodiversity Conservation 

Conserving areas of very high biodiversity value or potential and meeting the 30% PA coverage of land 

and sea target including 10% of strictly protected PAs across the EU will require expanding the existing 

PA network 9, alongside the urgent need to improve representation of freshwater species in the 

existing and expanded Natura 2000 network 132. Networks of PAs for freshwater biodiversity should 

provide comprehensive, adequate, representative, and efficient conservation of target aquatic 

habitats and species 188. The importance of identifying areas of greatest vulnerability to loss of 

biodiversity has been highlighted, particularly for aquatic ecosystems, and how aquatic plant species 

should be used as bioindicators for assessing vulnerability 189.  
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1.6.1.1 Challenges to expanding the PA Network 

There is inadequate biodiversity data for aquatic habitats with the lack of biodiversity data for 

wetlands at a landscape scale highlighted as a significant challenge for their effective conservation 

45,119. Systematic assessments of ichthyofauna on waterbodies is required to identify changes in 

species composition, identify rare species and non-Natura 2000 species requiring protection to inform 

designation of new or expanded PAs 87. Filling gaps in freshwater biodiversity protection in Europe 

necessitates expanding the number of species under protection beyond those listed in Habitats 

directive and increasing the number of subcatchments covered by Natura 2000 to conserve aquatic 

species with very restricted ranges that are inadequately represented in Natura 2000 sites 132. Such 

identified gaps could be used to inform the designation of strictly protected areas to 10% of overall 

PA coverage under the Biodiversity strategy for 2030 9. The static nature of typical freshwater 

conservation plans is a significant limitation when the aim is to protect a dynamic ecosystem where 

the location of pressures and their severity can vary requiring temporal scheduling of protection e.g., 

during migration season 190. The designation of climate refugia and their integration into the Natura 

2000 network is required to mitigate against dynamic threats including climate change 5. Threats from 

outside the PA network are also recognised and while the EU Biodiversity Strategy target of 30% PA 

cover with 10% under strict PAs is realisable, additional research is required into the alternative design 

of PA networks taking into account land use and ownership, and the development of PA corridors in 

conjunction with systematic implementation of policies including the Common Agricultural Policy 191. 

1.6.2 Expanding the focus of freshwater conservation to broad range of aquatic habitats 

Aquatic species frequently migrate and move between different aquatic habitats to feed and complete 

their lifecycle107, therefore expanding protection of suitable aquatic habitats must consider not only 

connectivity between aquatic habitats’ but also the importance of ponds and other still waters for 

effective freshwater biodiversity conservation 192. 
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1.6.2.1 Shallow Aquatic Habitats, Ponds and Artificial Water Bodies 

Shallow freshwater aquatic areas provide very important habitats at critical life stages for semi-aquatic 

species 193,194 and are of considerable value for foraging by breeding birds along with providing shelter 

and camouflage against predators 195.  

The importance of ponds for regional aquatic biodiversity has been demonstrated and despite ponds 

having the smallest catchment size in a study area, they contained the highest number of species and 

the highest index of species rarity 196. This is because ponds provide a variety of habitats therefore 

supporting a greater number of species across a region and also because they experience different 

climatic events and disturbances making each pond habitat unique, it results in difference species 

communities across a region 197. The importance of protecting ponds at the landscape scale has been 

emphasised with a particular focus on protecting sites of high ecological uniqueness, particularly with 

the expansion of urban areas 198. Incorporating local contribution to beta diversity metrics into spatial 

planning for conservation to identify sites of ecological uniqueness and sites of high taxonomic 

richness is crucial when expanding the spatial network of aquatic PAs in urban areas 198. The regional 

variation in ecological uniqueness and taxonomic richness occurring in ponds has been highlighted 198 

The importance of artificial ponds for aquatic biodiversity and ecologist informed design of artificial 

ponds including on golf courses has been highlighted 199. Notwithstanding the importance of pond 

habitats, 107 reported that over 60% of ponds in an area in Northwest England had disappeared 

between the late 1800s and early 1990s with river restoration schemes rarely including ponds and 

floodplains. There is significant potential for pond habitats to expand the PA coverage of freshwaters, 

particularly in agricultural areas where de-intensified small catchments would provide areas of high 

aquatic biodiversity 196. Large scale wetland PAs along field margins along with small natural or 

manmade field ponds could mitigate many of the impacts of intense agriculture on aquatic 

biodiversity 200,201. High quality ditches, while not natural habitats and often occurring in drained 

wetlands, can provide important refuges for species that were once widespread in that area. 202  
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1.6.2.2 Riparian buffers 

Riparian zones infrequently inform the design of PAs but are often indirectly included in PAs due to 

the presence of endangered species or the river flows through a PA 203. However, deliberately 

protecting and restoring riparian buffers along waterbodies combined with headwater conservation 

and minimal land use disturbance is very important for maintaining freshwater biodiversity 204.  

1.6.2.3 Headwaters 

Existing PAs often neglect freshwater species with restricted distributions including fish and 

freshwater molluscs 96 with the crucial importance of prioritising headwaters, forested areas and small 

coastal subcatchments for freshwater fish conservation when designating PAs demonstrated 205.  

1.6.2.4 Effective Area-Based Conservation Measures (OECMs) 

The majority, 76.5% of unprotected KBAs occurred within or partly within, other effective area-based 

conservation measures (OECMs), highlighting their importance for KBAs but also for the expansion of 

PA networks 206. Similarly, in small freshwater ecosystems, informal voluntary no-access riparian PAs 

as operated by angling clubs, can improve habitat quality, fish abundance, riparian vegetation, and 

abundance of sensitive songbirds 207.  

 

1.6.3 Effective expansion of PA network for freshwater biodiversity across the EU 

1.6.3.1 IUCN Categories 

IUCN categories evaluate and organise species into nine distinct categories based on their risk of 

extinction, ranging from fully secure to lost and provides a framework that allows for comparisons 

between PAs 67. They are increasingly used for developing and conducting conservation despite being 

initially designed as a tool for reporting purposes 208. However, 209 found that the IUCN category 

assigned to a PA had no impact on the effectiveness of the PA, which is also supported by other 

research 210,211 and IUCN categories do not provide clear direction on how biodiversity should be 

prioritised alongside other goals 212.  
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1.6.3.2 More restrictive management of PAs 

Modelling illustrated that more restrictive management of the existing protected areas to IUCN 

categories I or II, could deliver equivalent benefits to biodiversity as expanding the current terrestrial 

protected network area from 22% to 31% 213. This is an important consideration in areas like Europe 

where some regions do not have enough natural area left to increase the protected area network 214 

to meet the requirement of 30% coverage of PAs in EU 9. Such restrictive management, better design 

and supervision 18 and a move away from biodiversity targets and towards more effective 

implementation is a better approach to deliver positive outcomes for biodiversity in the post Aichi, 

Kunming-Montreal Global Biodiversity Framework 215.  

1.6.3.3 Strictly Protected PAs 

It has been argued that targets are required to focus on areas of significant biodiversity and to realise 

ecological representation 216, with a target of 10% or one third of strictly protected PAs across the EU 

focused on areas of high biodiversity value 9. However, caution is advised against the hasty designation 

of new protected areas unless measures to ensure their success are concurrently implemented 217 

with authors advising against proceeding with designating strictly protected areas under the EU 

Biodiversity Strategy for 2030 until investment by governments delivers the high quality biodiversity 

data required to inform such designations 218. 

1.6.3.4 Incorporating unique aspects of freshwater systems 

To identify catchments requiring urgent protection, three key catchment characteristics of 

irreplaceability, condition and vulnerability should be considered for effective freshwater 

conservation 219. Protecting microhabitats for fish breeding sites in rivers is required to counteract 

isolated microhabitats created by dams and other barriers 220. Integrating invertebrate multi-taxa, 

expert opinion and GIS to generate spatial-distribution maps for prioritising areas for conservation 

both within and outside existing PAs is required 221. 
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1.6.3.5 Ecological corridors and connectivity between upper and lower catchment areas 

Expanding the PA network for river ecosystems should focus on identifying priority areas for 

protection in upper catchments and restoring temporal, lateral and longitudinal connectivity in 

upstream areas to lower catchment PAs 161. In addition, population connectivity and the effects of 

migration should inform the design of PA networks providing a geometrical perspective to species 

movement 222. The importance of identifying areas of greatest importance for fish spawning and 

focusing efforts on improving connectivity to these areas first has been highlighted 223, in addition to 

the potential of rivers to deliver the spatial connections required to provide regional landscape 

connectivity between PAs 134. To mitigate the impact of dams and other barriers on freshwater 

ecosystems, the importance of having adequate stretches of suitable aquatic habitat either already in 

place or restored prior to restoring modified flow regimes is highlighted, as without it restoring flow 

can actually reduce biodiversity 224. Regional governments in Spain have expanded the coverage of the 

PA network and have linked PAs by designating rivers and wetlands as ecological corridors 225. 

1.6.3.6 PA Networks and Area Based Targets for Biodiversity 

The existence of protected area networks however, does not guarantee conservation and biodiversity 

121,217. The high population density in Europe brings environmental impacts on ecosystems 74 and has 

often resulted in the location of protected areas in remote areas or areas of low commercial value 

46,85. In order to address this issue, the Aichi Biodiversity Target No. 11 required conservation areas to 

be ‘ecologically representative’ 226 and should ‘include areas of particular importance for biodiversity 

and ecosystem services’ 29. While the Aichi target of protecting 10% of Europe’s seas was met at the 

end of 2018 90 and the Natura 2000 network has exceeded the 17% terrestrial protected area target 

91, overly focusing on the size of area protected can diminish the importance of conserving and 

improving biodiversity 33. However, the current area-based targets are insufficient to protect 

biodiversity 92 with the majority of Europe’s biodiversity continuing to decline. Only 14% of European 
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habitats having good conservation status, therefore the vast majority are at bad or poor status 15 with 

freshwater biodiversity being particularly impacted both in Europe 93,94 and globally 62,94,95.  

Protected areas’ status and the size of protected areas was demonstrated not to provide greater 

biological diversity and that land use and anthropogenic changes have a significant impact on 

biological quality 227. Regardless of the limitations of PAs, they provide the last remaining sanctuaries 

for many species 228.  

 

1.6.4 Integrative, spatial approach to freshwater biodiversity conservation 

The EU advocates for an integrated spatial planning approach involving stakeholders to develop a 

Trans-European Network for Green Infrastructure 229. Because aquatic species rely on predictable 

movement patterns 230, spatial planning is essential to protect critical habitats across all life stages, 

including spawning and migration corridors 231. Utilising geographic information science helps 

determine priority conservation areas within complex aquatic systems 189. Furthermore, an integrated 

regional approach over local catchment planning offers lower costs, requires less overall conservation 

area, and minimises scale-based priorities 232. For lotic systems, incorporating connectivity indices is 

vital to prioritize biodiversity during PA expansions 161. 

To bridge ecological theory and practice, an Integrative Freshwater Ecology and Biodiversity 

Conservation approach shifts focus from single species to broader strategies 233. This framework 

accounts for biotic and abiotic factors, human well-being, and life-stage-specific habitat deficiencies 

alongside seasonal and temporal variability. Abiotic factors include hydrology, geomorphology and 

temperature with biotic factors include species composition and physiological adaptations 234. 

Integrating bioindicators, genetic tools, and biomarkers is crucial for monitoring stress, especially as 

climate change shifts species distributions. When expanding PAs, using the appropriate spatial scale 

is critical; while whole catchments are ideal 235, designating sub-catchments of 100–200 km² 

effectively secures necessary lateral (between the main channel and adjacent floodplains, wetlands 

and riparian zones) and longitudinal (upstream to downstream flow) connectivity 219. Ultimately, the 
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spatial distribution of threatened and endangered species must drive PA designations, translating into 

quantifiable, area-based targets to curb biodiversity loss 86. 

1.6.4.1 Flexible PA Designation for freshwaters and Aquatic Refuges 

The need for adaptability in freshwater PAs so they can deliver for freshwater biodiversity has been 

highlighted, avoiding the need to designate large freshwater areas such as whole catchments to 

effectively respond to dynamic threats and multiple stressors 190. Similarly, flexibility in PA designation 

and ‘a multi-zoning structure of different management regimes’ for PAs under Natura 2000 is 

required, with PAs containing rare or threatened species designated as strictly protected while areas 

providing connectivity and other services are less strictly protected 43,132. A review of PA designation 

recommendations under climate change found that protecting a limited number of large areas rather 

than multiple small areas was preferable and that existing protected area coverage can be enhanced 

by the addition of temporary protected areas 236. Equally, complementing existing PAs by identifying 

priority aquatic refuges in intermittent streams can strengthen strategies for climate change 

adaptation for freshwater species, and the effectiveness of such refuge PAs should be assessed with 

the PA network and revised and updated as required 237. The European Commission issued guidance 

on Natura 2000 and climate change outlining how Natura 2000 protected sites can be adapted for 

climate change by integrating climate considerations into conservation planning, using flexible EU 

nature laws, and focusing on resilience, restoration, and habitat connectivity 238.  

 

1.7 Restoration of freshwater biodiversity in EU, the Biodiversity Strategy, the Water 

Framework Directive and the Nature Restoration Regulation. 

It must be recognised that while freshwater PAs are a tool in reducing biodiversity decline, the 

designation of such areas does not guarantee biodiversity 239. ‘Protected areas do not manage 

themselves’ 240 and they do not address the fundamental external causes of biodiversity decline 121. 

While the EU has legal frameworks, strategies and action plans to protect nature and restore habitats 

and species, the ecological effectiveness of protected areas, including the Natura 2000 network, is 
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dependent on the activities that are permitted within those areas and land use outside those areas 

241. It is also dependent on the successful implementation of conservation legislation and the European 

Commission has taken legal action against member states via the European Court of Justice for failing 

to meet the requirements of the Habitats Directive 242. 

Many of the significant threats facing freshwater ecosystem conservation including invasive species, 

pollution, fragmentation and climate change 243 are similar to those identified for river basins across 

Europe under the WFD 244. The WFD has been described as a pioneering piece of environmental 

legislation as it adopted an ecosystem approach to water protection 245 and similarly the EU Nature 

Restoration law is the first law of this type at a continent scale that includes legally binding targets to 

restore degraded ecosystems and underpins the EU’s ambitious Biodiversity Strategy to 2030 246.  

Six priority actions for the restoration of freshwater biodiversity were identified62 and Table 2 sets out 

these priority actions against the current situation in Europe examining how well the EU is positioned 

to respond to these actions under the EU Biodiversity Strategy for 2030 , the EU WFD, and the EU 

Nature Restoration Regulation.  
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Table 2: Comparing the Actions identified by Tickner 62 against the current situation in Europe (2023), the EU Biodiversity Strategy for 2030, the Water Framework Directive and the Nature 

Restoration Regulations. 

Action 
No. 

Priority Action for 
the restoration of 
freshwater 
biodiversity 62 

Situation in Europe (2023) EU Biodiversity Strategy for 2030 9 Provision under the WFD 
(2000/60/EC) 11 

Provision under Nature 
Restoration Regulation66 

1 Accelerate 
implementation of 
environmental 
flows 

For surface water bodies 
hydromorphological 
pressures affect 40%, 
hydrological alterations 
affect 7% and abstractions 
are significant pressure for 
7% of surface water 
bodies. 95% of original 
floodplain area converted 
to other uses. 247 

“Member State authorities should review 
water abstraction, and impoundment 
permits to implement ecological flows in 
order to achieve good status or potential of 
all surface waters and good status of all 
groundwater by 2027 at the latest, as 
required by the Water Framework 
Directive”  

Environmental flows not 
specifically referred to in 
WFD but to achieve good 
ecological status 
“ecologically appropriate 
hydrological regimes are 
necessary to meet this 
status” 248 
 

No specific mention. 

2 Improve water 
quality to sustain 
aquatic life. 

40% of surface waters are 
at good ecological status, 
249 38% are at good 
chemical status 250 

“The Commission will promote the goal of 
zero pollution from nitrogen and 
phosphorus flows from fertilisers through 
reducing nutrient losses by at least 50%” 
via the development of “an Integrated 
Nutrient Management Action Plan in 
2022”. 
“Farm to fork strategy will address the 
reduction in the use and risk of pesticides 
and support wider implementation of 
Integrated Pest Management” via 
“environmental risk assessment of 
pesticides”. 
“The Commission will develop a set of 
indicators for the progressive reduction of 
pollution and will establish baselines to 
help monitor progress”. 

“to improve the protection 
of Community waters in 
terms of quantity and 
quality” WFD 11. 

No specific mention of 
water quality but ‘this 
proposal complements the 
Water Framework Directive 
by drawing up restoration 
targets and other specific 
requirements for rivers and 
floodplains. Moreover, this 
proposal’s non-
deterioration requirement 
matches the Directive’s 
existing requirement to 
take measures to prevent 
the deterioration of the 
status of all water bodies  
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“The pressure from plastics is notably 
addressed through the implementation of 
the European Strategy for Plastics and the 
new Circular Economy Action Plan” 

3 Protect and 
restore critical 
habitats 

Conservation status of 
habitats at EU level; 81% of 
habitats at poor or bad 
conservation status, 9% of 
habitats show improving 
trends, >33% habitats 
continuing to deteriorate.  
251. 
  

Section 2.2 An EU Nature Restoration Plan: 
restoring ecosystems across 
land and sea, 2.2.7 Restoring freshwater 
ecosystems which includes restoring the 
natural function of rivers in order to 
achieve the objective of the WFD.  
 
Large scale river and floodplain restoration 
can contribute significantly to the 
restoration of freshwater ecosystems.  
 
Build a coherent Trans-European Nature 
Network 
EU Nature Restoration Plan” 
At least 30% of the land and 30% of the sea 
should be protected in the EU. 
“At least one third of protected areas – 
representing 10% of EU land and 10% of EU 
sea – should be strictly protected”. 
“Effectively manage all protected areas, 
defining clear conservation objectives and 
measures, and monitoring them 
appropriately”. 
Legally binding EU nature restoration 
targets 
Commission will request Member States to 
ensure no deterioration in conservation 
trends and status of all protected habitats 
and species by 2030. 
“Member States will have to ensure that at 
least 30% of species and habitats not 

“to protect aquatic 
ecosystems, and terrestrial 
ecosystems and wetlands 
directly depending on 
them” WFD 11  

Legally binding restoration 
targets that can be 
measured and monitored 
are included across a wide 
range of ecosystems both 
inside and outside Natura 
2000 network. 
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currently in favourable status are in that 
category or show a strong positive trend”. 

4 Manage 
exploitation of 
freshwater species 
and riverine 
aggregates. 

Key pressures for species 
and habitats under Nature 
Directives (Art. 12 & 17), 
exploitation of species; 
exploitation of freshwater 
fish and shellfish 
harvesting 7% of 
pressures, other impacts 
from freshwater 
aquaculture 4.9% 252 

“At least one third of protected areas – 
representing 10% of EU land and 10% of EU 
sea – should be strictly protected”. 
“Effectively manage all protected areas, 
defining clear conservation objectives and 
measures, and monitoring them 
appropriately”. 
Legally binding EU nature restoration 
targets. 
Commission will request Member States to 
ensure no deterioration in conservation 
trends and status of all protected habitats 
and species by 2030. 
“Member States will have to ensure that at 
least 30% of species and habitats not 
currently in favourable status are in that 
category or show a strong positive trend”. 
 

Exploitation of freshwater 
species and riverine 
aggregates not specifically 
referred to but 
“composition and 
abundance” of aquatic 
flora, benthic invertebrate 
fauna, fish, phytoplankton 
form part of the quality 
elements for the 
classification of ecological 
status. 11 

No specific mention. 

5 Prevent and 
control non-native 
species invasions 
in freshwater 
habitats. 

756 freshwater species are 
alien or suspected alien in 
European inland waters 253 

“Manage established invasive alien species 
and decrease the number of Red List 
species they threaten by 50% “ 

Non-native species 
invasions not specifically 
referred to in WFD. 
Introduction of invasive 
alien species (IAS) is 
included as example of 
biological pressure in EU 
WFD guidance document 
254.  

No specific mention 

6 Safeguard and 
restore freshwater 
connectivity 

>500,000 recorded 
barriers and estimated to 
be >1M barriers 255 
 

“At least 25,000 km of rivers will be 
restored into free-flowing rivers by 2030 
through the removal of primarily obsolete 
barriers and the restoration of 
floodplains and wetlands.” 

Under Annex 5 (1) Surface 
water status quality 
elements, 1.1.1. River 
continuity forms part of the 
classification for ecological 
status. 

Under Article 7, Restoration 
of the natural connectivity 
of rivers and natural 
functions of the related 
Floodplains. Member states 
shall identify and remove 
the barriers to the natural 
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Ecological corridors to be set up to prevent 
genetic isolation and create a coherent and 
resilient Trans-European Nature 
Network. 
For the target of returning at least 10% of 
agricultural area under high-diversity 
landscape features. “Member States will 
need to translate the 10% EU target to a 
lower geographical scale to ensure 
connectivity among habitats”. 

longitudinal and lateral 
connectivity of surface 
waters and improve the 
function of floodplains. 
“Member States should 
primarily address obsolete 
barriers”. 
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In terms of how well the EU is positioned to respond to the Priority Actions for the restoration of 

freshwater biodiversity 62 detailed in Table 2, for actions 1 and 2, ‘accelerate implementation of 

environmental flows and improve water quality to sustain aquatic life’ the EU Biodiversity Strategy to 

2030 has identified clear strategies and goals to deliver on these targets and has committed to 

developing indicators to alleviate pollution. The EU action plan ‘Towards Zero Pollution for Air, Water 

and Soil’ was developed so that pollution prevention is included in all applicable EU policies 7. The 

Nature Restoration Regulations also require non-deterioration in conservation trends or in the status 

of protected species and habitats which corresponds to the WFD requirement for non-deterioration 

in status of water bodies thereby providing clear obligation on member states to maintain and 

improve conditions to sustain freshwater biodiversity. For action 3, ‘protect and restore critical 

habitats’, one of the limitations of the EU biodiversity strategy for 2020 256 was the lack of specific 

mention of freshwater in the increase of terrestrial and marine PAs coverage to 30%, but this has been 

rectified in the EU Biodiversity Strategy for 2030 under section 2.2.7 restoring freshwater ecosystems. 

This action is also provided for in the WFD, and habitat restoration has been very significantly 

strengthened by legally binding restoration targets for ecosystems in the EU Nature Restoration 

Regulations. In contrast, for action 4 ‘manage exploitation of freshwater species and riverine 

aggregates’ there is no specific mention of measures for either in the EU Biodiversity Strategy for 2030, 

nor is it specifically provided for in the WFD. This is despite the extraction of riverine aggregates being 

associated with a number of alterations to freshwater ecological structure and biodiversity 257,258. 

However, the extension of strictly protected areas to 10% of EU land under the Nature Restoration 

Regulation could provide relief for these pressures. Legally binding restoration targets for ecosystems 

in the EU Nature Restoration Regulations provides for the prevention of unsustainable exploitation of 

freshwater species and riverine aggregates, and the European Commission 2030 Biodiversity Strategy 

has committed to better implementation and enforcement of legislation to protect biodiversity in the 

EU 9. For action 5 ‘Prevent and control non-native species invasions in freshwater habitats’, the EU 

Biodiversity Strategy requires that alien invasive species (IAS) be managed so as to reduce the pressure 
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on Red List species by 50%. There is no specific mention of IAS in the WFD or in the Nature Restoration 

Regulation 8 but the regulation ‘aims to complement existing environmental policy’ including the 

existing Invasive Alien Species (IAS) Regulation which aims to prevent, detect, eradicate and manage 

IAS 259. Finally, for action 6 ‘Safeguard and restore freshwater connectivity’ this action is 

comprehensively covered by the EU Biodiversity Strategy and by the Nature Restoration Regulation 

and is provided for under the WFD. Crucially, a specific target in the EU Biodiversity Strategy to restore 

25,000km of EU rivers to free flowing by 2030, will drive this restoration to support freshwater 

biodiversity with the strategy specifically mentioning the establishment of ecological corridors and 

connectivity among habitats. The Nature Restoration Regulation requires member states to identify 

and remove barriers to connectivity and improve floodplain function with an initial focus on obsolete 

barrier removal. The specific restoration target aims to restore an estimated one eight of river 

connectivity in the EU, although the full extent of barriers numbers is not clear with research carried 

out in Europe and the US indicate that existing barrier records underestimate the number of barriers 

by approx. 61% in Europe 54 and the number of dams in by over 80% the US 260.  

The EU is very well placed to address freshwater biodiversity loss, both in terms of policy and 

appropriate legislation with clear strategies and goals to restore biodiversity, a requirement for non-

deterioration in conservation or water quality trends, a network of protected areas that can be 

expanded and refined, and a new focus on freshwater biodiversity. Limitations of the EU Biodiversity 

Strategy to 2020 and legislation for freshwater biodiversity restoration was recognised and addressed 

with ‘restoring freshwater ecosystems’ in the Biodiversity Strategy to 2030, the legally binding 

restoration targets for ecosystems in the EU Nature Restoration Regulations and pollution prevention 

included in all relevant EU policies via the ‘Towards Zero Pollution for Air, Water and Soil’ action plan. 

These policies and legislation provide mechanisms by which all 6 Priority Action for the restoration of 

freshwater biodiversity 62 can be effectively addressed across the EU. These legally binding targets 

along with monitoring and reporting is expected to deliver consistent action on ecosystem restoration, 

and better joint action by member states across the EU 66. 
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1.8 High frequency monitoring & hydrodynamic event monitoring for freshwater 

biodiversity restoration 

1.8.1 Sensors for High Frequency Water Quality Monitoring 

A wide range of sensors are available for water quality monitoring 261. Water quality sensors convert 

a ‘physical parameter into equivalent measurable electrical quantity’ and are deployed to collect 

data for a defined point of a water body 262. Early developments in high frequency monitoring 

included turbidity sensors 263, followed by optical sensors for nitrate 264 for dissolved organic carbon 

265 and in-situ bankside analysers to measure nutrients including phosphorus266 and isotopes of 

oxygen and hydrogen to track catchment flow pathways during storm events 267.  

A recent systematic literature review examining the most commonly monitored parameters for 

water quality identified pH as being the most common, followed by turbidity, dissolved oxygen, 

electrical conductivity, total dissolved solids, water depth/level, oxidation reduction potential, 

ammonia and salinity 268. However, the use of HF monitoring is dominated by water quality research 

projects 24 despite the lack of sufficient monitoring to identify causes of degradation highlighted as a 

key challenge for implementation of the Water Framework Directive 245. The most common matrix 

where water quality sensors were deployed was found to be in rivers/lakes/seas and springs, 

followed by aquaculture/fish farming and in laboratories 268.  

1.8.2 High Frequency Monitoring of Surface Waters 

Ireland retains one of the highest levels of high ecological status (HES) water bodies in the EU with a 

total of 17.6% of water bodies at high status. Comparable number of HES waterbodies are only found 

in Alpine areas of Austria (20%), Finland (16%) Sweden (12%) with very few left in the UK (3%), 

Germany (0.1%) and Poland (0.5%) 250. Despite Ireland having one of the highest proportions of water 

bodies remaining in good or high status in the EU, there has been a sharp decline in the percentage at 

highest water quality status. Highest water status water bodies in Ireland with a score of Q5 dropped 

from 13.4% in the 1990s to just 1.1% of monitored river stations in 2024 with diffuse agricultural 

pollution a key pressure 16. High-frequency monitoring (HFM) using in-situ sensors has transformed 
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freshwater quality assessment 24.  Traditional grab sampling methods (e.g., monthly or bi-monthly 

laboratory analysis) severely lack the temporal resolution required to capture the rapid, dynamic 

changes occurring within protected aquatic ecosystems 269,270. In the context of PA management and 

compliance with frameworks including the EU WFD, HFM is no longer just a research tool, it is a 

management necessity. Traditional sampling schedules routinely miss ephemeral, short-lived 

pollution events 271. Incidents such as agricultural runoff, combined sewer overflows, or sudden 

industrial discharges can severely impact a river's ecological status and kill sensitive species within 

hours, yet completely dissipate before the next monthly grab sample 272. Continuous sensors 

(measuring parameters like turbidity, dissolved oxygen, pH, temperature, and conductivity) log data 

at minutes-long intervals, capturing the exact onset, peak, and duration of these transient events 272.  

Climate change has drastically altered hydrological regimes, increasing the frequency and intensity of 

extreme rainfall 24. Intense storms trigger massive pulses of diffuse pollution (e.g., sediment, nitrates, 

phosphorus) into protected waters via surface runoff. High-frequency sensors allow water managers 

to track how catchment systems respond in real-time to specific storm hydrographs, bridging the gap 

between ecological theory and actual field practice 24,233. 

To provide an overview of the international evidence of the use of high frequency monitoring on 

surface water bodies, studies from different countries are presented in Table 3. Given the breath of 

the literature in this field, the table highlights examples that demonstrate variation in the sensors 

employed, the monitoring intervals and the geographical context. It also highlights similarities and 

differences in the parameters measured and the difficulties encountered with such monitoring.  
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Table 3: Examples of International Studies using High Frequency Monitoring to Quantify the Input of Pollutants to Surface Waters.     

Author Year Country Nature of the 
Research 

Equipment Used Monitoring 
Frequency 

(min.) 

General Outcomes Any Notable 
Difficulties 

Cassidy 
et al. 273 

2011 Ireland To evaluate sampling 
and load estimation 
for phosphorus in 
rivers. 

Dr. Lange Sigmatax & Phosphax for 
phosphorus, 
OTT Thalimedes water level 
recorder, Starflow area-velocity 
meter, 
OTT Nautilaus electromagnetic 
flowmeter, 
Streampro ADCP for stream 
discharge & velocity  

 
20 

Weekly, daily, storm-
event triggered and 
random sample sets 
failed to accurately 
estimate the annual loads 
particularly for runoff 
related events. 

Requires regular 
service and 
maintenance 
requirements. 
Excessive sediment 
preventing sample 
delivery to 
analysers. 

Minaudo 
et al. 274 

2017 Ireland 
& 
France 

To estimate 
phosphorus (P) 
concentrations at a 
sub-hourly time step 
for estimating loads 
in rivers. 

Automatic gauging station 
PONSEL TU-NA Turbidity Sensor 
Hydrolab HL4 Turbidity Sensor 
Hach Solitax Turbidity Sensor, 
ISCO 612 Autosampler for 
phosphorus, 
Hach Phosphax-Sigma for 
phosphorus. 

 
10 (France) 
15 (Ireland) 

Turbidity and discharge 
can be used to help 
predict reliable estimates 
of phosphorus exports. 

Sampling bias 
during successive 
storms where first 
storm is always 
monitored by 
autosampler but 
miss the following 
storms.  

Jones et 
al 275 

2019 USA To quantify the 
effects of livestock 
concentration on 
stream nitrate levels.  

Automatic gauging station, 
Hach Nitratax sc plus nitrate sensor. 

 
15 

Higher stream nitrate in 
the two watersheds 
where livestock 
concentration was 
greatest. 

None described.  

Kämäri 
et al. 276 

2020 Finland To explore the 
possibility of using 
turbidity as a 
surrogate for 
phosphorus 

s::can UV-Vis spectrophotometer for 
turbidity & nitrate, 
 

  

 
30 

Stronger relationship 
between in situ measured 
turbidity and particulate 
phosphorus than 
between turbidity and 
total phosphorus and 

Interruption to 
continuous 
measurement as 
sensor needed to 
be removed during 
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stronger relationships in 
larger catchments.  

ice clearing period 
to prevent damage.  

Yu et al.  
277 

2021 Netherl
ands 

To improve 
understanding of the 
mechanisms 
controlling temporal 
nutrient patterns in 
an urban catchment. 

Sigmatax & Phosphax sigma auto 
analyzer for total phosphorus,  
Amtax for NH4-N & a Filtrax 
automatic sampler, 
HACH Solitax t-line sc for turbidity,  
CTD-Diver for electrical conductivity 
and water temperature.  
Nitratax for NO3.  

 
5  

(turbidity, EC, 
and water 

temperature), 
 

10 
(NH4-N), 

 
20 

(total 
phosphorus) 

Nitrogen and phosphorus 
dynamics are seasonal 
with groundwater a 
significant influence. 
Most phosphorus is 
released in winter. 

Nitratax NO3 data 
consistently 
showed drift and 
was unreliable, 
possibly due to 
accumulation of 
biofilm & 
precipitation of 
iron oxide at the 
site.  

Haddadc
hi et al. 
278 

2023 
 
   

New 
Zealand 

To quantify 
riverbank erosion 
and its contribution 
to channel 
suspended sediment 
exports and budgets. 

LiDARUSA Snoopy A-Series mobile 
LiDAR unit equipped with a Velodyne 
HDL-32E LiDAR scanner. 
Global Navigation Satellite System 
(GNSS) and Inertial Measurement 
Unit (IMU). 
Acoustic Doppler Current Profiler 
(ADCP) for flow gaugings. 

 
5 

A sediment budget for a 
5.5-km-long study reach 
of the lower Ōreti River 
was established. 

Semi-permanent 
markers are 
required to validate 
the alignment of 
point clouds in the 
river channel 
where there is an 
absence of man-
made structures.  

Elfferich 
et al. 279 

2024 U.K. To understand the 
lowest measurement 
frequency that can 
fully capture 
variation in different 
parameters & to 
investigate bias in 
grab sampling at 
different times. 

Automatic gauging station, 
Hydrolab MS5, YSI 6600 V2, YSI EXO2 
to measure dissolved oxygen, 
turbidity, pH, conductivity, water 
temperature (different sensors at 
individual sites measuring same 
parameters).  
Sea-Bird SUNA v2 and HACH Nitratax 
for nitrate.  

 
15, 30 & 60 

depending on 
the monitoring 

station 

Most parameters 
required a four-hourly 
data frequency to 
adequately capture the 
variation.  

The minimum 
temporal 
frequency is not 
static but can vary 
per season and per 
year and is 
catchment 
dependent.  
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Sea-bird ECO-FL & YSI 6600 V2 for 
Chlorophyll a. 
HACH Sigmatax SC & Phosphax for 
phosphorus. 
Sea-Bird ECO-CDOM for 
Chromophoric or Dissolved Organic 
Matter. 

Li et al.  2024 China To identify the 
impact of storms on 
abstraction reservoir 
water quality, on 
reservoir thermal 
stratification and on 
water turbidity.  

Niskin Water Harvester for sample 
collection. 
YSI EXO2 multiparameter probe for  
water temperature, dissolved 
oxygen, electrical conductivity, pH, 
turbidity, oxidation reduction 
potential & chlorophyll-a. 
BRAN+LUEBBE Auto Analyzer III for 
Total phosphorus, total dissolved 
phosphorus, PO4

3−, Total nitrogen, 
total dissolved nitrogen, NO3-N, NO2-
N, and NH4

+-N. 

 
5 

Rainstorms caused runoff 
resulting in high turbidity,  
particulate phosphorus, 
and organic matter and 
disrupts the stratification 
of the reservoir water.   

None described. 

Leite 
Costa et 
al. 280 

2026 French 
Guiana 

To establish high-
frequency baseline 
for a data-poor 
tropical river 
estuary. 

HOBO data loggers (models U20L-01, 
U24-001 and U26-001) & NKE WiMo 
multiparameter probes for 
temperature, salinity and dissolved 
oxygen. 

 
10 

Extreme storm event 
analysis revealed 
frequent hyposalinity and 
hypoxia with HF 
monitoring improving the 
detection of climate 
sensitive events. 

HOBO loggers were 
replaced monthly 
to minimise 
biofouling. HOBO 
loggers were 
replaced with NKE 
WiMo 
multiparameter 
probes to reduce 
complexity of 
deployment. 

 



 

As shown in Table 3, high frequency monitoring has been used to estimate high frequency baseline 

data, to evaluate sampling frequencies and load estimation for sediment & nutrients, to gain insights 

into the mechanisms controlling temporal nutrient patterns, to examine the suitability of surrogate 

parameters and to identify the impact of storms on reservoir water quality. Monitoring frequencies 

varied from 1 to 60-minute intervals depending on the objective of the study. Maintenance 

requirements, excessive sediment, interruptions to continuous monitoring, sensor drift, biofouling 

and inter-annual, inter-seasonal, and catchment differences all highlighted as notable difficulties in 

high frequency monitoring programmes. The commonality in all these studies was that only high 

frequency data can provide the level of data necessary to capture temporal variability, short term 

fluctuations, episodic events and temporal patterns that provide a more comprehensive 

understanding of processes occurring at catchment scale 24,272 

The WFD requires member states to achieve and maintain "good ecological and chemical status" for 

surface waters. Relying strictly on discontinuous data risks misclassifying water bodies, leading to 

ineffective River Basin Management Plans (RBMPs). Continuous data provides a mechanistic 

understanding of biogeochemical cycles, allowing regulatory agencies to identify specific 

anthropogenic pressures and accurately evaluate if mitigation measures are working 281. Because 

freshwater protected areas are defined by lateral and longitudinal connectivity, a pollution incident 

upstream quickly compromises habitats downstream. HFM serves as an early-warning system, giving 

conservationists a window of opportunity to respond to pollution spikes before they penetrate deep 

into vulnerable nature reserves or protected sub-catchments 280.  

1.8.3 Early Warning Systems and Event Monitoring 

Surface waters can be subject to rapid changes in water quality due to intentional, accidental or 

natural contamination from a myriad of sources including point discharges and storm events 282,283. 

Early warning and event monitoring systems typically comprise instrument technology to detect 

changes in water quality, analysis tools and response mechanisms 284. Research in the area of early 

warning and event monitoring systems gained significant momentum in the early 2000s leading to a 
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rapid expansion of the evidence base particularly for drinking water supplies 282,284–286.  Events occur 

when sensor data exceed allowable thresholds 287, and optimised detection seeks to maximise true 

positives while minimising false alarms 288. Monitoring to detect drinking-water contamination 

events was a key driver for the development and adoption of event detection software systems 

286,289,290, with many commercial event systems available 291 and used for monitoring events in 

different water types.  

Climate change is driving increased frequency and intensity of heavy rain events 292 with changing 

weather patterns altering the type and dynamics of water pollutant movements 293,294. However, the 

impacts of these increasingly frequent and intense hydroclimatic extremes on surface water quality, 

and the mechanisms driving these responses remain poorly understood 295. The effects of extreme 

weather events on water quality can persist for up to ten years following an event,  with the 

employment of high technology innovation a key metric to mitigating the significant impacts of these 

events 296.  

 

1.9 Conclusion 

Protected areas play a critical role in addressing both climate change and biodiversity loss and is a 

mechanism that has been adopted worldwide for conservation with the expansion of PAs under the 

EU Biodiversity Strategy 2030. There is a close association between protected areas and the 

establishment of reference conditions as often such areas exhibit the natural or near-natural 

environmental conditions that exist when human influence is minimal or absent.  

The vast majority of protected sites in Europe are national protected areas accounting for 144,373 of 

sites (81.77%) with over 400 categories, 328 of those categories in the EU-27 + UK. The proportion of 

international, regional, and national protected area designations of the total in the EU-27 + UK 

countries varies significantly, with Estonia having the largest proportion of national PAs at 96.7%, Italy 

has the largest proportion of regional PAs at 76%, and most countries had less than 2% international 

PAs of their total designations with the Netherlands having the largest at almost 10%. Similarly, the 
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numbers of national PAs vary considerably between European countries with just 59 in Cyprus 

compared to over 27,000 in Sweden, with a median of 998 national PAs across the EU-27 + UK. The 

average proportion (%) of freshwater KBAs covered by protected areas in Europe has remained largely 

static since the early 2000s, with freshwater KBA’s making up just over 28% of the overall KBAs in 

Europe covering 26.5% of the KBA area and consisting of up to 40% of the trigger species. In addition, 

there is significant overlap between nationally designated PA sites and Natura 2000 sites, varying from 

93.3% in Slovenia to just 1.3% of overlap in Ireland.  

This review highlights the complexity of PA designation across the EU with many different 

administrative and associated management models. In reviewing the literature, no single repository 

for information on the competent authorities for protected areas could be found, either for the EU 

member states or worldwide. For 21 of the EU-27 + UK countries, information on agencies involved in 

protected area management in the EU was gathered via correspondence with government 

departments, with academics and via government websites. This information has been summarised 

and compiled for the first time in this review. 

Comparing the Actions identified by Tickner 62 against the current situation in Europe (2023), the EU 

Biodiversity Strategy for 2030, the WFD and the Nature Restoration Regulations found that for actions 

1 and 2 ‘accelerate implementation of environmental flows and improve water quality to sustain 

aquatic life’, action 3, ‘protect and restore critical habitats’, action 5 ‘prevent and control non-native 

species invasions in freshwater habitats’ and action 6 ‘safeguard and restore freshwater connectivity’ 

the EU legislative and policy frameworks provide clear strategies and goals to deliver on these actions. 

In contrast, for action 4 ‘manage exploitation of freshwater species and riverine aggregates’, there is 

currently no specific provision for this within EU strategies or policy instruments but the extension of 

strictly protected areas to 10% of EU land under the Nature Restoration Regulation could provide relief 

for these pressures. However, there is therefore a significant gap in terms of how PAs can be managed 

and monitored to effectively meet the aquatic biodiversity and water quality requirements. 
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The recent fitness check of the WFD confirms it provides high level of protection for European water 

bodies, however insufficient implementation was identified as a key failure in its implementation 297. 

The lack of sufficient monitoring to identify causes of degradation has been highlighted as a key 

challenge for implementation of the Water Framework Directive 245 and high frequency monitoring 

can help to bridge the monitoring gap.  

While Ireland retains one of the highest levels of high ecological status (HES) water bodies in the EU 

250 there has been a sharp decline in the percentage at highest water quality status over the last thirty 

years with diffuse agricultural pollution identified as a key pressure 16. Water Quality is key to 

supporting the recovery of freshwater biodiversity across Europe 13 and current monitoring methods 

for monitoring under the WFD severely lack the temporal resolution required to capture the rapid, 

dynamic changes occurring within protected aquatic ecosystems 269,270.  

Climate change has drastically altered hydrological regimes and is driving increased frequency and 

intensity of extreme rainfall 24. Changing weather patterns alter the type and dynamics of water 

pollutant movements 293,294 into protected waters via surface runoff. High-frequency sensors allow 

scientists to track a catchment’s response in real-time to specific storm hydrographs, bridging the gap 

between ecological theory and actual field practice 24,233. High frequency monitoring (HFM) serves as 

an early-warning system, providing a window of opportunity to respond to pollution spikes 280. HFM is 

a necessary tool for tracking the impact of diffuse agricultural pollution sources and pathways 

272,281,298,299 which are a key pressure on the highest status waterbodies 16. Event detection systems 

facilitate the upscaling of high frequency monitoring on vulnerable water bodies by focusing 

monitoring efforts and resources when water quality impacts are occurring 288,300.  
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1.10 Research Aims and Objectives 

The aim of this research is to examine protected area designation focusing on freshwaters and to 

demonstrate the value of high frequency monitoring for detecting transient pollution events in small 

rivers to support the objective of the WFD in the context of increasing frequency and intensity of 

rainfall events due to climate change. The specific objectives are to:  

1 Conduct a literature review to examine protected areas and their designation as an 

instrument for protecting water quality and aquatic biodiversity in Europe.  

2 Develop a practical, flexible and reproducible monitoring workflow for temporary, remote, 

off-grid monitoring of water quality events in small rivers. 

3 Examine if short term, temporary, remote, semi-continuous monitoring of routine water 

quality parameters could adequately capture water quality variation over the range of river 

discharge at a hydrologically active period. 

4 Deploy and test the temporary, remote, off-grid event monitoring system in a high-status river 

located within a protected area to determine if it can identify hydrodynamic driven water 

quality events. 

To address these objectives, the thesis is structured as follows. Building on the research problem 

outlined in the introduction, Chapter 1 reviews the existing literature to synthesise current knowledge 

of PA designation as an instrument for protecting water quality and aquatic biodiversity. Chapter 2 

outlines the methods used in this research, detailing the study design, data collection, and analytical 

approaches employed to address the research objectives. Chapter 3 details the practical, flexible and 

reproducible methodological framework for detecting water quality events on small rivers. Chapter 4 

examines the ability of a short-term deployment to adequately capture the frequency and intensity of 

hydrodynamic events at the river monitoring stations. Chapter 5 discusses the conclusion of this 

research, the recommendations, and further study.  



 

 

 

 

 

 

 

 

Chapter 2: Methods 
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2.0 Introduction  

2.1 Research Design 

Chapter 1 critically reviewed the literature on protected areas for freshwaters identifying key 

limitations in existing approaches to the protection of high-status water bodies. In particular, the 

review highlighted the significant gap in terms of how PAs can be managed and monitored to 

effectively meet the aquatic biodiversity and water quality requirements. 

This chapter outlines the methodological approach used to address the research aims of this thesis 

with a mixed-methods design adopted, combining a qualitative and quantitative approach. The 

qualitative component was applied to the literature review, where a structured and interpretive 

approach was used to examine protected areas and their designation in Europe, their Importance for 

high-quality surface waters, to identify the key threats and challenges for protected areas and examine 

how well the EU is positioned to respond to the freshwater biodiversity crisis. This enabled the 

synthesis of current knowledge and the identification of the numbers and types of protected areas 

across the EU and how they’re designated, common challenges for the protection of freshwater 

biodiversity and the regulatory provision to address freshwater biodiversity decline. A qualitative 

approach to the literature review was adopted to allow for thematic synthesis rather than a purely 

descriptive or critical summary. 

The quantitative component focused on the development of a detailed workflow to aid the 

deployment of high frequency, remote, off-grid water quality sensors, the identification of potential 

water quality events, and the analysis of water quality data to evaluate the value of short-term, 

temporary, deployments to assess the impact of rainfall and streamflow events on water quality. This 

approach provided measurable and objective insight into patterns and trends in water quality in a 

high-status river within a protected area. The workflow developed is a comprehensive guide covering 

all aspects of high frequency river monitoring from deployment to data interpretation. By integrating 

qualitative insights from the literature with quantitative analysis of water quality data, this study 

provides a comprehensive understanding of both the perceived challenges for high status rivers within 
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protected areas and the measurement of environmental conditions to monitor and protect these 

important water bodies. 

 

2.2 Literature Review Methodology 

A web-based search (article title, abstract and keywords) of scientific literature via Scopus and Web 

of Science core collection databases was carried out. The search was designed to identify literature 

related to challenges associated with freshwater and aquatic protected areas, as well as broader water 

governance issues. It retrieved documents that either focus directly on designated protected areas—

such as aquatic or freshwater protected areas, Natura 2000 sites, Special Areas of Conservation, or 

conservation areas—within freshwater contexts (including rivers, lakes, and surface waters), or 

address topics like water quality or freshwater and aquatic biodiversity in combination with 

governance, management, or the WFD and Challenges. The search of the Web of Science database 

returned 4217 articles including 501 review articles, and the search of the Scopus database returned 

4249 articles including 515 review articles. The results of Scopus and Web of Science searches were 

exported in RIS format and subsequently imported into Covidence software for screening. Duplicate 

records (n = 221) were automatically identified, manually verified and removed. Titles and abstracts 

of 796 review articles were then manually screened against predefined inclusion and exclusion 

criteria. The inclusion criteria for this review were designed to capture literature that addresses 

challenges in freshwater and aquatic protected areas, as well as broader water governance contexts. 

Studies were included if they focused on freshwater environments such as rivers, lakes, wetlands, or 

other surface waters, and either examined designated protected areas (e.g., freshwater protected 

areas, Natura 2000 sites, Special Areas of Conservation, or similar conservation areas) or explored 

wider issues related to water governance, management, policy or challenges. Eligible studies also 

needed to engage with themes such as water quality or freshwater and aquatic biodiversity in 

combination with governance structures, management practices, or the WFD. The exclusion criteria 

were applied to remove studies that did not align with the focus of the review including articles on 
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the marine environments or terrestrial ecosystems without a clear freshwater component. Given the 

substantial volume of literature (~ 4000 records) and the presence of substantial existing reviews in 

this area as the challenges affecting protected areas, water quality and freshwater biodiversity have 

been well documented, a review of reviews was carried out. The aim of this study was not to examine 

individual challenges for each topic in detail, but to explore synergies and relationships between them 

and therefore a higher-level approach was required. Studies meeting the criteria proceeded to full-

text review and Covidence software was used to manage duplicate articles between the Web of 

Science and Scopus searches, and to manage the manual screening process. References of the 

included articles were also scanned to identify and include pertinent studies for freshwater.  

In addition to the academic databases, targeted searches were performed on official publications and 

reports from relevant European and international organisations, including European Commission 

(EUR-Lex, European Commission website), European Environment Agency (EEA) publications 

database, European Parliament (official reports and resolutions), Biodiversity Information Centre for 

Europe and United Nations Environment Programme (UNEP) publications and reports. For each 

organisation, specific searches were conducted using their official websites and publication databases. 

Search terms included: "protected areas," "conservation," "biodiversity," and "Europe," combined 

with the organisation’s name.  

The author could find no single repository for information on the competent authorities for protected 

areas, either for the EU member states or worldwide. For 21 of the EU-27 + UK countries, information 

on agencies involved in protected area management in the EU was gathered via correspondence with 

government departments, with academics and via government websites. Summarised details of this 

correspondence including the name of organisation/person contacted and the date of reply was 

captured in Table 1.  

There were limitations to this approach as the search was conducted in English and therefore excluded 

sources published in other languages. The scope of the search terms used may have excluded other 

relevant articles where freshwaters are classified under terrestrial protected areas. In addition, the 
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review of reviews is dependent on the quality of reviews and nuances from primary studies may be 

overlooked.  

2.3 Catchment Characterisation Methodology 

2.3.1 Desktop Assessment for Catchment Characterisation 

The first step in the water quality monitoring section of this study was a desktop assessment to collect 

and review all available information prior to site selection and sensor deployment. This provided data 

for catchment characterisation including identifying land use, discharge points including wastewater 

treatment plants and sensitive receptors including drinking water sources and conservation areas. It 

provided initial understanding of river status and informed the identification of potential monitoring 

locations and what water quality pressures in this catchment could be contributing to water quality 

events. 

2.3.1.1 Historical Datasets 

There are a number of historical datasets available which were used to inform this research: 

a) River level and flow records 

Observed level and flow records for the River Owenmore and level records only for the River 

Unshin obtained from gauged locations administered by the Office of Public Works (OPW; 

http://waterlevel.ie/ ). Due to water retention at the R. Unshin gauging station during high 

flows, no site-specific discharge relationship is available to convert level to flow 301.  

b) Rainfall data 

Observed rainfall data obtained from the automatic weather station at Markree administered 

by Met Éireann (https://www.met.ie/climate/available-data/historical-data)  

c) Water quality data 

Historical water quality data obtained from the Environmental Protection Agency 

administered by the EPA Catchments Unit (https://www.catchments.ie/data/#/?_k=0hudur).  

The desktop assessment fulfilled a number of objectives including identifying:  

http://waterlevel.ie/
https://www.met.ie/climate/available-data/historical-data
https://www.catchments.ie/data/#/?_k=0hudur
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• appropriate hydrometric and meteorological stations within the catchment.  

• suitable monitoring locations in terms of adjacent national water quality monitoring stations, 

adjacent hydrometric stations, adequate security for monitoring equipment, suitable all-

season access and permissions from landowners. 

• water quality pressures in the catchment. 

2.3.1.2 Catchment Characterisation 

“Catchments are coherent, topographically-based features, defined by the natural hydrology and 

hydrogeology, with water in continuous connection over ground and underground from the highest 

areas along the topographic divide to the lowest areas alongside rivers” 302. Surveillance monitoring 

of water bodies in catchments or sub catchments within river basin districts (RBD) is a requirement 

under the WFD to ensure shared and coordinated management of water bodies across national 

boundaries 11. The character of a catchment has a significant influence on water quality as an area’s 

geology, soils and land use all significantly impact on water quality 303 with pollutants such as 

phosphorus and sediment influenced by the stream and the catchment characteristics 304,305. 

The Sligo Bay and Drowes Catchment was the location for the study sites in this research (Figure 11). 

It is located in the North West of Ireland covering an area of 1,603 square kilometres 306, with 13 sub 

catchments, comprising of 70 rivers, 18 lakes, 6 transitional, 6 coastal and 43 groundwater bodies 307.  

In terms of water quality pressures, for rivers in this catchment, the most significant pressures are 

nutrient overload, which is impacting 22 waterbodies, followed by morphological issues, organic 

pollution, sediment, hydrological issues and chemical pollution. These pressure are predominantly 

associated with agricultural, forestry, hydromorphological (mainly channelisation) and urban 

wastewater activities 307.  
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Figure 11: (1) Hydrometric Area 35, Sligo Bay/Drowes catchment 308 and (2) River Owenmore and River Unshin. Map (2) 

created in QGIS (Version 3.42.1) using OpenStreetMap as a basemap.  

 

2.3.1.3 Rivers Unshin and Owenmore Sub-catchments 

The monitoring locations for this study within the Sligo Bay/Drowes area were on the rivers 

Owenmore and Unshin located to the South of Sligo town (Figure 11). The Owenmore catchment 

covers an area of 65,000 ha and is divided into three main tributaries, the river Owenmore located in 

the centre and north of the catchment, the river Unshin located northwest of Lough Arrow and the 

river Owenbeg (not included in this research study) is a fast-flowing river subject to spates which flows 

east. Of note is the varied characteristics of the three rivers, the largest of which is the Owenmore 

(52km in length) pH neutral, mostly slow moving and flat, the Unshin (23 km in length) which rises in 

Lough Arrow, also quite slow moving but alkaline due to base-rich karst groundwater with a couple of 

steep sections, and the Owenbeg (23km), an acid mountain river with peatland in the upper reaches 

309. The Owenbeg and Owenmore unite upstream of Collooney with the Unshin joining 3 km 

downstream to form the Ballysadare river which travels a further 4 km to enter the sea at Ballysadare 

Bay 310. The total length of the stream and river channels for the Owenmore subcatchment is 312km 
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and for the Unshin subcatchment is 211km. There is over 50% first order streams in each river with 

165km of first order streams in the Owenmore and 129km of first order streams in the Unshin 309. 

2.3.1.4 Special Areas of Conservation (SACs) and Special Protected Areas 

EU Member States are required to establish a Natura 2000 network of sites under the EU Habitats 

Directive (92/43/EEC) 12 and the EU Birds Directive (79/409/EEC) 129. In Ireland, the Natura 2000 

network is composed of specials areas of conservation (SACs), candidate SACs, and Special Protection 

Areas. In the study area there are four SACs (Figure 12) with surface water dependent habitats (Table 

4).  

Table 4: Special Areas of Conservation (SAC) 12 and Special Protected Areas (SPA)  129 in the Study Catchment. 

Name of PA SAC SPA Size (ha) Relevance for the Study Sites 

Lough Arrow  √  1457.5 upstream of the river Unshin monitoring 

station 

Lough Arrow   √ 1337.9 upstream of the river Unshin monitoring 

station 

Unshin  √  916.6 location for river Unshin monitoring station 

Templehouse & 

Cloonacleigha Loughs 

√  492.6 upstream of the Owenmore station 

Ballysadare Bay √  2144.6 downstream of both monitoring stations 

Ballysadare Bay  √ 2129 downstream of both monitoring stations 

 

The importance of the River Unshin as a high quality river is highlighted by its description as one of 

the most pristine rivers in Ireland and a rarity at European level 311 due to the presence of 

internationally important aquatic vegetation 309, its status as a benchmark or reference site for floating 

reed-mats 312, with those species being supported by good quality water supported by significant 

inputs of groundwater 311.  
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Figure 12: Special Areas of Conservation (SAC) with surface water dependent habitats and Special Protection Areas (SPA) 

within the study area 313. 

2.3.1.5 Physical Catchment Descriptors (PCD) 

Catchment descriptors describe and measure physical and climatological characteristics of a 

catchment 314 and PCDs are used for estimating flood frequency and the impact of land use on river 

water quality or quantity. Climate driven changes in individual catchments will be affected by the 

topography, the plant species that are present, the geology and by human induced modifications 315. 

The sensitivity of 206 Irish catchments to change in low flows associated with climate change (changes 

in annual mean rainfall and changes in seasonality of rainfall) was examined and five catchment 

sensitivity types were identified with hydrometric stations on the Owenbeg river and Ballysadare river 

included in the analysis 292. High runoff coefficient was identified as an indicator that catchments may 

be more sensitive to increases in seasonal amplitude. The Ballysadare station was categorised as 

catchment sensitivity type (e) which are generally ‘low lying and possess greater natural storage to 

offset reduced summer precipitation’ and will be less affected by seasonal changes in rainfall due to 
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climate change. The station on the Owenbeg was categorised as catchment sensitivity type (b) which 

have ‘generally poor natural storage’ and will be most sensitive to seasonal changes in rainfall 292.  

The WFD acknowledges the importance of hydromorphology to support aquatic flora and fauna with 

hydromorphology comprising one of the quality elements for surface water status along with 

biological elements and chemical & physiochemical elements. The hydromorphological elements 

include the hydrological regime and the morphological conditions 11. Hydromorphology has a 

significant indirect impact on stream invertebrates and hydromorphological modifications affect both 

the stream substrate and the concentration of organic matter and nutrients at site scale 316. 

Hydromorphological pressures are one of the most frequently identified pressures on surface waters, 

affecting almost 40% of surface waters in the EU with ‘altered habitats’ the most commonly reported 

247. Physical alterations of the channel, bed, shore or the riparian zone affected 60% of such impacted 

water bodies with agriculture and flood protection being the main drivers. Extreme weather impact 

on river hydromorphology with respect to river flow, changes to sediment dynamics and river channels 

317,318. Arterial drainage was carried out on both the Owenmore and Unshin subcatchments with the 

majority of drainage works carried out on the Owenmore and only limited works carried out on the 

Unshin. Deepening of some sections of the Owenmore channel was carried out in 1927-1936 resulting 

in significant lowering of the Cloonacleigha and Templehouse lakes 309. 

Land use impacts both on hydromorphological and chemical characteristics of streams and indirectly 

on the ecological status of streams 316. Land use in the study area is predominantly agricultural with 

some urban areas including Gorteen (pop. 393), Ballymote (pop. 1549), Ballinacarrow (pop. 202), 

Collooney (pop. 1610) 319. There are several urban wastewater discharges (Table 5) associated with 

settlements in the catchment. 
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Table 5: Urban Wastewater Discharges in the Study Area. 

Agglomeration Population 

Equivalent 

Primary 

Discharge 

Storm Water 

Overflow 

Discharge to 

River Unshin 

Discharge to River 

Owenmore 

Ballinafad <500 √  √  

Castlebaldwin <500 √  √  

Riverstown <500 √  √  

Ballinacarrow <500 √ √  √ 

Ballymote 3000 √ √√  √ 

Culfadda <500 √ √  √ 

Collooney 3100 √ √√  √ 

Gurteen <500 √ √  √ 

(The number of √ corresponds to the number of discharges) 

2.3.1.6 Weather Station 

There are 20 automated weather observing stations in Ireland operated by Met Éireann 320. Daily total 

and high frequency (15-minute interval) rainfall data is available from 2005 to the present from for a 

weather station located within the catchment at Markree. The national weather station at Markree is 

located 35 m above sea level and 7.3 km inland from the coast 321 and is adjacent to the water quality 

monitoring station on the Unshin river. A ‘tipping bucket’ which tips when 0.1 or 0.2mm of rain falls 

with the number of tips counted, is used to measure rainfall. Rainfall in the west of Ireland averages 

between 1000 and 1400 mm/annually.322. In examining meteorological indicators of climate change 

in Ireland, precipitation indicators were used to measure the intensity, frequency and duration of 

storm events. The indicators used included the number of precipitation events above the 90th 

percentile to identify extreme precipitation events 323. This analysis is location specific and therefore 

takes into account, the local climate. 
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2.3.1.7 Flow & Level Data  

Water level recorders at gauging stations on the Rivers Unshin and Owenmore are operated by the 

OPW. These record the water level at 15-minute intervals, and a site-specific-discharge relationship 

developed by the OPW to convert water level to flow rate. The EPA Hydrometric Unit use the 

descriptions of flow and level percentile classification 324 as detailed in Table 6.  

Table 6: EPA Hydrometric Unit descriptors of flow and level percentile classification. 

Flow/Level 
Descriptor 

Percentile Classification  Description 

Particularly high >10%tile exceedance  Monthly level or flow occurs 10% of the time 

Above normal >30%tile <10%tile exceedance  Monthly level or flow occurs 20% of the time 

Normal >70%tile <30%tile exceedance  Monthly level or flow occurs 40% of the time 

Below normal >95%tile <70%tile exceedance Monthly level or flow occurs 20% of the time 

Particularly low <95%tile exceedance  Monthly level or flow occurs 5% of the time 

Due to water retention at the R. Unshin gauging station during high flows, no site-specific discharge 

relationship is available to convert level to flow at Ballygrania 301. The discharge at a point in a river is 

calculated from the relationship between water level height (stage) and volumetric flow (discharge) 

at each gauging station. Multiple flow measurements are taken at different level heights in the river 

from low flow to flood flows to develop a rating curve 325. However, water level at this hydrometric 

station is continuously recorded, and this data was used to pair stream level and water quality events 

as detailed in Chapter 4.  

 

2.3.1.8 Water Quality in the Catchment 

The Sligo Bay & Drowes Catchment has 100 surface water bodies, and the River Unshin is one of just 

14 water bodies in this catchment with a ‘high ecological status’ (HSO) objective’ with 71% of these 

HSO waterbodies located within a PA. It is only one of just 6 waterbodies (43%) meeting the high-

status environmental objective under the WFD for this catchment 307. However, in the first River Basin 

Management Plan (RBMP) cycle (2010-2015) the Unshin water quality status dropped to ‘Good’ status 
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and as a result was included as an ‘area for action’ in the second WFD planning cycle 307. The cause of 

this drop was not identified but unknown pressures are the second most common pressure affecting 

at risk surface water bodies in the catchment generally, and also the second most common pressure 

affecting at risk high ecological status water bodies 307 as detailed in Figure 15. It recovered in the 

2013-2018 monitoring period and has met the high status objective since 291. Water quality status of 

the Rivers Unshin and Owenmore (WFD Status 2016-2021) varies from poor to high status (Figure 13) 

across the sub-catchments for both rivers.   

 

Figure 13:  River Waterbody WFD Status 2016-2021 for Rivers Unshin and Owenmore (gis.epa.ie). Map created in QGIS 
(Version 3.42.1) using OpenStreetMap as a basemap. 

 

Urban wastewater, agriculture, industry and unknown anthropogenic are identified as the most 

significant pressures within the catchment 307.  

Water Quality Data for the study area was sourced from EPA catchments website 327 with results 

available from 2007 to the present (Table 7). The EPA implement a national river monitoring 
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programme consisting of 2429 river water bodies for surveillance (179 rivers) and operational (2250 

rivers) monitoring with biology monitored every three river and grab samples for defined physical and 

chemical parameters monitored several times per year 328 

 

Table 7: Water Quality Data available from EPA for closest monitoring stations to the study sites. 

Water Body Sub 

catchment 

Station Code Station 

Name 

Sample 

type & 

Frequency 

Parameters Monitored 

OWENMORE 

(SLIGO)_060 

35_5 

Owenmore 

(Sligo)_SC_020 

RS35O060500 Templehouse 

Br (d/s) 

 

Grab 

sample.  

 

4 samples 

/annum 

from 2007 

– 2015 

 

5/annum 

from 2016 

Alkalinity-total (mg/l as 
CaCO3) 
Dissolved Oxygen (% 
Saturation) 
ortho-Phosphate (mg/l as 
P)  

Temperature (°C) 
Total Oxidised Nitrogen 
(mg/l as N) 
Total Hardness (mg/l as 
CaCO3) 

True Colour (Hazen) 

Ammonia-Total (mg/l as N) 

Total BOD - 5 days (mg/l) 

Chloride (mg/l) 

Conductivity (µS/cm) 

Nitrate & Nitrite (mg/l as N) 

pH 
 

UNSHIN_050 35_2 

Owenmore 

(Sligo)_SC_030 

RS35U010600 Bridge u/s 

Ballisodare 

River 

 

This water quality data was compared against data generated from this research in Chapter 4 to 

examine if high frequency monitoring and event monitoring has significant advantages in terms of 

data capture for water quality assessment over the national grab sample-based monitoring 

programmes. 

2.3.1.9 Water Quality Pressures in the Catchment 

For the Sligo Bay and Drowse catchment, the significant water quality pressures driving the risk of not 

meeting at least good status in the Water Framework Directive are agriculture, hydromorphology and 

unknown pressures (i.e. water quality pressures where the source has yet to be identified) 291 as 

highlighted in Figure 15. These pressures are a result of nutrient pollution, altered habitat and organic 
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pollution on surface waters 14,291,294. This is reflective of water quality pressures across Europe with 

agricultural land use identified as a primary driver of aquatic risks to surface waters across the EU 

14,250,330.  

 

Figure 14: The Number of at-risk water bodies and the associated Water Quality Pressures in the Sligo Bay and Drowse 

Catchment 291. 

Agriculture is the primary water quality pressure in the catchment overall but hydromorphology is the 

primary pressure for high ecological status objective waterbodies 326,331 as highlighted in Figure 15. 

There is a strong association between agricultural land use and hydromorphological alteration of 

freshwaters 330,332–334.  
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Figure 15: The number of as risk high ecological status objective waterbodies and the associated Water Quality Pressures in 

the Sligo Bay and Drowse Catchment 291. 

For the Owenmore river, the water quality pressures are agriculture, forestry and urban runoff, 

hydromorphology, unknown pressures and invasive species with nutrients identified as a pressure in 

one area of the river Unshin 307. Hydromorphological changes including dams, weirs and dredging 

directly impact aquatic habitats required to support fish, plants and aquatic insect populations 335, 

whereas land use impacts water quality due to the input of point source and diffuse source pollutants 

336.  

 

2.3.2 Walkover Survey of Monitoring Locations.  

Following the desktop assessment a walkover survey was carried out to ensure that the monitoring 

plan was suitable, feasible and appropriately tailored to the specific conditions of the river monitoring 

stations thereby assuring the quality of the monitoring data. The primary purpose of the walkover 

survey was to:  

• ground truth the desktop data. 

• assess site conditions. 
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• identify any potential risks and issues. 

• refine the sampling strategy. 

• support baseline data collection. 

The on-site inspection confirmed the accuracy of the desktop study on land use, hydrological features 

and water quality pressures. The current physical conditions of the river and surrounding land was 

observed including river morphology, bank stability, vegetation cover, animal access and signs or 

erosion or sedimentation. Photographic evidence of the primary water quality pressures was also 

gathered including forestry harvesting (Figure 16), hydromorphological pressure due to land drainage 

works (Figure 17) and direct animal access due to lack of riparian buffer resulting in bank instability, 

soil erosion and lack of root support causing tree to topple into the river (Figure 18). 

 

Figure 16: The harvesting of a conifer plantation adjacent to the River Unshin at Dowrea, Co. Sligo. 
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Figure 17: Land drainage works on the River Unshin downstream of Lisconny Bridge, Co. Sligo. A linear drainage channel 

(highlighted in red) is located in the mid-distance on the far bank of the river, starting at the telegraph pole and extending 

from the field towards the river at right angles to the riverbank.  

 

Figure 18: River Unshin at Cartronduffy, Co. Sligo. The lack of a riparian buffer (highlighted in orange) can be seen in the mid 

distance on both sides of the river channel. A cattle access point on the right-hand riverbank immediately in front of the tree 

(highlighted in blue) is characterised by heavily poached ground and exposed bare soil extending to the water’s edge. 

Localised bank erosion has undermined the root system of a riverside tree located on the right-hand bank, resulting in the 

collapse of a mature tree across the river channel (highlighted in red).  
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2.3.2.1 Risk Assessment 

A site-specific risk assessment was carried out as part of the walkover survey to identify potential 

hazards including swift currents, unstable banks, and contaminated water, and to plan safe access and 

egress from the monitoring sites. Systematically evaluating risks before the monitoring programme 

commences allows for appropriate safety measures, suitable protective equipment to be selected and 

implemented and allows for emergency planning thereby minimising the likelihood of accidents or 

injuries.  

 

2.4 Water Quality Monitoring & Data Analysis Methodology 

2.4.1 Hydrometric Stations in the Study Area 

The gauged location on the River Unshin is hydrometric station 35003 at Ballygrania (Figure 19), and 

due to retention downstream of this station during high flows it is not possible to calculate flow from 

the observed water levels due to censoring of the data at high water levels 306.  

 

Figure 19: Hydrometric Station on the River Unshin at Ballygrania operated by the Office of Public Works 337. 

The gauged location on the River Owenmore is hydrometric station 35001 at Ballynacarrow (Figure 

20). Both level (m) and discharge data (cubic meter per second) are available at this station 338.  
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Figure 20: Hydrometric Station on the River Owenmore at Ballynacarrow operated by the Office of Public Works 338. 

There is one automated hydrometric station managed by the office of public works on the river Unshin 

and one on the river Owenmore (Figure 21) and the location of these stations influenced the location 

of water quality monitoring stations in this study, as the water quality data measured was analysed in 

conjunction with hydrometric and rainfall data.  

 

Figure 21: Location of the water quality station (Owenmore WQ) and hydrometric station (Owenmore HydroM) on the River 

Owenmore and the location of the water quality station (Unshin WQ) and hydrometric station (Unshin HydroM) on the River 

Unshin. Map created in QGIS (Version 3.42.1) using OpenStreetMap as a basemap 
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2.4.1.4 Flow Duration Curve 

A flow duration curve (FDC) is a cumulative probability graph used in hydrology to show the 

percentage of time a specific river or streamflow is equalled or exceeded over a given period. The 

shape of an FDC reveals the underlying hydrology and geology of a catchment with a steep slope 

indicating a flashy stream and flat slope indicating a stable stream with consistent, sustained baseflow 

(groundwater fed) 339,340. FDCs are widely used in hydrology to model streamflow in ungauged 

catchments 341–343, for estimating environmental flows 344,345 and quantifying the hydrological impacts 

of climate change 346,347. Discharge data from the OPW 338 was used to create a flow duration curve for 

the River Owenmore for analysis detailed in Chapter 4 but this was not possible for the river Unshin 

due to the lack of flow data. As a consequence of water retention at the R. Unshin gauging station 

during high flows, no site-specific discharge relationship is available to convert level data to flow data 

at this hydrometric station 301.  

 

2.4.2 High Frequency (HF) Water Quality Monitoring Stations 

Two monitoring locations were selected in the Sligo Bay and Drowse catchment (hydrometric area 

35), one on the river Owenmore, a moderate status water body and a second location on the river 

Unshin, a high-status water body (Figure 21). Both locations met the criteria for a remote, off grid, 

sensor deployment site in terms of proximity to national water quality monitoring stations, 

hydrometric stations and had the necessary, security, all season access, and landowner permissions. 

The primary focus of this study was a monitoring strategy for significant water quality pressures on a 

high-status waterbody within a PA, to strengthen the study design and aid interpretation, concurrent 

monitoring of a moderate-status river within the same catchment was carried out. This provided a 

comparative baseline, enabling the differentiation of natural variability from anthropogenic pressures, 

testing the sensitivity of the high-frequency monitoring approach, and demonstrating how water 

quality parameters differ across the ecological status classes. Comparative analysis with a moderate-
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status river helps interpret high-status stability and resilience, as high-status systems are expected to 

exhibit lower variability in key pollutants and faster recovery following disturbance events, while 

differences between the two can reveal subtle pressures that may otherwise go undetected. 

2.4.2.5 Unshin river HF monitoring station 

The Unshin river location was selected as an example of a river with a high-status objective under the 

water framework directive. The national water quality monitoring station RS35U010500 with 

historical data available from 2007 to 2023 along with the hydrometric station 35003 at Ballygrania 

was located 1300 m downstream of the study site (Figure 21). The reason why the study site was 

located upstream of the national monitoring station is due to attenuation at Ballygrania during periods 

of high flow as the Unshin river is restricted from entering the larger flow of the Owenmore River at 

the confluence. This attenuation causes a slowdown in the flow of the Unshin, flooding of the 

floodplain at Ballygrania and rapid settlement of solids and turbidity and evidence of this could be 

seen in the walkover survey (Figure 22). This would result in measured values at this point not always 

representing the true turbidity and suspended sediment values in the river channel. The Unshin flows 

through a predominantly agricultural catchment, has some small upstream villages including 

Castlebaldwin (pop. 107), Riverstown (pop. 334) and Ballygawley (population 310) 319. 

 

Figure 22: River Unshin from the bridge at Ballygrania facing downstream. The hydrometric station is out of view to the left 

and the area to the right of the main channel (highlighted in red) floods from the river overflowing during high flows. 
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2.4.2.6 Owenmore HF Monitoring Station 

The Owenmore River is classified a moderate status water body and has maintained this status 

throughout the three cycles of RBMPs. The national water quality monitoring station RS35O060600 

with historical data available from 2007 to 2023 along with the hydrometric station 35001 

Ballynacarrow is located 200 m upstream of the study site. The site walkover raised concerns about 

security at the hydrometric station, so the sensor was located 200m downstream to a more secure 

location. The land use in the area is predominantly agricultural but also contains upstream urban areas 

including Gorteen (pop. 393), Ballymote (pop. 1549), Ballinacarrow (pop. 202), Collooney (pop. 1610) 

319. Templehouse Lake is located upstream of the study site and was prioritised as an area for action 

to improve water quality in 2021 under the RBMP 2022-2027 and is the only water body in this 

catchment at ‘Bad’ status 326 (Figure 21).  

2.4.2.7 Multiparameter sondes 

A multiparameter sonde (Model YSI 6600 EDS V2-2, YSI Inc., Ohio, USA) was deployed at each of the 

high frequency monitoring stations on the River Owenmore at Ballinacarrow and on the River Unshin 

upstream of Ballygrania bridge. The parameters measured were temperature, specific conductivity, 

and turbidity. The turbidity sensor included a mechanical wiper to minimise biofouling and the 

measurement interval was every 15 minutes. This sonde has an internal battery (8 x C alkaline cells) 

with a battery life of up to 75 days at 15-minute sampling intervals and stores up to 150,000 readings 

The deployed sensors were inspected fortnightly and calibrated monthly as per the manufacturer’s 

instructions with calibration data in Appendix B2.1.   

2.4.1.8 Performance Specification for the Sensors on YSI Sonde 

The performance specification for the HF sensors used in this study are detailed in Table 8. Sensors 

were calibrated as per manufacturers recommendations prior to deployment (Appendix B2.1). 
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Table 8: Typical Performance Specifications for the Temperature, Conductivity and Turbidity Sensors on the YSI 6600 EDS V2-

2 sonde. 

Sensor Model Measurement 

Unit 

Specification 

Conductivity † YSI 6560 µS/cm Range  0 to 100 mS/cm 

 

Resolution  0.001 to 0.1 mS/cm (range-

dependent) 

 

Accuracy   ±0.5% of reading + 0.001 

mS/cm 

Temperature YSI6560 oC Range  -5 to +45°C 

Resolution  0.01° 

Accuracy  ±0.15°C 

Turbidity YSI 6136 nephelometric 

turbidity units 

(NTU). 

Range  0 to 1,000 NTU 

 

Resolution 0.1 NTU 

 

Accuracy ±5% of reading or 2 NTU, 

whichever is greater 

† Report outputs of specific conductivity (conductivity corrected to 25° C). These values are automatically calculated from conductivity 

according to algorithms found in Standard Methods for the Examination of Water and Wastewater (ed 1989). 

 

2.4.2 In-stream Verification of High Frequency Data 

The high frequency sensor data was verified with in-steam spot measurements using handheld meters 

to enhance overall data reliability and accuracy of the water quality data. In-stream spot 

measurements were taken by measuring turbidity, specific conductivity and temperature when the 

sensors were deployed and retrieved. HACH HQ Series Portable Meter was used to measure water 

temperature and specific conductivity and HACH 2100Q was used to measure in stream turbidity.  

In-stream validation data is presented in Appendix B3. 



84 

2.4.2.8 Performance Specification for the handheld meters 

The performance specification for the handheld meters used for verifying the HF sensor data used in 

this study are detailed in Table 9. Hand-held meters were calibrated as per manufacturers 

recommendations prior to deployment with calibration data presented in Appendix B2.2. 

Table 9: Typical Performance Specifications for the Temperature, Conductivity and Turbidity handheld meters. 

Parameter Model Measurement 

Unit 

Specification 

Conductivity † Intellical 

Conductivity 

Probe 

µS/cm Range  0.01 to 200 mS/cm 

 

Resolution  0.0 to 0.1 mS/cm (range-

dependent) 

 

Accuracy   ± 0.5% of reading + 0.001 

mS/cm 

Temperature Intellical 

Conductivity 

Probe 

 oC Range  -10 to +110 °C 

Resolution  Not stated 

Accuracy  ±0.3 °C 

Turbidity HACH 2100Q nephelometric 

turbidity units 

(NTU). 

Range  0 to 1,000 NTU 

 

Resolution ± 1% of reading or 0.01 NTU, 

whichever is greater 

Accuracy ± 2% of reading plus stray light 

 

2.5 HF Monitoring Sensor Deployment 

A multiparameter YSI-6600 V2 sonde was deployed at each of the high frequency monitoring stations 

on the River Owenmore at Ballinacarrow and on the River Unshin upstream of Ballygrania bridge. The 

deployment method varied between the two sites. 
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2.5.1 River Owenmore Deployment 

A purpose-built steel frame was used to house the YSI 6600 EDS V2-2 sensor (YSI Inc., Ohio, US.), sited 

mid-stream in the Owenmore River, fixed to the stream bed via metal prongs with the steel frame 

attached to a tree on the riverbank via rope. This allowed for the sensor to be submerged during 

variable river flows as the river level rises and falls in response to rainfall (Figure 23). 

 

Figure 23:  Deployment of the YSI 6600 EDS V2-2 Sonde at the study site showing (1) the frame used to house the sensor and 

(2) the deployment site on the Owenmore River at Ballynacarrow. 

 

2.5.2 River Unshin Deployment 

On the Unshin river, permission was obtained from the landowner to mount the YSI 6600 EDS V2-2 

sensor on the side of the pontoon floating in the river (Figure 24). The pontoon was mounted on steel 

poles and rises and falls with the river level which allowed the sensor to remain suspended in the 

water column at all times. The sensor was hung on the side of the pontoon under the water level using 

marine rope and stainless-steel carabiners and the length of rope was adjustable to ensure the sonde 

remained above the riverbed in very low flow conditions.  
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Figure 24: Deployment of the YSI 6600 EDS V2-2 Sonde on the Unshin River at the study site downstream of Markree Castle 

showing the recreational pontoon where the sonde was is attached, suspended in the water column. 

 

2.6 Data Management  

For water quality monitoring there are two components to data management, a data management 

plan and validation of the data collected during the research.  

2.6.1 Data Management Plan 

A data management plan is a core component of research projects 348 and provides for data security 

and the opportunity for data sharing 349. The standard six stages of data life cycle; creating, processing, 

analysing, preserving, giving access and re-using 350 was applied to the data collection protocols and 

data quality in this research with the data management plan detailed in Appendix B. 

2.6.2 Data Validation  

Data validation is a process to decide whether data collected is fit for purpose 351 and involves a 

thorough review of data quality 352. Water quality data commonly includes missing results, censored 

results, outliers 352 and is subject to errors that are random (unpredictable variations causing repeated 

measurements to fluctuate around the true value 353) and are systematic (constant bias causing 

measurements to be persistently high or lower than the true value353) 354. Water quality data requires 
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expertise in judging whether data points are erroneous and should be removed 352 as data validation 

is primarily a subjective process 354.  

2.6.3 Data Visualisation 

The high frequency data series were exported from YSI sonde via EcoWatch® software to a laptop as 

a .csv file. The data was then plotted in R Studio initially before any further analysis was carried out as 

shown in Figure 25 and Figure 26. This allowed for data visualisation to examine properties of the time 

series data, to visually identify any relationships and to detect any unusual data or ‘outliers’. A 

hyetograph (rainfall versus time) and a hydrograph (streamflow/discharge versus time) are commonly 

plotted in hydrology with the convention to plot an inverted hyetograph the most common 

presentation in hydrology 355. The hyetograph – hydrograph curve shows the cause and effect 

relationship between rainfall and runoff and how the catchment responds in terms of river flow 356. 

Figure 25 shows the hyetograph - hydrograph for the River Owenmore and River Unshin with river 

level used instead of discharge on the River Unshin due to the poor stage-discharge relationship 

caused by water retention at the R. Unshin gauging station during high flows. It shows the response 

of both rivers to rainfall and highlights how both rivers exhibit a similar response time to rainfall 

events. The graphs also display the flow/level percentiles with the P5 exceeded 95% of the time and 

the P95 only exceeded 5% of the time.  
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Figure 25: Hyetograph - Hydrograph for the River Owenmore and River Unshin with river level used instead of discharge on 

the River Unshin due to the poor stage-discharge relationship caused by water retention at the R. Unshin gauging station 

during high flows 301 (R Studio). 

 

2.6.4 Data outliers 

The presence of data values that are significantly larger or smaller than the baseline is commonly 

encountered with water quality data 352. Figure 26 demonstrates increased turbidity values during 

periods of rainfall and also occasional peaks in turbidity when there is little or no rainfall. Point source 

discharges can increase river turbidity by introducing suspended solids and other particulate matter 

and reducing water clarity 357,358. All potential outliers are examined in the context of other data points 

collected at that time along with hydrometric and rainfall data before a decision is made to include or 

exclude that data point.  
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Figure 26: Time series data for the Owenmore River at the study site in Ballynacarrow in October 2024 showing spikes in 

turbidity following rainfall during the period. 

2.6.5 Censored Data 

Censored data occurs where the level of a substances detected in a sample is less than the less than 

the detection limit of the sensor or laboratory method employed 359 often recorded as “non-detected” 

A number of methods have been developed for evaluating censored data with maximum likelihood 

estimation and regression on order statistics commonly used to manage censored data in datasets 
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while avoiding introducing excessive bias 360. Baseline monitoring was carried out to evaluate if the 

data collection method was sensitive enough to detect significant changes in temperature, specific 

conductivity and turbidity e.g. during a pollution event to verify if spikes in data trends were below or 

close to the sensor limits as detailed in Section 2.12.  

2.7 Software for Monitoring and Analysis 

2.7.1 High Frequency Data Collection and Storage 

The YSI 6600 sonde features a built-in battery and internal memory allowing it to function as a 

standalone datalogger for continuous water quality monitoring requiring no external power supply. It 

can store up to 150,00 individual data readings for up to 75 days.  

The EcoWatch® for Windows® software is a dedicated PC application for interfacing with the YSI 6-

series sondes. The software allows the user to download the internally logged data to a laptop/PC as 

.csv file and to calibrate the sensors.  

2.7.2 Data Processing and Analysis Software 

Open source software was used in this study as open source software in research ensures 

transparency, drives reproducibility and removes the cost and restrictive licensing barriers to 

accessing software tools 361. Once data was downloaded from the sonde the following open-source 

tools (Table 10) were used for processing and analysis:  

Table 10: Open-Source Software used for data analysis in this research. 

Software Tool Purpose 

R 362 Data visualisation 

Data Analysis 

US EPA CANARY 363 Water quality event detection 

R package ‘hydroEvents’ 300 Baseflow separation 

Event pairing 
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2.8 Event Detection 

2.8.1 Water Quality Event Detection 

US EPA CANARY event detection system was employed in this study to differentiate between typically 

background water quality trends and changes in water quality due to pollution or other events. US 

EPA CANARY, originally developed for drinking-water contamination 364,365, is suitable for diverse time-

series applications including water distribution 366 water reuse 367, water runoff 368 and surface waters 

288,291. CANARY parameters are refined on a station specific basis 369 using historical data in offline 

mode 364, and the associated Linear Prediction Coefficient Filter (LPCF) method employed in this study, 

yields low false positives and detects single-signal events effectively 288,291,365. The LPCF is an adaptive 

digital‑filtering method that predicts the next data value as a weighted average of recent observations 

using linearly estimated coefficients that minimize bias and variance, flagging observations as outliers 

when their prediction errors exceed a specified threshold. Water Quality data exported from the 

sondes was imported into US EPA CANARY software for event detection with further information 

detailed in Chapter 3.  

2.8.2 Hydrological Event Detection 

Baseflow separation is typically performed prior to rainfall-runoff event detection. Baseflow 

separation isolates slow-moving groundwater from the total streamflow hydrograph, leaving only the 

quickflow (surface runoff). This process allows hydrologists to detect true event peaks, and accurately 

quantify storm volumes 370. The hydroEvents R package 300 was used in this research and employs 

variants of the one-parameter recursive digital filter 371,—‘baseflowA()’ 372 and ‘baseflowB()’ 373 for 

baseflow separation. 

The hydroEvents R package provides multiple strategies for event identification and event pairing. It 

was used to identify rainfall events and was also used for pairing rainfall with flow events, rainfall with 

water quality events and flow events with further information detailed in Chapter 3.  
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2.9 Baseline Monitoring 

Baseline data for water quality, flow, weather and other parameters is frequently used to establish if 

developments are affecting water quality 374, to regulate inputs to surface waters and cumulative 

effects assessments 375, identify catchments sensitive to fluvial flooding 292 and to examine impact of 

climate change on catchments 376. Rainfall events have been found to impact baseline water quality 

329 by increasing surface water organic matter 377, pesticides turbidity and phosphorus 378 and by 

causing nutrient fluxes to exceed annual average mass loads 329.  

The desktop assessment identified that the primary water quality pressures in the study catchment 

are associated with diffuse pollution. Baseline monitoring was carried out to inform the appropriate 

method of event detection. The purpose of the baseline monitoring for this research was to study the 

relationship between rainfall, flow and turbidity and to identify trigger levels for turbidity based on 

high frequency turbidity data. Data was collected from October 2022 to March 2023 during baseflow 

and stormflow conditions for the River Owenmore (Table 11).  

Table 11: Site and Data details for baseline monitoring on the Owenmore River. 

River Site Name Precipitation 

(mm) Frequency1 

Discharge (m3) 

Frequency2 

Turbidity (NTU) 

Frequency3 

Owenmore Ballynacarrow 1 hour 15 min 15 min 

1Source: Met Eireann, 2Source: OPW (waterlevel.ie), 3Source: Data from deployed YSI sonde. 

 

2.9.1 Rainfall driven pollution event monitoring. 

Rainfall is a significant driver of pollution into water bodies including organic and inorganic chemicals 

379, sediment and nutrients 380,381 and is a key driver of diffuse pollution from agriculture, particularly 

sediment loss 381. Both hydrology and water quality are particularly exposed to short duration rainfall 

events following prolonged drought 382. With the increasing variability of hydroclimatic conditions 

worldwide due to climate change, long time series water quality data is crucial and ‘networks of 

measurement probes’ continuously monitoring across catchments are required, in addition to the 
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longstanding water quality monitoring stations 24,272,279,383. Rainfall data from Met Eireann was 

analysed with water quality data at the study sites to identify any association between rainfall events 

and water quality events with further details in Chapter 4. 

2.9.2 Continuous water quality monitoring versus discrete samples  

High temporal resolution datasets are needed to address the multiple threats currently facing water 

quality around the world 329,384–386. Currently, the Irish national river monitoring programme operated 

by the EPA relies on long term discrete samples for physical and chemical analysis taken several times 

per annum, and supplemented by biological monitoring every 3 years 387.   

To investigate if continuous monitoring had significant advantages in terms of data capture for water 

quality assessment over the current national grab-sample based monitoring programme data, high 

frequency data gathered during the study was analysed against the historical EPA grab sampling data 

at the Owenmore national monitoring station.   

2.9.3 Turbidity and Specific Conductivity Monitoring 

Turbidity and conductivity sensors on the YSI 6600 EDS V2-2 sonde were used to measure water 

quality at 15-minute intervals. Service and calibration of the sensors was carried out off site in the 

laboratory as per the manufacturer’s instructions. Data was downloaded to a laptop using EcoWatch 

Lite software and sensors were cleaned, inspected for damage, water intrusion, battery life and 

adequate data storage memory. Calibration for turbidity was via a two-point calibration with 

deionised water and 126 NTU standard (part no. 607300) and for conductivity was via a single point 

calibration with 1413 µS/cm standard as per manufacturer’s instructions. Prior to deployment the 

sensors were allowed to run in water to check that the sensors were logging and values were stable. 

Site visits were carried out every 2-4 weeks and sondes were removed from the water, inspected, 

cleaned with values verified at deployment against a portable turbidity meter and a portable 

conductivity meter with a calibration criterion of ± 10% of the measured value. Differences in 
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measured values can be indicative of sensor fouling or calibration drift requiring sensor maintenance 

or recalibration to rectify.  

2.9.4 Turbidity Monitoring 

Turbidity has been used as an indicator of water quality in rivers 388 as it is a rapid indicator reflecting 

the amount of sediment in the water with low turbidity generally indicative of good water quality and 

high turbidity frequently associated with erosion. runoff from land and pollution inputs 357,388. 

Increased turbidity is associated with extreme precipitation and discharge events 389 and also with 

intense agricultural land use 390 Some pollutants including phosphorus are significantly correlated with 

suspended solids 304,391 and solids have been estimated from turbidity measurements 392. Turbidity has 

been used to monitor fine sediment transport in rivers due to storms 393, as a proxy for suspended 

solids 394 and to detect metal transport in rivers 395, to assess pollutant loads in combined sewers 396 

and to detect hydrophobic organic pollutants 397.  

2.9.5 Specific Conductivity Monitoring 

Specific conductivity measures a water sample's ability to conduct electrical current, primarily 

influenced by the concentration of dissolved ions such as salts, acids, bases, and other inorganic 

chemicals. It is expressed in microsiemens per centimeter (μS/cm) or millisiemens per centimeter 

(mS/cm) High specific conductivity values generally indicate increased total dissolved solids which can 

result from pollution sources such as industrial effluents, sewage, agricultural runoff, and mining 

activities. 398. Changes in specific conductivity can signal the introduction of pollutants including 

industrial wastewaters 288,399, acid mine drainage 400,401 and septic tank pollution 402 into water bodies, 

making it a quick and cost-effective preliminary assessment tool 403. While specific conductivity alone 

cannot specify the type or source of pollution, it serves as a valuable, rapid indicator of overall water 

quality and potential pollution levels and has been used for modelling nitrate in groundwaters 399,404 

and as a water pollution indicator in a number of studies 288,405. 
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2.9.6 Challenges for temporary deployments 

Deployments of water quality sondes in temporary monitoring locations presents several challenges 

including power supply limitations resulting in a reliance on internal batteries or external bankside 

batteries or solar panels. Automatic transmission of sonde data was not employed in this study but is 

subject to reliable data transmission which can be challenging in remote or inaccessible locations. 

Biofouling and sensor fouling also occurs with temporary deployments with significant amounts of 

solids being transported in high flow events (Figure 27Figure 27). 

 

Figure 27:Sonde mounted in cage and deployed on the bed of the River Owenmore, during lower flow conditions on the left 

and fouling of sensor following a high flow event on the right following a three-week deployment period. 

Severe storms can result in the transport of large amounts of vegetative debris downstream during 

the event with material becoming entrapped sonde supports mounted on the riverbed (Figure 28). 

Access to sondes during high flows is also restricted due to high water depth.  
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Figure 28: During a storm event significant debris accumulated on the purpose-built sonde support deployed on the bed of 

the Owenmore River. 

Summer conditions also bring challenges as warmer air and water temperatures resulting in algal 

growth and algal attachment over a short length of time, particularly in water bodies where nutrient 

enrichment is a water quality pressure (Figure 29).  

 

Figure 29: Accumulation of algae on the anchor ropes and support cage for sonde mounted on the bed of the Owenmore 

River when deployed for just three weeks in summer season.  
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Fouling can also impact sensor measurement even when wiper technologies are in place to prevent 

biofouling and remove debris from the senor measurement window (Figure 30). 

 

Figure 30: Algae attached to wiper of turbidity sensor on YSI 6600 sonde deployed in the Owenmore River in summer season. 

Temporary deployments lack the hard infrastructure used to keep sensors in the same position, 

covered by streamflow providing easy access so careful consideration must be given to the most 

appropriate deployment method. For this study two different deployment methods were used to 

match the local site conditions. Environmental conditions may also have a greater impact on 

temporary deployments. The deployment on the pontoon on the river Unshin provided easy, ready 

access over most of the study period (Figure 31) 
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Figure 31: Deployment location for the River Unshin under typical flow conditions. 

However, during very high flows the area around the pontoon flooded rendering the location 

inaccessible (Figure 32). 

 

Figure 32: River Unshin deployment location during very high flows showing flooding around the deployment pontoon 

highlighted by red circle. 

In a severe storm, one side of the pontoon was lifted off the steel support pole and damaged by the 

force of the river water flowing past the pontoon requiring remounting before the sonde could be 

retrieved and repairs before the sonde could be redeployed Figure 33. 
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Figure 33: River Unshin deployment pontoon following a severe storm event. 

With increased frequency and intensity of hydrodynamic events occurring resulting in the decline of 

water quality 295, such deployments are critical in tracking the impact of such events on water quality, 

however the careful planning of off-grid monitoring programmes to prepare and adapt to such 

deployment challenges is required.   

 

2.10 Objective of the Investigative Baseline Field Study 

The aim of the investigative field studies was to gather baseline data to identify the suitability of the 

parameters being monitored and to identify if high frequency monitoring for stream turbidity and 

specific conductivity trend data could be used for water quality event monitoring during precipitation 

events.  

The core objectives of the baseline study were to: 
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1. Evaluate the performance of the sensors over the deployment period, examining sensor 

accuracy and precision over time at the deployment location both under baseline and 

elevated conditions. 

2. Carry out baseline monitoring assessment to establish if a relationship exists between rainfall, 

flow and turbidity and specific conductivity on the river Owenmore by deploying a high 

frequency turbidity sensor over a period of months and analysing that data against rainfall 

data and flow data using R Studio. 

3. Identify ‘trigger levels for turbidity’ where there was an increase in the background turbidity 

level.  

2.11 Results and Discussion for Baseline Monitoring 

2.11.1 Trends for Turbidity and Specific Conductivity Data 

There was minimal drift in sensor response during deployment, and the wiper maintained a clear 

measurement window on the turbidity sensor with minimal biofouling on the specific conductivity 

sensor. The sensors accurately detected turbidity and specific conductivity across the measured range 

from typical background levels to elevated levels during rainfall events. Specific conductivity readings 

remained stable without excessive noise or fluctuating spikes in the data. Turbidity data exhibited 

more noise than the specific conductivity data with some fluctuating spikes evident, however turbidity 

readings did return to baseline with stable readings during baseline conditions. Both turbidity and 

showed good agreement with readings from the handheld meters.  

2.11.2 Relationship between Discharge and Rainfall 

The cross-correlation function between rainfall and river discharge is shown in Figure 34 and was used 

to examine the temporal relationship between rainfall inputs and the corresponding discharge 

response. Cross correlation analysis is commonly used in hydrology to identify catchment response 

times and assess rainfall runoff relationships 406. Positive lag values indicate that changes in river 

discharge occur after rainfall events. River Discharge at the Owenmore study site was found to be 
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positively correlated to rainfall with a lag of 0 hours indicating that the river responds very quickly to 

rainfall events with an immediate effect on discharge (Figure 34). This suggests and immediate 

hydrological response of the catchment to rainfall, likely reflecting rapid runoff generation and 

efficient flow routing of rainfall inputs to the river channel.  

 

Figure 34: Cross correlation between rainfall and discharge on the River Owenmore. 

2.11.3 Relationship between Rainfall and Specific Conductivity 

The cross-correlation function between rainfall and specific conductivity to examine the temporal 

relationship between rainfall events and variations in specific conductivity. Rainfall and specific 

conductivity had a positive linear relationship. Specific conductivity had a moderate positive 

correlation with rainfall (0.34) but a lag of 288 hours (12 days) (Figure 35). This lag time suggests that 

changes in specific conductivity followed rainfall events after a substantial delay. This indicates that 

the effect of rainfall on specific conductivity were not immediate and were likely mediated through 

slower hydrological processes such as groundwater recharge, subsurface flow pathways or catchment 

storage effects 407.  
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Figure 35: Cross correlation between rainfall and Specific Conductivity on the River Owenmore. 

2.11.4  Relationship between Turbidity and Rainfall 

Turbidity was found to be weakly positively correlated with rainfall with a lag of 185 hours (8 days) 

and a correlation of 0.11 (Figure 36). The relationship between rainfall and turbidity as a surrogate for 

solids transport is complex and highly variable, depending on multiple environmental and hydrological 

factors and can vary significantly between multiple rainfall events at the same monitoring station 408–

410. This raises a number of questions that require further investigation, does the length of the lag 

depend on the event type or intensity? Further monitoring and analysis were carried out with the aim 

of characterising storm events for rainfall and turbidity at these study sites and is detailed in Chapter 

4.  
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Figure 36: Cross correlation between rainfall and turbidity on the River Owenmore. 

2.11.5 Turbidity Trigger Value 

Turbidity trigger values are used in a number of different water quality applications including harbour 

dredging activities 411, for the treatment of surface waters for drinking water supply 412 and indicator 

trigger values for classifying New Zealand rivers and streams 413 with trigger values indicating ‘potential 

risk’ to water quality at a site 414.  

To identify a turbidity trigger value to identify potential pollutant events, outlier detection analysis 

was carried out. Tukey’s Fences method is used for outlier detection in water quality data 415,416 and is 

suitable for data that do not follow a normal distribution which is typical of water quality data 417,418. 

Tukey Fence’s Method is based on the third interquartile range with measurements identified as 

potential outliers where any value falls above the high potential outliers calculated by Q3 + 1.5*IQR 

419  The Tukey Fences’ method identified a turbidity threshold value of 13 NTU and the 95th percentile 

analysis identified a turbidity trigger value of 17.7 NTU over the monitoring period at the Owenmore 

site.  
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2.11.6 Event Detection 

Following the results of the baseline study and the noise associated with the turbidity data further 

research was carried out to identify suitable open source, event detection software that had been 

applied to detecting events in surface water. EPA CANARY was identified as such a system and tested 

in the next stage of this research. While a number of different open-source event detection software 

systems were identified, CANARY was identified as a suitable option as it developed by the US EPA 

and had extensive training material and user manuals available, had been used in numerous other 

studies and the software was maintained by the US EPA unlike other software identified which were 

associated with PhD or other shorter term studies, had limited training material/ user manuals 

associated with them and were not being maintained or updated.  

2.12 Conclusion 

Against a backdrop of increasing complexity in water quality monitoring and a lack of improvement in 

water quality, this investigative field work aimed to gather data to identify if high frequency, remote 

monitoring for stream turbidity could be used to capture water quality changes during precipitation 

events.  

Baseline trend monitoring for turbidity carried out in the study area showed that discharge is positively 

correlated to rainfall with a lag of 0 hours indicating that the river Owenmore responds very quickly 

to rainfall events with an immediate effect on discharge. While peaks in turbidity occurred, turbidity 

was weakly positively correlated with rainfall with a lag of 185 hours (8 days) and a correlation of 0.11. 

Specific conductivity had a moderate positive correlation with rainfall (0.34) but a lag of 288 hours (12 

days). 

The method chosen for this study was selected due to its appropriateness for monitoring the water 

quality pressures identified for the rivers in this study 307 being associated with diffuse sources of 

pollution 420–422 and it’s use in previous studies 288,367,368. This is however, the first instance of US EPA 

CANARY event detection being used to analyse water quality events in rivers in conjunction with 

analysing corresponding rainfall and discharge data.  
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Building on the results from the baseline monitoring, the following Chapter 3 presents the method 

development and optimisation for site specific event monitoring at these river stations with Chapter 

4 demonstrating the ability of this method to track the frequency and intensity of hydrodynamic water 

quality events in the study catchment.   



 

 

 

 

 

 

 

Chapter 3: Development of Open-Source Workflow for Hydrodynamic 

Water Quality Event Monitoring 
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3.1 Introduction 

Chapter 2 outlined the methodological approach used to address the research aims of this thesis. This 

chapter builds on the baseline monitoring carried out in Chapter 2 and details the practical, flexible 

and reproducible, open-source workflow and associated step by step detailed user guide for 

monitoring water quality and identifying hydrodynamic water quality events in small rivers using high 

frequency monitoring. 

Protected areas provide reference sites with minimal disturbance, allowing scientists to establish and 

monitor baseline water quality and aquatic biodiversity. These benchmarks are essential for detecting 

changes, assessing the impact of human activities outside protected zones, and setting conservation 

targets. The WFD specifically provides for protected areas where such areas require ‘special protection 

under specific Community legislation for the protection of their surface water and groundwater or for 

the conservation of habitats and species directly depending on water’  11. Aquatic species are sustained 

by good water quality and water quality deterioration is one of the main drivers of freshwater 

biodiversity decline globally 3,4 which is compounded by climate change pressures 5. 

Optimising the design of water quality monitoring programmes can maximise the likelihood of 

detecting pollution events and also decrease the time to detection of such pollution events 423 but the 

rapid pace at which monitoring tools for water quality parameters are developing poses difficulties 

for the adoption of such tools by water resource managers in addition to the varying monitoring 

requirements and land use and regulatory requirements between different water bodies 424. 

Higher water quality standard requirements combined with increased water quality pressures are 

resulting in a growing demand for innovative and effective pollutant detection which has led the 

development of autonomous, remote sensors which can provide continuous, in-situ quality data 425. 

Such in situ deployed sensors can provide baseline data, data for modelling and early warning alarms 

in the event of declining water quality 426. In-situ sensors have been developed for monitoring many 

water quality parameters including phosphorus 427–430 , turbidity 431–433, nitrogen 434–436, and multi 

parameter sensors including pharmaceuticals and heavy metals 437. 
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However, high discharge events and low analyte concentrations can pose a challenge for in-situ 

monitoring of some nutrients when compared to standard laboratory analysis 438. A review of online 

and in-situ water quality monitoring highlighted the need for greater in field deployment of sensors 

to evaluate the reproducibility and precision of these methods and their suitability for regulatory 

compliance monitoring 439. It has been argued that an integrated framework of in situ-monitoring and 

remote sensing alongside data analytics is required for an ideal catchment observation system 440.  

Despite awareness of new and innovative technologies, it has been found that statutory bodies 

responsible for freshwater monitoring are less likely to use these technologies and that adequate 

funding, training and method guidelines are urgently required to accelerate the uptake of such 

technologies 441.  

Identifying effective freshwater protection and restoration measures to protect and restore high 

status waterbodies requires adequate data and high frequency monitoring to facilitate rapid, real time 

strategic adaptation for the delivery of water quality improvements 442 with more data required to 

determine specific water quality pressures 14,443. Numerous studies have demonstrated the value of 

high frequency, continuous water quality monitoring for evaluating surface waters 272,444–446.  

High frequency water quality monitoring requires ‘robust deployment, maintenance, and data 

management protocols’ 281 along with ‘practical guidelines’ 24, and the challenges for citizen scientists 

and non-experts in sharing metadata and analyzing millions of water quality data points has been 

highlighted 447. Furthermore, many researchers are not software engineers or formally trained in 

coding 448 with code errors and the inability to reproduce analyses frequently encountered, even 

where datasets and code were published 449,450.   

To enable and ensure the replicability and traceability of scientific research, the datasets and the data 

analysis for the corresponding scientific publication must be made publicly available 451. Github, a 

widely used cloud-based platform where developers store, manage, and collaborate on software code  

provides a robust framework for managing and tracking scientific research activities and facilitates 

knowledge transfer 452. It is one of the most commonly used platforms for academic research 453 and 
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improves the dissemination of research articles 454. Originally Github was primarily associated with 

software developers and programmers but it’s use has extended into many fields including the field 

based biology 455 and research laboratories 456 

 

3.2 Aims and Objectives 

The aim of this work was to develop a practical, flexible and reproducible, open-source workflow for 

monitoring water quality and identifying hydrodynamic water quality events in small rivers using high 

frequency monitoring. This aim was achieved via the following objectives; (1) describing suitable 

deployment arrangements for water quality sondes using two temporary monitoring sites with 

different site characteristics: (2) detailing suitable data collection and data validation method for high 

frequency water quality data; (3) developing and detailing a concise, reproducible, open-source 

workflow detailing the use of R, R markdown and US EPA CANARY software for data import, data 

cleaning, data visualisation, data integrity; (4) describing how a site-specific CANARY event system 

configuration can be constructed for the detection of potential water quality events. 

3.3 Materials and Methods 

3.3.1 Sensor Calibration  

One of the objectives of continuous, high frequency monitoring is to collect the most accurate and 

complete datasets for monitoring purposes 457. Service and calibration of the sensors was carried out 

off site in the laboratory as per manufacturer’s instructions with calibration data in Tables B2 and B3 

in Appendix B. Data was downloaded to a laptop using EcoWatch Lite software and sensors were 

cleaned, inspected for damage, water intrusion, battery life and adequate data storage memory. 

Calibration for turbidity was via a two-point calibration with deionized water and 126 NTU standard 

(part no. 607300), and for conductivity using 1413µS/cm standard conductivity calibration solution as 

per manufacturer’s instructions.  Prior to deployment the sensors were allowed to run in stream water 

to check that the sensor was logging, and turbidity, conductivity and temperature values were 

consistent.  Site visits were carried out every 2-4 weeks for sonde maintenance. Cleaning of sensors 
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was carried out using a soft-bristle brush to remove debris from the outside of the sensors, wiping 

with a damp towel and then rinsing with deionized water. The frequency of sensor maintenance and 

appropriate service intervals is determined by the rate of sensor fouling, and this rate depends on the 

monitoring location, the sensor type, hydrological conditions and the time of year 24. Fouling was not 

found to be a particular issue at either site in the autumn, winter and spring but during the summer 

months there was significant accumulation of filamentous algae on the frame and anchor ropes at the 

Owenmore site. Weekly sensor maintenance inspections were carried out on the Owenmore site 

during low flow periods to examine for biofouling as demonstrated in Figure 29 and also immediately 

following storm events to examine for sensor deployment position and debris build up as 

demonstrated in Figure 28. 

 

3.3.2 Sensor Validation 

3.3.2.1 Data Validation 

Instrument checks to verify the operation of the sondes and to monitor sensor drift were carried out 

on site. River turbidity, specific conductivity and temperature were measured using calibrated field 

meters with calibration data in Table B4 in Appendix B. Portable, calibrated sensors were used to 

collect field measurements at the time of sensor deployment and retrieval with data in Table B5 in 

Appendix B. Measurements were taken adjacent to the deployed instruments to provide an 

independent assessment of sensor performance under in-situ conditions. These observations were 

compared with the deployed sensor data. A portable turbidity meter (HACH 2100Q Portable 

Turbidimeter), and a portable conductivity/temperature meter (HACH HQ series Conductivity) with a 

calibration criterion of ± 10% of the measured value for specific conductivity and temperature and ± 

20% or within 1.0 NTU for turbidity. It is the relative change in turbidity, specific conductivity and 

temperature and not the absolute values that were of interest in this study as it is the relative change 

in data values of a parameters from the baseline that is used by US EPA CANARY for event 
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identification. Following retrieval from the field, sensors were checked for drift by measuring the same 

calibration standards used during the initial pre-deployment calibration (Table B6 in Appendix B). Post 

-deployment responses were compared with known standard values. Differences between pre- and 

post-deployment measurements were used to quantify sensor drift and assess sensor performance 

throughout the monitoring period 458. Significant drift was not detected in the datasets and the wiper 

system on the turbidity sensors (YSI 6136) was found to be effective at maintaining a clean window. 

Differences in measured turbidity between different sensors has previously been identified as an issue 

for turbidity monitoring 459 so the same turbidity sensors were used throughout this study.  

 

3.3.3 Sensor Deployment 

A YSI 6600 EDS V2-2 sonde (YSI Inc., Ohio, USA) was deployed at each of two river sites in the 

northwest of Ireland to continuously measure temperature (YSI6560), specific conductivity (YSI 6560), 

and turbidity (nephelometer YSI 6136, including a mechanical wiper to minimize biofouling). Three 

signals were used for event detection which was in line with similar previous studies as detailed later 

in Table 16. Samples were taken every 15 minutes to monitor changes in these parameters over the 

study period. There was no permanent infrastructure associated with these temporary monitoring 

stations with power provided via internal batteries in the sondes. The sondes were initially deployed 

for a short, non-continuous test period from Nov 2022 to Jul 2023 for training the CANARY software 

(Table 12). The purpose of the initial deployment was to assess the suitability of the deployment 

methods and locations.  The sondes were deployed in November 2022 as the highest levels of rainfall 

occur in December and January for most areas in Ireland 460. Analysis of climate long term averages 

show that annual average rainfall in Ireland has increased from 1961-1990 and 1991-2020, with the 

greatest increases of 6-12% occurring in the west and north of Ireland 461. 
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Table 12: Training data sets for initial CANARY configuration at the study sites 

Configuration Variables 

and Parameters 

River Unshin Dataset River Owenmore Dataset 

Matrix Surface water (river) Surface water (river) 

Data Range (not continuous) 26/11/2022 to 07/07/2023 26/11/2022 to 21/07/2023 

Monitoring location coordinates 54.175332, -8.462728 54.144790, -8.551777 

Number of Sensor Signals tested 3 3 

Monitoring Frequency (min) 15  15 

No. of timesteps per dataset 15,860 17,040 

 

The method of deployment differed between the sites, with the sonde for the Owenmore River 

housed in a purpose-built steel frame, deployed mid width on the bed of the river (Section 2.11.1) and 

for the Unshin deployed on the side of a privately owned recreational pontoon floating in the river 

(Section 2.11.2).  

3.3.4 Sonde Water Quality Data  

The data collected by each YSI sonde was stored on an internal sonde memory as a .txt file and 

downloaded by the operator to a laptop at regular intervals via EcoWatch Lite v1.0.5.15 software 

(YSI Inc., Ohio, USA). The interval between measurements was set to 15 minutes.  The .txt files were 

imported to R as per the workflow for water quality data processing for event detection. Prior to 

deployment, the sensors were allowed to run in water to check sensor operation and any 

‘Start/Stop’, or ‘Out of the Water’ edits were made after the data was imported into R.  This ensures 

transparency in data manipulation and the rationale for each manipulation is recorded in the code 

thereby improving reproducibility 462. 

3.3.5 Event Detection 

Hydrological event detection is a critical component of water resource management, flood 

forecasting, and environmental monitoring 463,464.  Land use along with catchment and climatic 

characteristics are strongly related to trends in water quality 465 with the analysis of time series data 
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revealing underlying patterns, trends and anomalies 466–468. In this study, water quality event detection 

was carried out using data collected by the sondes and the use of US EPA CANARY event detection 

software.  

3.3.6 Data Management, data stewardship and reproducible research.  

The workflow presented for event detection is a nine-step process as outlined in Figure 37.  Each step 

in the workflow is comprehensively detailed in Appendix A.   

 

Figure 37: Protocol for data visualisation and training of the CANARY event detection system at individual water quality 

monitoring stations. 

 

To minimise the issues associated with non-reproducible code, the workflow incorporated best 

practice in:  

• Data management: processing of the data in R Studio v2024.04.2+764 362 was done in 

accordance with the model of Import, Tidy, a loop of Transform, Visualize, and Model, 

followed by Communicate 469.   

• Data Stewardship: the source context of the data was embedded in the data imported to R 

using variable labels to ensure the integrity of the data persisted once imported 470. 

• Reproducible research: creating fully computationally reproducible research requires a 

workflow that manages the primary causes of non-reproducibility, and to this aim the method 
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described in this research incorporated the four pillars of reproducibility; version control, 

dynamic document generation, dependency tracking and software management 471. 

 

3.3.6.1 Data Management 

The data management model applied was a systematic approach to data analysis and informed Steps 

1 to 4 of the workflow. Water quality data (Table 13) was imported (into R), tidied (each column is a 

variable and each row an observation), transformed (remove out of water data and out of sensor 

range data) and visualised prior to event detection 469. These steps included presenting a concise 

overview of the datasets in summary statistics tables, removing ‘out of the water’ data when the 

sonde was operating prior to deployment and removing ‘out-range’ data where values measured were 

outside the sensor range.  The results of analysis on a data file alongside the relevant code were 

recorded using R markdown, and presented alongside a detailed user guide published on Github in 

Appendix A 472. 

Table 13: Data parameters and monitoring frequency imported for visualisation and event detection. 

River Site Name Turbidity 

(NTU) 

[YSI 6136] 

Frequency A 

Temperature (o C) 
[YSI 6560] 
FrequencyA 

Specific conductivity 
(µS/cm) [YSI 6560] 
FrequencyA 

Unshin Upstream of 
Ballygrania 

15 min 15 min 15 min 

Owenmore 
(Sligo) 

Ballynacarrow 15 min 15 min 15 min 

A Source: Data from deployed YSI 6600 sondes. 

 

3.3.6.2 Data Stewardship 

One of the challenges with increasing numbers of large datasets and the secondary use of data is data 

stewardship 473. To preserve the integrity of data collected these types of studies, Step 2 of the 

workflow included embedding the source data context via variable labels in R studio 470 detailing the 

location and sensor details for water quality monitoring.   
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3.3.6.3 Reproducible research 

In water research, errors in computer code and the inability to reproduce analysis despite the code 

and the dataset being published, is common 449,474 with most errors being preventable if good coding 

practices were employed 450. To minimize issues with non-reproducibility, the workflow in this 

research followed recommendations for research reproducibility using code 449,450,462 and a detailed 

user guide consisting of code alongside the output of analysis was developed.  The four key 

components employed for reproducible software including R 471 incorporated in this workflow 

included: 

• Git – for version control (git and RStudio were integrated via GitHub). 

• renv – for managing R package dependencies. 

• Docker – to manage the software environment. 

• R markdown - for dynamic document generation. 

An additional step of using an R project file, which places all project files in a single directory, 475 and 

a standard folder management structure, consisting of ‘Data’, ‘Scripts’ and ‘Output_Files’ directories 

was also employed for each step in R studio.   

 

3.3.7 Significant change thresholds using R and the manual verification of potential water quality 

events. 

There are inherent challenges associated with high frequency water quality data including biofouling, 

calibration errors, spikes and sensor drift with anomalies or outliers associated with water quality 

events requiring validation to confirm true anomalies and minimise false positives 476.  Semi-

automated validation approaches serve as a bridge between fully automated detection systems and 

manual expert analysis, aiming to improve the accuracy and reliability of event identification with 

methods often involving initial automated screening followed by manual verification 288,477,478.  Data 

collected from YSI sensors (YSI Inc., Ohio, USA) was processed in Rstudio 479 as per Steps 1 to 6 of the 

workflow. This facilitated visualisation of the turbidity, conductivity and temperature data with the 

identification of significant change thresholds for turbidity used to aid the manual verification of 
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potential water quality events.  Significant change thresholds were identified using Tukey Fences test 

for outliers with outliers defined as greater than or equal to the upper bound of the calculated Tukey 

fence.  The output of the significant change threshold (SCT) plot was exported as .csv files and 

timesteps where the turbidity value exceeded the SCT for turbidity assigned a value of 1 for true, or 0 

for false. 

Turbidity values obtained at the monitoring sites examined did not show a diurnal trend, and baseline 

levels for turbidity at both sites were low.  Turbidity has been used to monitor fine sediment transport 

in rivers due to storms 480, as a proxy for suspended solids 481 and to detect metal transport in rivers 

395.  Patterns of significant peaks in turbidity were observed in the datasets (Figure 38). 

 

 

Figure 38: Sample of Data Visualisation for Turbidity 

Similar to previous studies, the analyst then manually verified values that exceeded the SCT for 

turbidity by visually scanning the turbidity plots and editing the .csv file 288.  Values either side of the 

values exceeding the SCT may also be identified as potential events by the analyst by visual inspection.  
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3.3.8 Analysis by US EPA CANARY event detection software. 

Event identification was carried out as per Step 7 in the workflow by processing ‘training data’ (Table 

13) through the CANARY event detection system which uses algorithms to identify user defined 

‘outlier’ datapoints in time series water quality data, whilst striving to minimize the detection of ‘false 

alarms’ 286. CANARY adopts a two-stage approach when detecting events with the CANARY algorithms 

processing the water quality data at each time step. In the first stage, the future water quality value 

is predicted and in the second stage is it compared to the observed value. The residual is the difference 

between the predicted and the observed which determines whether the water quality value is 

expected or an outlier 286. The linear prediction–correction filter (LPCF) algorithm, the most commonly 

used CANARY algorithm for predicting water quality anomalies 291 was used in CANARY to produce an 

alarm when at least one of the sensor signals deviated from the baseline for a required time period 

288,367,368. The binomial event discriminator (BED) setting, user defined settings in the LPCF algorithm 

optimised during the training of CANARY, determines how many outliers are required over a specified 

time period to qualify as an event 286. When enough user defined outliers occur, an alarm is triggered, 

and CANARY identifies the water quality profile as a probable event 286.  

Problems with turbidity measurements including random spikes have been well documented 482. 

However, this BED feature of CANARY which filters out random spikes overcomes one of the most 

significant challenges with continuous monitoring, especially for turbidity, where short lived signal 

spikes, caused by air for example, may lead to false positives and are not indicative of a water quality 

event. The data files processed in CANARY and the output files for the CANARY event detection are 

available in the ’07 EPA CANARY Event Detection’ folder 472 and details for the CANARY output files 

are provided in Appendix C1.  
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3.3.9 Matching between manually verified events and CANARY identified events. 

For Step 8 of the workflow, the approach used in previous research was used to match events and 

identify the most suitable CANARY algorithm for the data 288.  Matching events was carried out by 

manually verifying changes in the turbidity trend of the data.  R code was used to automatically 

compare CANARY alarms to the manually identified events for each of the 96 algorithms used to train 

CANARY. Matches were classified as either a full match or a partial match.  An Exact match is when 

the start and end timestamp for an event in CANARY matches the start and end timestamp of the 

manually identified event file. A Partial event match is where the start or end time of an event in 

CANARY overlaps with a manually identified event or vice versa. One of the challenges of applying the 

approach used in previous research is that the detail of the logic used for matching events was not 

published. The author was contacted for clarification and the logic for identifying full and partial 

matches between manually verified events and EPA CANARY identified events 483. is provided in the 

Appendix D together with an example of the match logic applied to a dataset (Appendix E). One of the 

limitations of this approach is that manually verification by the analyst requires familiarity with 

screening time series datasets, it is labour intensive, can be difficult to replicate, and analysts may 

have difficulty in detecting subtle patterns and changes.   

3.4 Results and Discussion 

3.4.6 Identify CANARY Algorithm for optimum event detection. 

The optimum CANARY algorithm for event detection, Step 9 of the workflow, was identified by 

comparing the number of potential water quality events identified by CANARY to the number of 

manually verified water quality events 288. The Dat_Files directory contains each of the CANARY 

algorithm output files matched to the manually verified events file. An example of how matching can 

be verified by the user is included in 'Example of match logic applied to 

_Dat_For_OW061024_051124C_LPCF_BED6_ET0.89063alg_1' in Appendix E.  The output file ‘algo 

scores’ summarises the number of full and partial matches for each CANARY algorithm and assigns a 

percent agreement to the total number of verified events.  This can be used to identify the most 
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suitable algorithm for the particular monitoring station based on the data provided to 'train' CANARY.  

The algorithm with the highest percentage of matches is chosen as the algorithm with the most 

suitable parameters for detecting potential water quality events at that monitoring station.  Adequate 

data points covering a range of events over a time period, is required to train CANARY and identify the 

most suitable algorithm.  The optimum time period required depends on the frequency of events and 

the variability in event profiles at each monitoring station. 

3.4.2  R Code Validation 

The code written by the corresponding author (who is not formally trained in coding) was validated to 

identify code errors, to optimise code for efficiency and scalability, to maintain consistency in code 

across the workflow and to identify any potential issues.  The code was initially written to process a 

single dataset at a time.  Due to the large number of CANARY files to be matched, the code was 

amended to automate this processing which also involved standardising filename conventions and 

standardising file paths to directories.  The code was edited to provide a more efficient approach to 

joining data frames and was also reviewed and edited for the use of R packages for functions that can 

be easily replicated using base R.  

3.4.3 Method Validation 

Results for the river Unshin and Owenmore data processed through the workflow are comparable 

with the results of previous studies 288,291,367.  CANARY generated alarms for all 47 of the manually 

identified events for the river Owenmore turbidity data i.e. 100% agreement and 38 of the 39 manually 

identified events i.e. 97% agreement for the river Unshin turbidity data, compared to 94% agreement 

in another surface water study 288.  There were no exact matches (i.e. identical start time and end 

time) between the CANARY events and the manually identified events, so all matches were partial 

matches. Different algorithm configurations for each of the Owenmore and Unshin monitoring 

stations were identified for optimum event identification at those sites.  This is an advantage of the 

US EPA CANARY event detection software as locations in a river system often respond differently to 
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storm events 484.  The authors recognise the importance of validating these results using larger 

datasets and plan to undertake further research using expanded datasets and monitoring locations.  

 

3.4.4 Availability of Code and Sample Data 

The source code used for visualisation and data analysis is publicly available on GitHub 472 along with 

a README file describing how to reproduce the results.  The repository contains data, an interactive 

R markdown file with code and results of analysis, so users can apply the workflow directly to their 

own datasets.  The repository is structured as per the nine-step protocol for data visualization and 

training of the CANARY event detection system detailed in Figure 37 and detailed in the user guide.  

All materials are freely accessible under the MIT license.  

 

3.5 Conclusion 

The aim of this research was to develop a comprehensive, reproducible, practical, open-source 

workflow for high frequency water quality monitoring suitable for multiple users.  This method 

describes all steps in the process detailing the use of R, R markdown and US EPA CANARY software for 

data import, data cleaning, data visualization, data integrity, along with site-specific CANARY event 

system configuration for the detection of potential water quality events.  Application of this method 

to two, temporary, remote monitoring stations in a single catchment demonstrated the ability of US 

EPA CANARY to successfully identify 100% (n 47) and 97% (n 39) of the manually identified turbidity 

events.  It is the first instance of a published water quality event detection method detailing every 

step from deployment, sensor calibration, validation, data analysis matched to rainfall and 

discharge/stream level. 

High frequency water quality monitoring can provide timely data for real-time strategic adaptation, 

for the identification of significant water quality pressures and for the identification of appropriate 

water quality improvement measures in surface waters, but comprehensive, practical protocols such 
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as the method presented here are required to accelerate the adoption of high frequency water quality 

monitoring and realize its full potential.   

 

3.6 Limitations 

The method described is for hydrodynamic water quality event monitoring in small rivers and 

alternative deployment methods may be required in larger rivers or other waterbodies.  Access to 

sensors for calibration, maintenance and recovery back to the laboratory following hydrodynamic 

events can be challenging due to flooding, high water levels and the lifting of pontoons from anchor 

points as occurred in this research.  The processing of data for event detection as described in this 

method is the same regardless of the deployment method. The frequency of sensor maintenance and 

appropriate service interval is site and sensor specific and must be determined for each deployment.  

Characterisation of event length at individual river stations is required to optimise the event timeout 

parameter in configuring CANARY and the amount of data required to ‘train’ the CANARY system will 

depend on the profile of water quality events at each monitoring station.   
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4.1 Introduction 

Building on the method established in Chapter 3, this chapter applies that event detection method at 

the two monitoring sites in this research study, focusing specifically on the identification of water 

quality events on these rivers. In doing so this chapter contributes to the overall objective of this thesis 

which aims to identify hydrodynamic driven water quality events in a high-status river located within 

a PA, and evaluate if short term, temporary deployments can adequately capture water quality 

variation over the range of river discharge. This chapter begins by Examining the ability of short-term 

deployments to adequately capture water quality variability, followed by analysing the data captured 

for water quality, rainfall and streamflow/stream level events and concludes with pairing of those 

events to understand the drivers of water quality events in both rivers. 

 

Water bodies within PAs often require higher water quality than outside PAs and measures to protect 

them are part of the programme of measures to achieve the objectives of the WFD. Furthermore, 

under Article 8 of the WFD, specific monitoring programmes tailored to legislation under which the 

PA was designated must be implemented 11. The overlap between areas designated to protect water 

dependent species (Figure 39 A) and high-status river waterbodies in Ireland (Figure 39 B) highlights 

the importance for effective monitoring of these waterbodies to support freshwater biodiversity 

restoration.  
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Figure 39: A - Water dependent protected areas in Ireland [Salmonid Rivers Regulations S.I. 293, Nutrient sensitive areas 

under Urban Wastewater Directive; SACs with water dependent habitats/species under Habitats Directive, SPAs with water 

dependent habitats/species under the Birds Directive, Drinking Water and Bathing Waters]. B – High WFD Status River 

Waterbodies 2019-2024 485.  

 

Despite considerable improvements to the legislative framework for protecting and restoring 

waterbodies in the EU over the past 35 years, there has been a very significant decline in the 

percentage of high ecological quality (macroinvertebrate) river sites in Ireland from 13.4% in the 1990s 

to just 1.1% in 2024 16 (Figure 40).  
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Figure 40: Change in the percentage of high ecological quality (macroinvertebrate) river sites in each survey period between 

1987 and 2024 16. 

Notwithstanding a modest improvement from a low of 0.7% in 2018 to 1.1% in 2021, which 

corresponded to the implementation of the Blue Dot Catchment intervention programme in Ireland 

486, the rate of recovery is very slow for Q5 sites, with the impacts of climate driven changes on 

freshwater species contributing to the halting of freshwater biodiversity recovery across Europe since 

the 2010s 13.  

In Europe, there is greater monitoring of large urban rivers than of headwaters (first order streams) 

draining agricultural areas or semi-natural catchments 487. Ireland’s network of 84,800 km of river 

channel is dominated (75%) by first and second order streams 488 with high status waterbodies 

predominantly located in the upper reaches of catchments and are primarily composed of lower order 

streams 27. In an increasing trend of rainfall events due to climate change 489 only a few Irish 

catchments have permanent, multi-parameter, HF monitoring stations 490. This is mirrored globally, 
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with high frequency monitoring primary focused on individual rivers and catchments operated by 

research groups rather than integrated into routine water quality monitoring 281. 

Critical source areas, those areas that contribute a disproportionately high amount of contaminants 

to a waterbody 491, often show episodic pollutant losses requiring high-frequency (HF) monitoring 492, 

which can resolve gaps in low-resolution programmes, especially during targeted times or rainfall 

events 493. Diffuse agricultural pollution remains a major barrier to achieving “good status” 247 and 

detecting short-term changes under RBMP cycles requires increasing sampling frequency and 

investment 492. HF or continuous in situ monitoring, characterises hydrological responses to diurnal 

cycles, and informs optimal sampling frequencies 444. HF monitoring is also key for assessing climate-

change impacts 272,494,495 and for robust water quality model calibration 496, particularly for estimating 

pollutant transport of suspended solids and phosphorus loads during rainfall events 270,497. Winter 

precipitation and streamflow are projected to increase in the west of Ireland 489,498 under climate 

change, with HF monitoring particularly valuable to inform climate-driven projections in landscapes 

dominated by agriculture and high rainfall 272. 

Irish hydrology is strongly influenced by fractured bedrock aquifers and multiple flow pathways 499. 

Rapid pollutant mobilisation often precedes peak discharge 500, requiring differentiation between 

surface-water and groundwater-driven streamflow 499. In agricultural catchments, quickflow, the 

rapidly responding runoff segment of the discharge curve 501 can contribute up to 50% of event-based 

phosphorus loads, despite comprising <10% of total flow 502 which emphasises the need to monitor 

and manage this pathway 502–504. Baseflow separation is a standard process of separating a stream's 

total discharge hydrograph into baseflow (groundwater contribution) and quickflow (surface runoff) 

components and reveals the relative contributions of different water sources to streamflow. The 

Baseflow Index (BFI) is calculated as a ratio of total baseflow to total streamflow over a given period 

505. Reliable BFI estimation requires conceptual models of subsurface flow 506, and consideration of 

spatiotemporal variability 507, with aquifer class (the ability to store, transmit and yield groundwater) 



127 

influencing BFI values 499. Integrated approaches to BFI estimation using hydrochemical and isotopic 

analysis 499,502 offer higher reliability but were beyond the scope of this study.   

4.1.1 Aims and Objectives 

The aim of this study was to examine if short term, temporary, remote, semi-continuous monitoring 

of routine water quality parameters could adequately capture water quality variation over the range 

of river discharge at a hydrologically active period, and if such monitoring could track the frequency 

and intensity of hydrodynamic water quality events at the two river stations on the Owenmore and 

Unshin rivers. This aim was achieved by plotting water quality data on a flow duration curve for both 

high frequency and grab sample monitoring and by deploying and testing the remote, off-grid 

monitoring system detailed in Chapter 3 in a high-status river located within a protected area to 

determine if it could identify hydrodynamic driven water quality events. 

4.2 Materials and Methods 

4.2.1 Study Area 

Following on from the baseline monitoring detailed in chapter 2 and based on the event detection 

method detailed in Chapter 3, two YSI 6600 sensors were deployed on Unshin River and the 

Owenmore River as per Section 2.11 in Chapter 2 to track the frequency and intensity of riverine 

hydrodynamic water quality events.  

4.2.2 Data acquisition 

4.2.2.1 Hydrometric Data 

High frequency hydrometric data available (15-minute interval) from the Office of Public Works (OPW) 

from long-term water level recorders at gauging stations (Section 2.4.3) on both the River Unshin and 

the River Owenmore were used in this study. 
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4.2.2.2 Rainfall data 

High frequency rainfall data (15-minute interval) from the Met Éireann national weather station at 

Markree which is located within the study catchment (Section 2.4.1.4) was used for this analysis.  

4.2.2.2.1 Rainfall Anomaly Index 

The rainfall anomaly index, RAI 508 was plotted for rainfall at Markree weather station to examine how 

the magnitude and severity of precipitation during the study period compared to the long-term 

average (May 2005 to May 2025 ) with positive RAI values indicating above average rainfall and 

negative values indicating below average rainfall. 

4.2.2.3 Water Quality Data 

Time series data used for this study was semi-continuous with a data interval of 15 minutes and 

extended from 01/10/2024 to 31/01/2025 which corresponded to the start of the hydrological new 

year 509, including the months of December and January when the highest levels of rainfall occur for 

most areas of Ireland 460.   

Turbidity was used as the water quality indicator parameter in this research supported by temperature 

and specific conductivity and were measured using YSI 6600 EDS V2-2 sonde (YSI Inc, Ohio, USA). 

Increased levels of turbidity in rivers has been associated with rainfall intensity and surface runoff 

from adjacent agricultural land 283,510,511 and also because conductivity and turbidity show faster 

responses to changes in streamflow than other water quality parameters 512.  

Details on the variables used for water quality event detection on the Owenmore and Unshin Rivers 

is detailed in Table 14. 

. 
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Table 14: Information for variables used in event identification, event pairing and plotting.  

Parameter 

River Owenmore River Unshin 

Data Range 
No. Missing 
Observations 

Total # 
Observations 
for Study 
Period 

Data Range 
No. Missing 
Observations  

Number of 
Observations 

Turbidity 
(NTU) * 

06/10/2024 
to 
24/01/2025 

27.2 %  
 (n = 3059) 

 
11,233 

05/10/2024 
to 
31/01/2025 

19.1 %  
(n = 2143) 

 
11,229 

Specific 
Cond 
(µS/cm) * 

06/10/2024 
to 
24/01/2025 

27.2 %  
 (n = 3059) 

 
11,233 

05/10/2024 
to 
31/01/2025 

19.1%  
(n = 2143) 

 
11,229 

Temperature 
(°C) * 

06/10/2024 
to 
24/01/2025 

27.2 %  
 (n = 3059) 

 
11,233 

05/10/2024 
to 
31/01/2025 

19.1%  
(n = 2143) 

 
11,229 

Hourly 
Rainfall 
(mm) ** 

01/10/2024 
to 
31/01/2025 

3.5% 
(n = 102)  

 
2951 

01/10/2024 
to 
31/01/2025 

3.5% 
(n = 102)  

 
2951 

Daily Rainfall 
(mm) **  

01/10/2024 
to 
31/01/2025 

4.1 % 
(n= 5) 
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01/10/2024 
to 
31/01/2025 

4.1 % 
(n= 5) 
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15 min 
Streamflow 
(cumec) 

01/10/2024 
to 
31/01/2025 

0.19%  
(n = 22) 

 
11808 NA NA NA 

Mean Daily 
discharge 
(cumec) 

01/10/2024 
to 
31/01/2025 

0 123 NA NA 
 
NA 

Stream level+ 

(m)  

01/10/2024 
to 
31/01/2025 

1.0%  
(n = 117) 

11808 
01/10/2024 
to 
31/01/2025 

0.05% 
(n = 6) 

 
11808 

* Missing data due to sondes removed for service, calibration & maintenance. ** Markree weather station located within the 

study catchment was used for rainfall data for both rivers. + Stream level used for river Unshin as stream flow unavailable due 

to the poor stage-discharge relationship 301.  

 

4.2.3 Data Analysis and Software 

Data collected from YSI sensors (YSI Inc., Ohio, USA) was processed in RStudio 479 which facilitated the 

visualisation of the water quality data, with the identification of significant change thresholds for 

turbidity used to aid the manual verification of potential water quality events. Event identification was 

carried out by processing the data through the CANARY event detection system which uses algorithms 

to identify user defined ‘outlier’ datapoints in time series water quality data, whilst striving to 

minimise the detection of ‘false alarms’ 363. Detailed methodology for the processing of water quality 
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data in this study is detailed in Chapter 3 and summarised in Figure 41 and is based on the screening 

of 96 different configurations of the CANARY event detection algorithm in the offline-mode 288.  

 

Figure 41: Workflow of the event detection method employed to identify hydrodynamic water quality events. 

The method outlined in Chapter 3 was further refined in this study, with 120 different configurations 

of the CANARY algorithm tested and the sensitivity and precision determined to identify the optimum 

algorithm which maximised the 𝐹1𝑠𝑐𝑜𝑟𝑒 513. The ‘hydroEvents’ R package 300 was then used to identify 

hydrologic events, and to pair the rainfall, streamflow and water quality events. 

4.2.4 Event Identification 

Identification of water quality, streamflow and precipitation events was carried out to evaluate the 

ability of US EPA CANARY to identify possible water quality (WQ) events on these rivers, to compare 

those WQ events to streamflow and precipitation events, and to pair events from multiple time series.  

4.3 Results and discussion 

The aim of this study was to examine if short term, temporary, remote, semi-continuous monitoring 

of routine water quality parameters could adequately capture water quality variation over the range 

of river discharge at a hydrologically active period with the results positively confirming the value of 
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such monitoring. Further investigations assessed whether the same short-term, high-frequency (HF) 

monitoring approach could identify hydrodynamic events as a key driver of water quality (WQ) 

changes over a four-month hydrologically active period. Results showed that 80% of WQ events in the 

Owenmore River and 90% in the Unshin River were associated with rainfall and streamflow events. 

4.3.1 Characterisation of the Study Sites 

Land use within the catchment was predominantly characterised by low-intensity livestock 

agriculture, with urban development limited to small towns and villages. Land use in the catchment 

aligns well with water quality pressures identified in the desktop assessment (Section 2.4.1.7). Both 

monitoring locations were situated in areas classified as locally and regionally important aquifers. 

Groundwater vulnerability in these areas was generally low to moderate, with some localised zones 

of higher vulnerability 485.  

 

4.3.2 Examining if short term, temporary, remote, semi-continuous monitoring of routine water 

quality parameters can adequately capture water quality variation over the range of river 

discharge at a hydrologically active period. 

This analysis was carried out to address objective 3 of this thesis to examine if short term, temporary, 

remote, semi-continuous monitoring of routine water quality parameters could adequately capture 

water quality variation over the range of river discharge at a hydrologically active period. Flow 

duration curves are one of the primary methods used to summarise a rivers hydrological 

characteristics 514, and plots the relationship between the streamflow magnitude and the percentage 

of time a flow is equalled or exceeded over a defined time period for a particular stream gauge 515. A 

flow duration curve (FDC) constructed with streamflow data from May 2005 to May 2025 for the 

Owenmore River using the R package ‘hydroTSM’ 516 and combined with water quality data, was 

plotted to examine if short term, temporary, remote, semi-continuous monitoring of routine water 

quality parameters could adequately capture water quality variation over the range of river discharge 
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at a hydrologically active period. High frequency (15-minute interval) semi-continuous specific 

conductivity data measured from 06/10/2024 to 24/01/2024 was overlaid on this FDC for high 

frequency discharge data (15 min interval) on the river Owenmore at Ballynacarrow (Figure 42 A). 

Specific conductivity was used for comparing HF and grab sampling as turbidity is not monitored under 

the national river monitoring programme. The high frequency data was plotted with the mean daily 

discharge data as a cumulative frequency curve on the River Owenmore at Ballynacarrow from 1955 

to 2025 and overlaid with quarterly grab sample specific conductivity data (n = 67) from the EPAs 

national river monitoring programme between 2007 to 2025 (Figure 42 B). The national river 

monitoring programme caried out by the Environmental Protection Agency focuses on the main river 

channels with quarterly grab samples for chemical analysis used to inform water quality status, and 

to monitor the effectiveness of measures implemented under the river basin management plans 517. 

This analysis could not be carried out on the River Unshin due to a lack of streamflow data.  
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Figure 42: A -Flow duration curve (FDC) generated from high frequency discharge data on River Owenmore at Ballynacarrow 

338 from May 2005 to May 2025 overlaid with semi-continuous specific conductivity data (blue dots) measured from 

01/10/2024 to 31/01/2025 with a data interval of 15 minutes and B - Flow duration curve (FDC)generated from mean daily 

discharge data on River Owenmore at Ballynacarrow from 1955 to 2025 338 overlaid with quarterly grab sample specific 

conductivity data 2007 to 2025 (green dot representing a daily sample) from the national river monitoring programme518. 

 

The plots highlight that the short deployment period compared well to the grab sampling for this 

parameter and was adequate to capture most flow conditions and associated water quality on the 

river Owenmore at Ballynacarrow from moderate flows to the high flow events. The flow duration 

curve highlights that flows are sustained at low flows (flows exceeded 90% of the time), which 

indicates a persistent baseflow which maintains river levels with a steady, reliable discharge of 

groundwater. This aligns with the groundwater classification for this area as locally and regionally 

important aquifers. The high frequency semi-continuous monitoring over a four-month period 
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captured a broader range of specific conductivity values at the lower range with the quarterly grab 

samples over the eighteen-year period capturing more high range values. Both curves show lower 

specific conductivity data predominating at higher flows consistent with a dilution effect. The short 

deployment period for the high-frequency monitoring did not capture low flow conditions (Figure 42), 

but this was expected as the aim was to monitor during a hydrologically active period with deployment 

during the autumn and winter when rainfall is typically highest. However, high flow conditions at this 

monitoring station were well represented over the short deployment period. These findings supports 

previous research on the value of high frequency monitoring 270,519 and demonstrates that even short 

periods of semicontinuous water quality monitoring on this river can provide as much insight into the 

variability of the water quality parameter measured over the range of river discharge at a 

hydrologically active period, compared to quarterly measurements conducted over decades.  

4.3.3 Characterisation of Streamflow on the River Owenmore and Stream Level on the River Unshin 

over the Study Period 

Over the study period, there were four streamflow peaks on the Owenmore River at Ballynacarrow 

(station 35001) significantly above the 70th percentile (P70) defined as ‘above normal’ flow 324. 

Percentiles were calculated from the flow and level records from 2005 to 2025. Two of these 

streamflow peaks were above P90 and P95 which are ‘particularly high’ flows with peaks in streamflow 

corresponding with peaks in rainfall (Figure 43). Streamflow data is not available for the Unshin river 

due to the poor stage-discharge relationship between level and flow at hydrometric station 35003 

Ballygrania 301 so in the absence of any other automated hydrometric station on this river, stream level 

at this site level was examined. The River Unshin is restricted from entering the larger flow of the River 

Owenmore at the confluence which causes attenuation at Ballygrania during periods of high flow. This 

attenuation causes a slowdown in the flow of the Unshin, flooding of the floodplain at Ballygrania and 

rapid settlement of solids and turbidity. Therefore, values measured at the hydrometric station do not 

always representing the true turbidity and suspended sediment values in the river channel, which is 

why the water quality monitoring station was located upstream of the hydrometric station. 
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For the time period of interest, there were four peaks in stream level in the River Unshin greater than 

the 70th percentile. Censoring of the data at the upper values due to flooding below the hydrometric 

station results in underestimating the 70th percentile as the data lacks the true variation at the higher 

values. At the 90th percentile (P90) there were 4 stream level peaks above this threshold with two of 

these stream level peaks above P95 which are classified as ‘particularly high’ levels 324. Peaks in stream 

level ≥ P90 on the Unshin corresponded with peaks in rainfall and also corresponded with peaks in 

streamflow ≥P70 on the Owenmore River (Figure 43). 
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Figure 43: A - Hyetograph at Markree Weather Station, B - Hydrograph at hydrometric station 35001 on the Owenmore River 

at Ballynacarrow and C - Stream Level at hydrometric station 35003 on the Unshin River at Ballygrania, from 01/10/2024 to 

31/01/2025 overlaid with percentiles where streamflow/level was equalled or exceeded for 95%, 30%, 10% and 5% of the 

time over the study period. 
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4.3.4 Event Monitoring on the Owenmore and Unshin Rivers 

4.3.4.1 Streamflow and Stream level Events 

The hydroEvents package 300 provided functions for detecting and analysing hydrological events in the 

flow data. The baseflow component is the sustained groundwater contribution to the streamflow and 

can be distinguished from quick surface runoff or ‘quickflow’ with a baseflow separation algorithm 

applied to the streamflow data to estimate the baseflow component 370.  

4.3.4.1.1 Identifying Streamflow Events 

Following baseflow separation, four different event detection functions in the hydroEvents package 

were employed to identify streamflow events on the Owenmore River; detected peaks (maxima) via 

‘eventMaxima’, detected troughs (minima) via ‘eventMinima’, detected high flow events via peak over 

threshold ‘eventPOT’, and baseflow dominated periods via ‘eventBaseflow’ to extract events in the 

streamflow data which provided insights into the flow regime and event characteristics.   

4.3.4.1.1.1 Baseflow Separation 

Baseflow cannot be measured directly so two different algorithms, baseflowA and baseflowB were 

tested for separating baseflow, the portion of streamflow sustained between rain events, fed by 

groundwater. The method employs a filter parameter 𝛼, which controls the sensitivity of the 

separation, and is a measure of baseflow recession. In the present work, α was varied for α 0.925, α 

0.950 and α 0.980 for both BaseflowA and BaseflowB algorithms with lower values of α retaining a 

greater proportion of the flow as baseflow 300.  

Sensitivity analysis, to verify baseflow periods was carried out by testing different values for alpha, the 

filter parameter (Figure 45) combined with a visual assessment and validation of specific conductivity 

data (Figure 44) by overlaying high frequency discharge data in blue on high frequency specific 

conductivity data in red from November 2023 to April 2025.  
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Figure 44: High frequency streamflow data from Nov 23 to Apr 25 at hydrometric station 35001 Ballynacarrow on the 

Owenmore River for the study period with the high frequency specific conductivity data overlaid where available. 

Daily flow data is commonly used for baseflow separation as it reduces data noise, matches standard 

regional water models 520,520 and requires much less computing power than high frequency data. 

Baseflow typically has higher and more stable conductivity compared to quickflow which exhibits 

lower or more variable conductivity. While the various baseflow separation algorithms all converged 

at the lowest flows over the period, the specific conductivity shows a mixed pattern with high specific 

conductivity values at low flow periods but also high conductivity values at elevated flows indicating 

mixed sources of dissolved solids which may include point source pollutants (Figure 44).Variations in 

specific conductivity can reflect varying contributions of groundwater, interflow, bank return waters 

and soil water 407with stormwater transporting substantial dissolved ion loads accumulated in soils 

and land surface leading to elevated specific conductivity during storm events 521. The high frequency 

conductivity data was used to evaluate the suitability of different α values for the recursive digital 
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filter baseflow separation. Periods of elevated baseflow typically correspond with higher specific 

conductivity data. This analysis pointed to the algorithm and filter parameter (α) of BFI A at α 0.980 

with this value for α being selected by identifying baseflow separation that most closely aligned to 

groundwater dominated flow conditions 407. While the applications of an integrated approach to 

determining BFI values is required to establish reliable BFI value 499,502, it was outside the scope of this 

research and BFI A at α 0.980 was used for streamflow event extraction.  

 

 

Figure 45: Different baseflow filtering for streamflow data on River Owenmore at Ballynacarrow from 01/10/2024 to 

31/01/2025. Streamflow is shown in solid blue with the different baseflow filters shown in the other colours, including BFI A 

at α 0.980 in red dashed line. and BFI A at α 0.950 in green dashed line. 

 

3.4.4 Extraction of Streamflow Events 

Following baseflow separation (BFI A at α 0.980), four different event detection functions 300 were 

employed to identify streamflow events on the Owenmore River. Over the study period, four flow 
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events were detected using eventPoT, four events using eventMaxima, five flow events were detected 

using eventBaseflow with 6 flow events detected using eventMinima with eventMinima used for 

subsequent pairing of events. The original flow data was overlaid with events highlighted for each 

event detection function (Figure 46).  

 

 

Figure 46: Event extraction following baseflowA separation (α 0.980, passes (no. of times the digital filter is applied) = 3) by 

applying the event detection functions: peak over threshold, maxima, minima and the proportion of baseflow using 

hydroEvents package 522 on the River Owenmore streamflow data at Ballynacarrow from 01/10/2024 to 31/01/2025. 
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The characteristics of the hydrograph data at this station (May 2005 to May 2025) were analysed to 

determine appropriate detection parameters tailored to the data's natural variability. Potential events 

were identified based on event separation employing delta.y and delta.x with a threshold then applied 

as a filter. For parameter delta.y, the minimum allowable difference in value between a peak and its 

neighbouring trough or valley typical event amplitudes were captured for this streamflow timeseries, 

via the median of peak to trough rises for periods of streamflow greater than the 70th percentile. For 

delta.x, the minimum time steps between adjacent peaks to consider them as separate events, a 

minimum separation between events was set by measuring the time differences between peaks for 

this streamflow timeseries and selecting the lower quartile as a typical minimum separation. The 70th 

percentile of streamflow is defined as above normal for streamflow 324 so the threshold, the minimum 

value that the data must exceed, was set at the 70th percentile of quick flow. 

4.3.4.1.2 Stream Level Events 

4.3.4.1.2.1 Identifying Stream level Events 

A ‘peak over threshold’ approach was used to identify stream level events on the river Unshin at 

Ballygrania hydrometric station due to the lack of associated streamflow data because of the poor 

stage-discharge relationship 301. While periods of stream level above the 70th percentile are defined 

as ‘above normal’ for streamflow 324, the water attenuation downstream of the gauging station on the 

River Unshin during periods of high flow impacts peaks discharge. This results in a reduction in the 

magnitude of the maximum discharge, delays in peak flows and broadening of the hydrograph. 

Therefore the 70th percentile of the daily water level record calculated on the Unshin is likely to be an 

underestimate of the actual water level equalled or exceeded 70% of the time. 

4.3.4.1.2.2 Extraction of Stream Level Events 

To facilitate comparison between the sites, stream level events were also identified on the River 

Owenmore (Figure 47) and compared to streamflow events identified on the River Unshin. Due to 

censoring of the data at the upper values because of flooding below the hydrometric station and the 

resultant underestimation of the 70th percentile on the River Unshin, stream level events ≥ the 90th 
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percentile (for level data from 08/05/2005 to 07/05/2025) with minimum separation time of 1 day 

were examined to identify medium to high level events on the Unshin. Four stream level events were 

identified on the River Unshin, and three stream level events were identified on the River Owenmore 

greater than or equal to the 90th percentile over the study period.  

 

Figure 47: A -Extracted stream level events for the Owenmore River at Ballynacarrow ≥ threshold of the 90th percentile stream 

level (May 2005-May 2025) with an inter-event time of 6 days and B. - Extracted stream level events for the Unshin river at 

Ballygrania ≥ than a threshold of the 90th percentile stream level (Aug 2007 – Aug 2025) with an inter-event time of 6 days, 

both over the study period 01/10/2024 to 31/01/2025. 
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4.3.4.2 Precipitation Events 

The method implemented in hydroEvents package for identifying precipitation events was the ‘peaks 

over threshold’ approach with data over a defined threshold highlighted as events, with a user defined 

number of time steps between events 300. Daily rainfall was used to identify precipitation events in 

this study with a threshold of 5 mm of rainfall and separation time of 1 day (1 timestep) of zero rainfall 

between events applied 523.  

4.3.4.2.1 Characterisation of Rainfall over the Study Period 

The climate in the study area is temperate oceanic with rainfall in the west of Ireland averaging 

between 1000 and 1400 mm 499. Long term average annual rainfall at Markree weather station is 

1212.1 mm with long term annual average air temperature of 9.2 oC 322. River flow is heavily influenced 

by antecedent conditions so to contextualise the short-term rainfall and flow observations over the 

study period, a monthly rainfall anomaly index from May 2005 to May 2025 was plotted. There is 

significant variation in rainfall at Markree weather station, but the pattern of positive and negative 

RAI values is broadly similar to the long-term data series (Figure 48).  



144 

 

Figure 48: Monthly Rainfall Anomaly Index at Markree Weather Station from 8th May 2005 to 8th May 2025 with the study 

period November 2023 to April 2025 highlighted in red. 

4.3.4.2.2 Extraction of Precipitation Events 

There was a gap in the rainfall data from 24/01/2025 to the 29/01/2025 representing 3.3% of the daily 

data so the total rainfall for January 2025 is underestimated. The total rainfall over the 4-month study 

period was at least 359.4 mm, with a mean daily rainfall of 3 mm. For rainfall analysis, an event is often 

defined as rainfall greater than or equal to 1mm of rain with at least 1 timestep (in this case 1 day) 

between precipitation events for them to be defined as separate events 523. Studies of long term 

extreme precipitation indices in Ireland have included counts of the number of days/annum when 

precipitation is ≥ 5mm (R5mm), ≥ 10mm (R10mm) and ≥ 20mm (R20mm) 498. Over the study period, 

79% of the 118 rainfall observations had rainfall >0 mm, with 49% of observations >1mm. Increasing 

trends in R5mm precipitation has been observed at stations in the north and northwest of Ireland 498 
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so for this study the event extraction and pairing focused on the more significant 5mm and 10mm 

rainfall events (Figure 49).  

 

Figure 49: Extracted Rainfall events greater than a threshold of 5 mm of rain with an inter-event time (min.diff) of 1 timestep 

(day) for Markree weather station over the study period 01/10/2024 to 31/01/2025 with thresholds for 1 mm and 10 mm 

also highlighted. 

There were only 2 events identified at ≥20 mm over the study period (Table 15).  
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Table 15: Rainfall Event Detection Parameters and Number of rainfall events identified for each event class. 

Parameter Precipitation 
Index  

Event class Event 
definition (mm 
rain) 

Event 
separation 

Number of 
Events 

Rainfall 
(mm) 

N/A Wet day /light 
rain 

> 1mm  >1 day 23 

R5mm * Moderate rain > 5mm >1 day 14 

R10mm * Very wet day 
/heavy rain 

> 10mm  >1 day 6 

R20mm Very heavy rain >20mm >1 day 2 

90th percentile ** 
(2005-2025) 

Extreme  9.8mm >1 day 7 

*498 **323. 

 

4.3.4.3 Water Quality Events 

There were breaks in water quality data collection due to regular sensor maintenance and calibration, 

with a total of 8,174 observations on the Owenmore and 9086 observations on the Unshin between 

01/10/2024 and 31/01/2025 [https://doi.org/10.5281/zenodo.19445108]. Frequently encountered 

problems with turbidity sensors are well documented including sensor fouling, drift, changes in other 

variables and random spikes due to lens obstruction 524 and the importance of reporting metadata for 

turbidity sensor manufacturer and model along with deployment arrangements has been highlighted 

525. The quality of sensor data is key to the effective performance of any event detection system 526 

and details on sensor deployment, turbidity sensor metadata, sensor calibration and data validation 

contained in Chapter 2. 

The CANARY event detection software 363 uses statistical and mathematical algorithms to identify user 

defined outlier datapoints in time series drinking water quality data, whilst minimising the number of 

‘false alarms’ detected. Similar to the approach adopted for surface waters 288 the linear prediction 

coefficient filter (LPCF) algorithm was used for CANARY event detection in this research. Performance 

of the CANARY algorithm was measured by comparing CANARY-detected events to those manually 

verified as being real events, by inspection of the turbidity data. Further information on this approach 



147 

is described in previous work 527. The performance metric used to determine the quality of event 

detection was the 𝐹1𝑠𝑐𝑜𝑟𝑒 as this allowed easy optimisation of both sensitivity (ability to detect water 

quality events) and precision (number of detected events which are real), at the same time. The water 

quality data, as described in Table 14 was visualised using ggplot2 528 in R 362 and plotted with rainfall, 

streamflow and stream level 

4.3.4.3.1 Testing and Sensitivity Analysis of the CANARY Model 

The objective of the CANARY model testing and sensitivity analysis was to determine the configuration 

parameters that yield the most effective event detection for the specific monitoring site 365. Building 

on the initial optimisation detailed in Chapter 3, turbidity data was used to manually validate detected 

events. Optimisation seeks to maximise true event detection while minimising false alarms 288, and is 

achieved by systematically refining CANARY’s configuration settings. Accordingly, both sensitivity and 

precision were evaluated 513. The overarching design principle guiding parameter selection is that 

genuine water quality events should not be missed. To facilitate the optimisation of both sensitivity 

and precision at the same time, the usual convention was followed by calculating their harmonic 

mean, the 𝐹1𝑠𝑐𝑜𝑟𝑒: 

𝐹1𝑠𝑐𝑜𝑟𝑒 = 2 ×
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 × 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 + 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛
 

The optimisation process involved finding the selection of CANARY parameters which maximised the 

𝐹1𝑠𝑐𝑜𝑟𝑒.   

The parameters are determined via testing water quality data 364 in the offline mode of CANARY with 

refinement of parameters conventionally carried out separately for each monitoring station 369. The 

number of timesteps and time interval used for CANARY configuration and water quality event 

identification used in this study along with details for other studies are detailed in Table 16. 
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Table 16: Data sets for CANARY configuration in the literature. 

Author Matrix Interval 
time (min) 

Timeframe No. of Days No. of 
datasets 

No. of 
timesteps/ 
Dataset* 

This study Surface 
Water 

15 06/10/24 –
24/01/25 
05/10/24 – 
31/01/25 

93 
100 

2   8,175^ 
  9,086^^ 

Burkhardt et 
al. 288 

Surface 
Water 

15 09/05/14 –  
31/03/16 

692 2 66,432 

Nafsin & Li 
291  

Surface 
Water 

10 June – July 2018 
June – July 2019 
June – July 2020 

183 1 26,352 

Leow et al. 
367 

Reuse 
Water 

0.5 N/A 114 1 328,320* 

Kertesz et al. 
368 

Urban 
Runoff 

1 18/02/13 – 
01/06/13 

104 1 149,760* 

Murray and 
Haxton 364  

Drinking 
Water 

2 08/07 - 07/08  31 3 22,230 

Murray and 
Haxton 364  

Drinking 
Water 

2 01/03 – 09/04  39 2 28,082 

^ River Owenmore. ^^ River Unshin. * Where not stated, calculated by multiplying days x interval. 

The optimum CANARY algorithm configurations for the River Owenmore and the River Unshin over 

the study period differed (Table 17) highlighting the importance of site-specific configuration.   

 

Table 17: Optimum EPA CANARY configuration parameters for stations on the river Owenmore and River Unshin for semi-

continuous water quality data at 15-minute interval over the period 05/10/2024 to 31/01/2025. 

River Station 
BED^ 

window 
History 
window 

Outlier 
threshold 

Event 
threshold 

Event 
detection 
sensitivity Precision F1score 

Owenmore at 
Ballynacarrow 

10 48 1.0 0.99903 1 0.32 0.48 

Unshin 

upstream of 

Ballygrania 

6 24 2.0 0.89063 1 0.43 0.60 

^Binomial Event Discriminator 

The higher 𝐹1𝑠𝑐𝑜𝑟𝑒at the Unshin site indicates a better balance between capturing true positives and 

avoiding false positives but at both sites the CANARY algorithms had sensitivity of 1 where all ‘real’ 

water quality events were captured by CANARY.  
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4.3.4.3.2 Extraction of Water Quality Events 

Extraction of water quality events was carried out by running the data through CANARY for the 

optimum CANARY configuration at that monitoring station. There were 20 potential water quality 

events identified on the river Owenmore over the study period with 13 of these events overlapping 

with the 7 manually verified turbidity events (Figure 50). The CANARY event detection system was 

originally designed for drinking water supplies and has an event timeout parameter which was set to 

36 timesteps to resets the event alarm system, however, longer events that occur on river systems 

can therefore time out, resulting in multiple alarms for the same event. Further training and 

refinement of the CANARY algorithm with larger datasets could be carried out to examine if this 

performance could be improved.  

 

Figure 50: Performance of the CANARY system for identifying potential water quality events on the Owenmore River at 

Ballynacarrow over the study period 01/10/2024 to 31/01/2025, with baseflow separated (BFI A at α 0.980) daily streamflow 

events identified using eventMinima with a 30th percentile threshold of quickflow and 5mm rainfall events. 
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There were 17 potential water quality events identified on the river Unshin over the study period with 

9 of these events overlapping with the 10 manually verified turbidity events (Figure 51) and one 

CANARY event overlapping two manually verified events.  

 

Figure 51: Performance of the CANARY system for identifying potential water quality events on the Unshin river upstream of 

Ballygrania over the study period 01/10/2024 to 31/01/2025 with daily stream level events identified using eventMaxima 

with a threshold of 90th percentile of streamflow and 5mm rainfall events. 

Overall, there were a higher number of water quality events identified on the Owenmore River than 

on the Unshin (Table 18), with baseflow separation prior to identifying the streamflow events 

returning higher number of events (n=6) than without separation (n=4) as the inclusion of baseflow 

may mask smaller quickflow peaks.  

  



151 

Table 18: Event detection for 5mm Rainfall, Streamflow, Stream Level and Water Quality on the Owenmore and Unshin Rivers. 

Parameter Event Definition Event ID Method 
300^ or US EPA 
CANARY ^^ 

Number of 
Events on 
Owenmore 
River 

Number of 
Events on 
Unshin River 

Rainfall Rainfall events ≥ 5mm eventPOT ^ 14 14 

Streamflow Streamflow events - baseflow 
separated (BFI A at α 0.980) 
daily streamflow events 
(eventMinima) with a 30th 
percentile threshold of 
quickflow. 

event Minima ^ 6 N/A 

Stream Level Stream Level Events ≥ 90th 
percentile 

eventPOT ^ 3 4 

Turbidity Detected by US EPA CANARY Details in Table 5 
^^ 

20 17 

 

4.3.4.3.3 Pairing of Events, Rainfall to Streamflow/Stream level and CANARY events. 

Event pairing between rainfall and streamflow is commonly used to understand and model catchment 

behaviour 300,529. The streamflow response to rainfall is complex and varies with catchment 

characteristics and hydro-meteorological conditions 530 with event-based analysis helping to isolate 

responses to individual storms 531 and identify pollutant transfer pathways 293,532,533.  

The event pairing algorithm requires a maximum lag to represent catchment response time with the 

lag time acting in the manner of a search window for the matching process. The lag between the 

rainfall threshold exceedance and the streamflow peak (Qp) was calculated from observed data over 

an extended time period (01/05/2023–30/04/2025), following the approach of previous work 504. First, 

the data series was analysed to pinpoint occasions when >1mm of rainfall occurred following at least 

five consecutive dry days. For each of those occasions, the time difference between the onset of 

rainfall and the streamflow inflection point was calculated. 

The average of those time differences yielded a mean lag of 5.1 days (4.1–6.1 days uncertainty). 

A maximum lag of 6 days was therefore adopted as it represents the longest expected time between 

the rainfall trigger and the corresponding streamflow peak.  
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The hydroEvents package 300 was used to pair events to five different specification types (Type 1 to 5), 

with the type argument in pairEvents() controlling how the algorithm defines paired events. The 

difference in the five different pairing types is illustrated in Figure 52 522. 

 

Figure 52: Schematic of the five event pairing algorithms implemented in function pairEvents. In this instance rainfall (blue) 

is matched to runoff (orange) but these algorithms can be used for any hydrologic data 522.  

 

For all event pairings examined across both sites, Type 5 was found to return the highest total number 

of pairs and was the pairing type specification used for this study. Type 5 is the most flexible in event 

matching and searches bidirectionally from rainfall or streamflow/stream level peak or water quality 

peak to find peaks within the lag window. It captures a broader set of related events and is useful for 

screening events. Pairing was also extended to rainfall–water quality and streamflow-water quality 

events in this study. Outputs consisted of matched event tables for rainfall (events.P), streamflow 

(events.Q) and turbidity data (events.CANARY), with NA returned where no match occurred (Table 

19).  
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Table 19: Pairing of 5mm rainfall events, baseflow separated (BFI A at α 0.980), daily streamflow events (eventMinima) with 

a 30th percentile threshold of quickflow and CANARY Turbidity Events on the Owenmore River from 01/10/2024 to 

31/01/2025. 

Pairing 5mm rainfall and Owenmore qf_Min_res streamflow events   

Rain Threshold Pairing 
Type 

# Rainfall 
Events 

# 
qf_Min_res 
Events 

# Paired 
Events 

5mm Rainfall, min.diff = 1 Type 1 14 6 7 
5mm Rainfall, min.diff = 1 Type 2 14 6 1 
5mm Rainfall, min.diff = 1 Type 3 14 6 6 
5mm Rainfall, min.diff = 1 Type 4 14 6 6 
5mm Rainfall, min.diff = 1 Type 5 14 6 8 

Pairing 5mm Rainfall events to Owenmore CANARY Water Quality events 

Rain Threshold Pairing 
Type # P Events 

# CANARY 
Turbidity 
Events 

# Paired 
Events 

5mm Rainfall, min.diff = 1 Type 1 14 20 10 
5mm Rainfall, min.diff = 1 Type 2 14 20 7 
5mm Rainfall, min.diff = 1 Type 3 14 20 13 
5mm Rainfall, min.diff = 1 Type 4 14 20 13 
5mm Rainfall, min.diff = 1 Type 5 14 20 12 
Pairing_qf_Min_res streamflow events to Owenmore CANARY Water Quality events 

Owenmore Streamflow Threshold Pairing 
Type 

# 
qf_Min_res 
Events 

# CANARY 
Turbidity 
Events 

# Paired 
Events 

qf_event_Minima_delta.y_81_delta.x_8 Type 1 6 20 4 
qf_event_Minima_delta.y_81_delta.x_8 Type 2 6 20 4 
qf_event_Minima_delta.y_81_delta.x_8 Type 3 6 20 6 
qf_event_Minima_delta.y_81_delta.x_8 Type 4 6 20 5 
qf_event_Minima_delta.y_81_delta.x_8 Type 5 6 20 4 

 

The function plotPairs() was then used to create a dual-variable event plots displaying the continuous 

time series of both variables with paired events highlighted by same colour in the two time-series. The 

same workflow was applied for rainfall, streamflow, and stream-level pairing with CANARY events 

(Table 20). 
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Table 20: Pairing of 5mm rainfall events, P90 stream level events and CANARY Turbidity Events on the Unshin River from 

01/10/2024 to 31/01/2025. 

Pairing 5mm rainfall and Unshin P90 stream level events   

Rain Threshold Pairing Type 
# 
Rainfall 
Events 

# P90 
Streamflow 
Events 

# Paired Events 

5mm Rainfall, min.diff = 1 Type 1 14 4 6 
5mm Rainfall, min.diff = 1 Type 2 14 4 5 
5mm Rainfall, min.diff = 1 Type 3 14 4 4 
5mm Rainfall, min.diff = 1 Type 4 14 4 4 
5mm Rainfall, min.diff = 1 Type 5 14 4 7 
Pairing 5 mm Rainfall events to Unshin CANARY Water Quality events 

Rain Threshold Pairing Type # P 
Events 

# CANARY 
Turbidity 
Events 

# Paired Events 

5mm Rainfall, min.diff = 1 Type 1 14 17 11 
5mm Rainfall, min.diff = 1 Type 2 14 17 11 
5mm Rainfall, min.diff = 1 Type 3 14 17 12 
5mm Rainfall, min.diff = 1 Type 4 14 17 12 
5mm Rainfall, min.diff = 1 Type 5 14 17 12 

Pairing P90 Unshin Stream level Events to Unshin CANARY Water Quality events 

Unshin Stream level Threshold Pairing Type 

# 
Stream 
Level 
Events 

# CANARY 
Turbidity 
Events 

# Paired Events 

90th Percentile Type 1 4 17 2 

90th Percentile Type 2 4 17 2 

90th Percentile Type 3 4 17 2 

90th Percentile Type 4 4 17 2 

90th Percentile Type 5 4 17 3 
 

4.3.5 Pairing of 5mm Rainfall, Streamflow and Water Quality Events on the Owenmore & Unshin 

Rivers 

To examine if water quality events were associated with hydrodynamic events driven by rainfall or 

streamflow/ stream level events, event pairing 300 between water quality events and rainfall, 

streamflow (quickflow component) and stream level was carried out. Both the Owenmore and Unshin 
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rivers are groundwater fed which often leads to stable, less flashy responses to rainfall with lakes 

upstream of the monitoring stations also slowing the rainfall response. This can reduce the likelihood 

of pairing where the specification types are searching based on peaks that occur close together in time 

(Type 1 to 3) with the Type 4 and 5 pairings matching based on whether the peaks align or their time 

windows overlap. Type 4 and Type 5 pairings were found to have an increased likelihood of pairing 

the hydrological events with the CANARY water quality events identified at these sites. Similarly to 

streamflow response, if rainfall events are diffuse or prolonged, (79% of the 118 rainfall observations 

over the study period had rainfall >0 mm, with 49% of observations >1mm), multiple rainfall events 

may overlap the streamflow and turbidity peaks with multiple CANARY turbidity events found to 

overlap the rainfall and streamflow events in this study.  

Over the study period, 12 from 14 (86 %) of the rainfall events and 4 from 6 (67 %) of the streamflow 

(quickflow component) events were paired to water quality events (n=20) on the Owenmore River. 

Similar patterns of rainfall and stream level response were observed on the Unshin River with pairings 

of 12 from 14 (86 %) of the rainfall events and 3 from 4 (75 %) of the stream level events paired to 

water quality events (n=17) (Table 21).  

 

Table 21: Pairing 300 of 5mm Rainfall, Streamflow and Water Quality (WQ) Events on the Owenmore & Unshin Rivers over the 

study period 01/10/2024 to 31/01/2025 

River # ≥ 5 mm 
Rainfall 
Events 
(eventPOT) 

# 
Streamflow 
^ /Stream 
level Events 
^^ 

# 
Turbidity 
WQ 
Events 
(EPA 
CANARY) 

# Pairings 
between 
Rainfall & 
Streamflow 
Events 

# Pairings 
between 
Rainfall & 
WQ Events 

# Pairings 
between 
Streamflow^*/ 
Stream 
level^^** 
Events & WQ 
events 

Owenmore 
^ 

14 6 20 8 12 4 

Unshin ^^ 14 4 17 7 12 3 
*BFI A at α 0.980 using eventMaxima at 30th percentile threshold of quickflow. **90th percentile daily Unshin stream level 

(eventMaxima). 
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These pairings indicate that the majority of water quality events observed on these rivers were 

associated with rainfall and subsequent increases in streamflow/ stream level. Plotting of paired 

events highlights the event pairings over the time series with paired events indicated by the same 

colour and unpaired events in black and highlighted using black circles (Figure 53). Baseline turbidity 

levels on the Owenmore are typically less than 4 NTU and less than 3 NTU on the Unshin River with 

turbidity levels during events rising very significantly to several hundred NTU on the Owenmore and 

an order of magnitude lower on the Unshin. This is unsurprising as the Owenmore has moderate water 

quality status whereas the Unshin is a high-status objective waterbody 534.  
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Figure 53: Event pairing using Type 5 pairing specification 300 on the Owenmore River at Ballynacarrow and the Unshin River 

upstream of Ballygrania over the study period. Paired events are indicated by the same colour and unpaired events are in 

black and highlighted using black circles A – rainfall events and Owenmore streamflow events, B -  rainfall events and Unshin 

stream level events (Rainfall is plotted as vertical bars and streamflow/stream level as a line), C & D - rainfall events and EPA 

CANARY turbidity events (Rainfall is plotted as vertical bars and median turbidity as a line), E -  streamflow events and EPA 
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CANARY turbidity events, & F -  Unshin stream level events and EPA CANARY turbidity events (median turbidity is plotted as 

vertical bars and streamflow/ stream level as a line). Rainfall events (eventPOT) with threshold of 5mm, water quality events 

were EPA CANARY detected turbidity events, Owenmore streamflow events were baseflow separated (BFI A at α 0.980) using 

eventMaxima at 30th percentile threshold of quickflow and Unshin stream level events were 90th percentile daily Unshin 

stream level (eventPOT). 

However, the monitoring does show that episodic water quality events are occurring on the Unshin 

river. Previously, water quality status dropped from ‘High’ to ‘Good’ in the 2010-2015 monitoring 

period returning to ‘High’ status again in 2016 and the Unshin currently has unidentified significant 

water quality pressure for nutrients in one area 534. High status river water quality sites are increasingly 

rare in Europe and are a priority for protection as they support sensitive aquatic species including 

salmon, trout and freshwater pearl mussels with good water quality a key supporting factor 535.  

The River Owenmore had more water quality events that were not linked to rainfall or streamflow 

compared to the River Unshin. The Owenmore is affected by multiple pressures, including agriculture, 

forestry, urban runoff, hydromorphological changes, and urban wastewater, contributing nutrients 

and sediments through both diffuse and point sources. In contrast, the Unshin River is a high-status 

waterbody with only one area identified as ‘at risk’ of not meeting environmental objectives under 

the WFD. The main pressures are unknown, although nutrients have been identified as a key water 

quality issue 534. Non paired events could be indicative of points sources or other activities in the 

catchment, or the requirement for greater testing and sensitivity analysis of the CANARY model with 

larger data sets. 

Overall, these results indicate that for the study period, hydrodynamic events were a key driver of 

water quality events across both the Owenmore and Unshin river stations in this catchment.  

 

4.4 Strengths and Limitations of this approach to Event Monitoring 

Building on previous studies using CANARY to identify potential water quality events 288,291,367,368 this 

research is the first application of this method for remote monitoring of hydrodynamic water quality 

events paired to rainfall and streamflow events. Previous research has demonstrated that individual 
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rivers respond differently to hydrodynamic events, demonstrating different lag times and flow 

pathways for different pollutants across different hydrodynamic events 502–504. However, evaluating 

an effective methods for strategic monitoring of such events was one of the aims of this research, with 

investment in such HF monitoring systems 492 fundamental to mitigating the pressure on water quality 

due to the impacts of increased frequency of climate driven, hydrodynamic water quality events 

295,536,537.  

This approach offers a novel and flexible framework for identifying hydrodynamically driven water 

quality events. A strength lies in the site-specific configuration of the CANARY system, which is tailored 

to individual monitoring stations to optimise event detection. By maximising true positives while 

minimising false alarms, the method improves the reliability of event identification compared to more 

generic monitoring approaches. This targeted configuration represents a significant advancement in 

applying high-frequency monitoring to complex river systems. 

Another important innovation is the remote deployment setup, which removes the need for 

permanent bankside infrastructure and dedicated power supply. As a result, the approach enables 

efficient baseline surveys at multiple stations within a catchment, helping to identify critical source 

areas for pollutant export and locations most sensitive to hydrodynamic pressures, all with relatively 

low infrastructure investment and minimising the significant resources associated with long term, high 

frequency monitoring stations. 

The approach also provides strong temporal insights by enabling the tracking and characterisation of 

hydrodynamic events in terms of both frequency and intensity. This creates opportunities to detect 

trends over time and supports the development and evaluation of climate mitigation and adaptation 

measures. In addition, the data generated can guide the strategic placement of complementary 

monitoring technologies, such as automatic or passive samplers, to further investigate the impacts of 

these events on water quality. 

This work highlights that spatial variability studies involving testing and sensitivity analysis of the 

CANARY model from earlier research 472, allows for site specific training of the model to widely 



160 

differing river stations. A longer term or inter-annual water quality dynamics study would be valuable. 

A study of multiple river stations, monitoring multiple parameters in various catchments over longer 

periods would provide even further understanding of hydrodynamic water quality event monitoring.   

4.5 Conclusion 

HF semi-continuous monitoring for turbidity, temperature and specific conductivity was implemented 

on the River Owenmore and the River Unshin over a four-month hydrologically active period between 

October 2024 and January 2025. The water quality data was supported by rainfall 322 and hydrometric 

data 338 at the monitoring stations. While turbidity data was used to track water quality events as 

detailed in chapter 3, turbidity or suspended solids are not monitored in the EPA national river 

monitoring programme 518 so specific conductivity was used instead. High frequency specific 

conductivity data monitored over the four month period was plotted on the flow duration curve, and 

compared to quarterly grab sample data for 2007 to 2025 at the same site from the EPAs national 

river monitoring programme 518 demonstrating that the short deployment was adequate to capture 

most flow conditions and associated water quality on the river Owenmore at Ballynacarrow from 

moderate flows to the high flow events.   

To examine if the high frequency water quality data monitored over the four months could track the 

frequency and intensity of hydrodynamic water quality events, the water quality data was processed 

to identify water quality events, and the corresponding rainfall and streamflow/stream level data were 

analysed to identify potential rainfall and streamflow events. Following event extraction, the different 

event types were paired to each other so events from multiple time series could be matched to 

identify instances of when rainfall events or streamflow/ stream level events occurred within the same 

time window as potential water quality events. The event analysis carried out from October 2024 to 

January 2025 on the Owenmore River paired 12 from 14 (86 %) of the rainfall events and 4 from 6 (67 

%) of the streamflow (quickflow component) to water quality events (n=20). Similar patterns of rainfall 

and stream level response were observed over the same period on the Unshin River with pairings of 

12 from 14 (86 %) of the rainfall events and 3 from 4 (75 %) of the stream level events paired to water 
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quality events (n=17). More water quality events were detected on the Owenmore which reflects its 

lower water quality status then the Unshin. However, the number of water quality events on the high-

status river over a short 4-month period was not insignificant and suggests that the water quality 

pressures identified may be linked to hydrodynamic events.  

This is the first instance of the use of EPA CANARY event detection system with remote, off-grid, semi-

continuous deployments of water quality sensors, combined with pairing water quality and 

rainfall/streamflow events for evaluating the frequency and intensity of hydrodynamic events on river 

water quality. Permanent installations across such a large network are impractical, making remote, 

temporary, off-grid HF deployments advantageous due to their flexibility, and ease of redeployment 

to other locations.  
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5.1 Conclusion 

Water quality deterioration is one of the main drivers of freshwater biodiversity decline globally 3,4 

which is compounded by climate change pressures 5. Biodiversity is in crisis and is the ‘ultimate 

conservation challenge’ 119 with freshwater biodiversity being most acutely impacted. The EU has 

responded to freshwater biodiversity crisis through legally binding legislation and cross-sectoral 

strategies, but 25 years since the Water Framework Directive was adopted 538 and 35 years since the 

Habitat’s Directive was adopted 12, only 39.5 % of surface water bodies in Europe are in good ecological 

status 6 with only 14% of habitat assessments are in ‘good’ conservation status 131. Gains made in 

reversing biodiversity decline and restoring water quality in Europe have plateaued, due to the direct 

impact of climate change on aquatic ecosystems 539. This lack of improvement in water quality and 

biodiversity reflects the complexity in controlling pollution from a myriad of sources which varies 

significantly, both spatially and temporally 540. There is a dearth in research linking climate change and 

water quality due to their complexity, with climate studied on an international and national level 

whereas water quality is most commonly studied on a regional or local level, despite climate change 

impacting on freshwater systems regionally and locally. While current water quality monitoring 

programmes are providing valuable information in terms of water quality status and pressures 541, 

targeted monitoring at increased frequency is required for evidence-based decisions on appropriate 

management measures to protect and restore water quality 542. 

In this thesis, the primary aim was to examine protected area designation focusing on freshwaters and 

to demonstrate the value of high frequency monitoring for detecting transient pollution events in 

small rivers to support the objective of the WFD in the context of increasing frequency and intensity 

of rainfall events due to climate change. To achieve this, the research was structured around specific 

objectives including 1) reviewing the literature to examine PA designation for freshwaters, 2) 

developing a practical, reproducible workflow for water quality event monitoring in small rivers, 3) 

examine if short term deployments of high frequency monitoring can adequately capture water 

quality variability, and 4) deploy and test the event monitoring system within a protected area to 
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determine it can identify hydrodynamic driven water quality events. The following conclusion 

synthesises the findings in relation to the aim and objectives, highlights the contribution of this 

research to the gaps in knowledge in this area and identifies potential directions for future research.  

The first objective of this study was to conduct a literature review to examine protected areas and 

their designation as an instrument for protecting water quality and aquatic biodiversity in Europe. 

Evidence from the literature review demonstrates that across the EU, countries and regions have 

different mechanisms for identifying and designating PAs, resulting in multiple different names and 

types of PAs, a diversity of governance arrangements, and in some instances multiple governance 

types within a PA boundary. It demonstrates the large numbers of agencies involved in PA 

management with the vast majority of PAs in Europe being national PAs with over 400 different 

categories and overlaps in many areas designated as PAs. This review has identified a number of 

challenges to expanding the PA network including gaps in biodiversity data for aquatic species 

particularly those with restricted ranges, the need for more dynamic PA designation and conservation 

plans, and a lack of information on alternative PA network design. The EU has the largest network of 

PAs in the world with the establishment of Natura 2000 but Even for the Natura 2000 network there 

is no single management strategy across the EU to deliver effective management for these PAs, and 

the lack of integration between PA agencies has been identified as a key weakness in the effective 

management of PAs. There are striking differences in the designation of SACs among different regions 

in the same country and poor integration of biodiversity conservation into territorial plans, with the 

delegation of conservation management from state to regional and autonomous provinces leading to 

significant divergence in implementation, even within a single EU member state. The establishment 

and implementation of interconnected Natura 2000 sites across member state borders is crucial for 

biodiversity restoration, however, at national level existing structures and procedures are insufficient 

to promote cross-border cooperation and integration, with only limited efforts taking place at the 

local level. This is particularly challenging for freshwater biodiversity conservation, as freshwater 

species occur across a broad range of different PA designation types due to the longitudinal and lateral 
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connectivity of freshwaters especially as PAs are rarely designed with freshwater conservation in 

mind. 

The second objective aimed to develop a practical, flexible and reproducible monitoring workflow for 

temporary, remote, off-grid monitoring of water quality events in small rivers. Integrated frameworks 

of in-situ monitoring alongside data analytics is necessary for effective catchment management 543. 

The rapid pace and increasing complexity of water quality monitoring tools pose difficulties for 

adoption by water resource managers and limits the realisation of such technologies to deliver water 

quality improvements 424. Data gaps for water quality and aquatic biodiversity were identified in the 

literature as a key challenge for delivering freshwater recovery and as diffuse pollution is a key water 

quality pressure for waterbodies across the EU, this protocol provides for not only high frequency 

monitoring but also for water quality event detection. High frequency (HF) monitoring is necessary for 

identifying diffuse pollutant sources but ‘robust deployment, maintenance, and data management 

protocols’ 281 along with ‘practical guidelines’ 24 are required to accelerate the adoption of HF 

monitoring, especially among statutory agencies 441. The workflow and step by step user guide provide 

extensive guidance on the specific requirements for HF monitoring, provide comprehensive technical 

information to allow non-experts plan and execute high frequency monitoring for events but also to 

manage large timeseries datasets, to analyse the data and match the water quality data to 

hydrodynamic drivers of diffuse pollution in their specific catchment. Initially the aim was to develop 

a workflow as a high-level overview outlining the sequence of tasks or activities for remote water 

quality event detection using EPA CANARY. However, through experience attempting to execute code 

published by other researchers, it was recognised that a detailed step-by-step user guide was essential 

to facilitate wider adoption of the workflow to make it more accessible and easier to implement and 

to troubleshoot. 

Code errors and the inability to reproduce analyses has been highlighted as a common issue, even 

where datasets and code were published 449,450 but avoidable if good code practices are employed 450. 

This workflow was specifically designed for reproducibility and incorporated the four key components 
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for reproducible software 471 to overcome this problem. Alongside the code, a detailed user guide was 

produced which included the output of analysis so non experts can follow each stage of the analysis 

using the sample data provided before applying to their own data. Practical, method guidelines are 

urgently required to accelerate the uptake of new and innovative water monitoring tools 441 to 

effectively identify specific water quality pressures 14,443 and this workflow and detailed user guide fill 

a gap in translating available technologies into core components of monitoring systems and their 

integration into monitoring programmes.  

The third objective focused on examining if short term, temporary, remote, semi-continuous 

monitoring of routine water quality parameters could adequately capture water quality variation over 

the range of river discharge at a hydrologically active period. This was achieved by plotting high 

frequency specific conductivity data from the 4-month study period on a flow duration curve for the 

river Owenmore and comparing this to grab sample specific conductivity data over an 18-year period 

also plotted on a flow duration curve. The findings indicate that the short deployment period 

compared well to the grab sampling for this parameter and was adequate to capture most flow 

conditions and associated water quality on the river Owenmore at Ballynacarrow from moderate flows 

to the high flow events. This suggests that short term deployments over hydrologically active periods 

could provide key insights into water quality dynamics particularly at a time of increasing 

hydrodynamic events due to climate change. This is very practical option to realise the benefits of high 

frequency monitoring without the significant costs, resourcing and infrastructure requirements 

associated with permanent high frequency monitoring stations. 

Finally, the fourth objective builds on the event detection framework and applied it in the field to test 

and evaluate the water quality event protocol. The study found that from October 2024 to January 

2025 on the Owenmore River, 86 % of the rainfall events (n=12), 67 % (n = 6) of the streamflow 

(quickflow component) were paired to water quality events (n=20). Similar patterns of rainfall and 

stream level response were observed over the same period on the Unshin River with 86 % of the 

rainfall events 75 % (n=4) of the stream level events paired to water quality events (n=17). These 
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findings confirm that episodic events are occurring in the catchment and diffuse source pressures are 

occurring more frequently in the Owenmore than on the Unshin which is consistent with their water 

quality status. The monitoring does revel the frequency and intensity of the riverine response to 

rainfall events and could be used to differentiate between point source and diffuse source pressures 

when tracked and paired to rainfall and discharge response. This is the first instance of the use of EPA 

CANARY event detection system with remote, off-grid, semi-continuous deployments of water quality 

sensors, combined with pairing water quality and rainfall/streamflow events for evaluating the 

frequency and intensity of hydrodynamic events on river water quality. 

This may be the last window of opportunity to reverse biodiversity decline in the EU and the European 

Union is planning to spend at least €20 billion per year to 2030 to restore biodiversity 9. The Nature 

Restoration Law echoes the lofty ambitions of the WFD and the Habitat’s Directive but expanding PAs 

without examining and reforming PA designation will not reverse biodiversity decline. A step change 

is required in our approach to leveraging the full potential benefit of PAs to protect and restore water 

quality and aquatic biodiversity and requires improved governance which is intrinsically tied to 

designation and improved monitoring to fill the data gaps. This research filled a gap in knowledge on 

PA designation, a crucial first step in protecting reference sites and hotspots of biodiversity but also 

the type of which determines the governance structure and effectiveness of conservation. The field 

monitoring highlighted the value of short-term deployments to fill some of those data gaps with the 

monitoring framework and workflow turning available technologies and innovative approaches to 

event detection into real world operational tools, that can be integrated with rainfall and discharge 

data to deliver tangible findings to inform water quality restoration programmes.  

5.2 Limitations 

i. This study was confined to two river stations in the one catchment in the Northwest of Ireland. 

However, while this is the first instance of CANARY event detection system being used on 

surface waters with water quality events paired to rainfall and discharge events, both the 

CANARY system and the pairing of events have been successfully used in other water bodies.   
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ii. Similarly, the short-term deployment data monitoring for specific conductivity and 

comparison to the long-term grab samples was carried out at one monitoring station and 

needs to be evaluated for rivers with different water quality and hydrological characteristics. 

iii. The study was carried out over one hydrodynamically active winter season, and an all- season 

performance would need to be determined.  

iv. Not all waterbodies are suitable for temporary deployments due to security issues or local site 

factors, however high-status water bodies are predominantly located in first and order 

streams in more remote areas and with active community involvement, security issues are 

greatly reduced. 

5.3 Recommendations 

i. Due to the scale of the current crisis for freshwater biodiversity, the management model for 

PAs must rapidly move from a largely local/national model to an integrated, strategic regional 

model. 

ii. The monitoring and management of freshwater PAs in the EU should be integrated with the 

River Basin Management Plans. Such an approach would provide a mechanism for setting 

cohesive targets to effectively deliver at least ‘favourable conservation status’ for freshwater 

PAs alongside at least ‘good ecological status/potential’ for water bodies. 

iii. The development of integrated monitoring and management programmes focusing on 

freshwater habitats and species. This common framework approach also allows for co-

management of protected areas by conservation and water quality specialists and would 

facilitate knowledge transfer between agencies across Europe.  

iv. Specific provision should be made under the EU Biodiversity Strategy for 2030 to manage the 

exploitation of freshwater species and riverine aggregates.  

v. The availability of hydrometric data and the installation/upgrading of existing hydrometric 

stations should be prioritised to protect and restore the remaining high status objective water 

bodies.  
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5.4 Further Research 

i. Data from longer deployment periods could be compared to the short-term data to evaluate 

how well the short-term deployment characterises the water quality variability. 

ii. The application of this approach should be applied to other waterbodies to assess and 

compare its performance.  

iii. Other water quality parameters should be used with this approach with the water quality 

parameter matched to the particular pressures for the waterbody of interest. 
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This User guide and the supporting R code and data are published on Github at 

https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-

events-in-time-series-data  

 

User Guide - Timeseries Water Quality 

Data Processing with R and EPA CANARY 

for Hydrodynamic Event Monitoring  

 

A full functional water quality project written in R showing 

a simple step-by-step workflow for processing time series 

data from a water quality sensor and how to use that data 

for the identification of potential water quality events.  

  

Authors: Lisa Cronin, Cian Taylor   

2025-04-25  

  

For the supporting code and data: https://github.com/LCroninATU/Workflow-for-identifying-

water-quality-hydrodynamic-events-in-time-series-data    

  

Please contact me with questions by email Lisa.cronin@atu.ie. For more information on 

projects being carried out at DCU Water Institute https://dcuwater.ie/ led by Prof. Fiona Regan   
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Introduction  

  
This guide is based on and designed to be used in conjunction with the R markdown file 

available on github at https://github.com/LCroninATU/Workflow-for-identifying-

waterhttps://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-

events-in-time-series-dataquality-hydrodynamic-events-in-time-series-data .  The markdown 

file contains a detailed description of the workflow, the R code and output files from that R 

code, and from the EPA CANARY event detection software.   

  

Cite the repository  

If you use this software in your work, please cite it using the following metadata. Lisa 

Cronin and Cian Taylor (2025) “LCroninATU/Workflow-for-identifying-water-

qualityhydrodynamic-events-in-time-series-data: V1.0.0”.    

DOI: https://doi.org/10.5281/zenodo.15358190   

  

Description  

This project contains a concise, reproducible, open-source workflow detailing the use of R, R 

markdown and EPA CANARY event detection software and was designed for catchment 

scientists, researchers and those working in on stream hydrochemistry, diffuse pollution or any 

EU Water Framework Directive water quality projects who require a simple, detailed workflow 

that can be easily replicated requiring minimum expertise in R. One of the primary objectives 

of this project was to provide simple code that non-coders can follow and to produce outputs 

at each step of the workflow so the user can validate the code for their data. This project 

includes a sample data file and a detailed markdown so you can take the sample file provided 

through each step of the workflow, prior to applying the code to your own data.  

  

Each part of this project is simple sample code which details how to do the following:   

• import time series data,   

• clean the data,   
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https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data
https://doi.org/10.5281/zenodo.15358190
https://doi.org/10.5281/zenodo.15358190


A3 

• visualize the data,   

• maintain data integrity,   

• manually identify potential water quality events,   

• match those events to the output of EPA CANARY event detection software,  

• identify the most suitable configuration of EPA CANARY for that particular water 

quality monitoring station.  

  

  
  

Getting Started 

Dependencies  

• Needs recent install of R and Rstudio.  

• Dependencies are managed through the renv package which was created by RStudio 

developers specifically for this purpose. The "renv" package will create a package 

library which is specific to this project. Thus, you can ensure that you have the correct 

version of all required packages (those used in the original build). Outside of the 

project, you can use or install whatever package versions you prefer, those inside the 

project space will not be affected.  

  
Installing the Software 

• Install R and Rstudio latest versions.  

• Install the "renv" package by typing install.packages("renv") in the R console.  

• You need to have a github account and a local install of git on your machine.  

• Open a git BASH (start the "git BASH app") and introduce yourself to git. This will allow 

Rstudio to connect successfully to github.  

• Open RStudio and create a New Rstudio Project.  

• Select the option to install from "Version Control".  

  

https://rstudio.github.io/renv/articles/renv.html
https://rstudio.github.io/renv/articles/renv.html
https://rstudio.github.io/renv/articles/renv.html
https://posit.co/download/rstudio-desktop
https://posit.co/download/rstudio-desktop
https://posit.co/download/rstudio-desktop
https://github.com/
https://github.com/
https://github.com/
https://git-scm.com/book/en/v2/Getting-Started-Installing-Git
https://git-scm.com/book/en/v2/Getting-Started-Installing-Git
https://git-scm.com/book/en/v2/Getting-Started-Installing-Git
https://happygitwithr.com/hello-git
https://happygitwithr.com/hello-git
https://happygitwithr.com/hello-git
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• Select "git".  

• In the dialog box that follows, fill the first two boxes in as shown below:  

  
  

• In the third box, browse to the folder on your local machine where you want to install 

the project.  

• Select "Create Project"  

• Ensure that "renv" is enabled for the project as follows:  

o In Rstudio click on "Tools" menu, followed by "Project Options".  

o Select "Environments" from the list of icons on the left of the dialog box.  

o Ensure the box beside "Use renv with this project" is ticked as shown:  
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• Now check that the correct versions of all required packages are installed by running 

the command renv::status(), from the R console. You will see a list of any dependency 

issues.  

• To resolve any dependency issues, type the command renv::restore(). The correct 

version of every required dependent package will now install.  

• At this point you should be able to execute any of the scripts or RMd documents within 

any directory.  

  

 Executing program (from RStudio) 

• Follow the step-by-step instructions, the code and the output of the code in the 

'Workflow for Hydrodynamic Event Detection' markdown file.  

• The scripts are also available but the markdown file is the place to start for users who 

are new to R.  

Executing program (from Docker) 

• In the event that you want to run the package from docker, follow the setup steps 

described above in order to create a copy of the repository on your local machine. 

• Then follow the steps outline here. 

The Workflow 

• Open the Project file, Project Workflow for detecting Hydrodynamic Water Quality Events 

(extension R Project) followed by the Workflow-for-Hydrodynamic-Event-Detection ( 

extension RMD file). 

There is also a Workflow-for-Hydrodynamic-Event-Detection HTML file which can be a 

helpful read along user guide for those new to R. It is too large to open in GitHub so must 

be downloaded to your web browser. 

https://github.com/LCroninATU/Workflow-for-identifying-water-quality-hydrodynamic-events-in-time-series-data/blob/main/Using-docker-guide.md
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Help 

More information on reusing other people's code in your project https://docs.github.com/en/get-

started/learning-to-code/reusing-other-peoples-code-in- 

your-projects   

  

How to tweak this project for your own use 

We would encourage you to clone this project from Github and rename this project to use for 

your own data.  

  

  

  

  

    

Contents  

  

R Studio Projects  

A1.0 Import Water Quality Data  

A1.1 Load the packages  

A1.2 The working Directory  

A1.2 Set the time zone (no daylight saving)  

A1.3 Import the data file  

A1.4 Tidy the data and format the imported water quality data  

A1.5 Combine the files into a single dataframe  

 

A2.0 Data Integrity  

 

A3.0 Visualisation of Water Quality Data  
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https://docs.github.com/en/get-started/learning-to-code/reusing-other-peoples-code-in-your-projects
https://docs.github.com/en/get-started/learning-to-code/reusing-other-peoples-code-in-your-projects
https://docs.github.com/en/get-started/learning-to-code/reusing-other-peoples-code-in-your-projects
https://docs.github.com/en/get-started/learning-to-code/reusing-other-peoples-code-in-your-projects
https://docs.github.com/en/get-started/learning-to-code/reusing-other-peoples-code-in-your-projects
https://docs.github.com/en/get-started/learning-to-code/reusing-other-peoples-code-in-your-projects


A7 

A4.0 Summary Statistics  

 

A5.0 Define significant change thresholds for turbidity and highlight on plots to identify events  

A6.0 Manually Identify Potential Water Quality Events with the aid of the interactive turbidity plot.  

A7.0 Event Detection using EPA CANARY  

A8.0 Compare manually identified Owenmore turbidity events to events identified by CANARY 9.0 

Compare the Owenmore CANARY files to the manually identified events to identify the most suitable 

CANARY algorithm.  

References  
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R Studio Projects  

  
R Studio uses projects to store all the data, R scripts, output files including figures, tables etc 

associated with each individual project in one place.  

There is a project file associated with this project called ‘Project Workflow for detecting 

Hydrodynamic Water Quality Events’. You must double click on this file to open this project 

prior to running the code. Otherwise, the code may not run correctly.  

  

A1.0 Import Water Quality Data  

  
One of the first steps in processing data is importing the data into R.  

  

A1.1 Load the packages  

You may need to install some of the packages before loading them. Go to the output pane on 

the bottom right of the screen, go to packages, install, enter the name of the package under 

packages and click install. You may be asked to enter ‘Y’ in the console to confirm the 

installation.  

### for working with tabular data library(data.table) ### for data wrangling library(dplyr) ### 

for working with dates & times library(lubridate) ### for labelling of variables library(labelled)  

### breaks and labels for axes and legends on graphs library(scales) ### for data visualisation 

library(ggplot2) ### tidy ways to summarise, visualise, and manipulate missing data 

library(naniar) ### for creating interactive web-based graphs library(plotly) ### for combining 

multiple plots into a single figure library(cowplot) ### for arranging graphical elements 

library(grid) ### to arrange multiple grid-based plots library(gridExtra) ### for publication 

quality tables library(stargazer) ### to make working with strings as easy as possible 

library(stringr) ### tool to tidu up messy datasets library(tidyr) ### to import, organize, 

manipulate, and visualise data library(tidyverse)  

  

A1.2 The working Directory  

This is the location on your pc which r will use for reading and writing files. R operates a 

working directory where it looks for files that you want to load and where it saves files you 

request R to save. This working directory is displayed at the top of the console window. The 
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‘here’ package sets the top level of the project folder. It’s very important to open the project 

file as described previously before trying to run any code to avoid problems with files and the 

working directory.  

library(here)  # for file 

referencing 1.2 Set the 

timezone (no daylight saving)  

Sys.setenv(TZ='UTC')  

Sys.timezone()  

## [1] "UTC"  

  

A1.3 Import the data file.  

There are two options in this workflow to import the data files, either as individual files or 

loading multiple files together. Two csv files have been provided as an example, OW061024 

and OW221024. OW refers to the name of the river where the sonde was deployed, in this case 

the Owenmore River, Sligo, and 061024 is the date the sonde was deployed in the river.  

  
Option 1: Import a single .csv data file and specify the variables to be loaded.  

In this case ‘Date’, ‘Time’, ‘Temp’, ‘SpCond’ and ‘Turbid+’. Watch out for spaces in column names 

in some .txt files when specifying the variable name, it must match exactly. Note: For these files, 

only data for temperature, specific conductivity and turbidity are valid as only these sensors 

were calibrated.  

OW061024<-fread("01_ImportYSI_Data/Data/OW061024.txt",skip=1, header=T,select = c("  

OW221024<-fread("01_ImportYSI_Data/Data/OW221024.txt",skip=1, header=T,select = c("  

 

 
   

Display the structure and properties of the imported file.  

# Display the structure of the imported file str(OW061024)  

## Classes 'data.table' and 'data.frame':   1466 obs. of  5 variables:  

##  $       Date: chr  "06/10/2024" "06/10/2024" "06/10/2024" "06/10/2024" ...  
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##  $     Time  : chr  "12:30:50" "12:45:50" "13:00:50" "13:15:50" ...  

##  $  Temp     : chr  "13.04" "13.09" "14.50" "15.76" ...  

##  $ SpCond    : chr  "265" "264" "6" "5" ...  

##  $ Turbid+   : chr  "1.2" "1.6" "0.7" "0.8" ... ##  - attr(*, ".internal.selfref")=<externalptr> 

str(OW221024)  

## Classes 'data.table' and 'data.frame':   1354 obs. of  5 variables:  

##  $       Date: chr  "22/10/2024" "22/10/2024" "22/10/2024" "22/10/2024" ...  

##  $     Time  : chr  "10:30:50" "10:45:50" "11:00:50" "11:15:50" ...  

##  $  Temp     : chr  "12.59" "12.47" "12.37" "12.27" ...  

##  $ SpCond    : chr  "278" "265" "266" "266" ...  

##  $ Turbid+   : chr  "0.2" "0.4" "0.3" "0.3" ...  

##  - attr(*, ".internal.selfref")=<externalptr>  

# Display the class or the properties of the imported file, this affects how the im 

class(OW061024)  

  
## [1] "data.table" "data.frame" 

class(OW221024)  

## [1] "data.table" "data.frame"  

  

Option 2: Import Multiple Files into R & bind them together.  

Alternative option for importing files is to import the entire file and subset for the variables of 

interest. Note: For these files, only data for temperature, specific conductivity and turbidity 

are valid as only these sensors were calibrated.  

# Import the data file  

OW061024<-fread("01_ImportYSI_Data/Data/OW061024.txt",skip=1, header=T,)[-1:-2] 

OW221024<-fread("01_ImportYSI_Data/Data/OW221024.txt",skip=1, header=T)[-1:-2] 

str(OW061024)  

## Classes 'data.table' and 'data.frame':   1466 obs. of  15 variables:  

##  $       Date: chr  "06/10/2024" "06/10/2024" "06/10/2024" "06/10/2024" ...  

##  $     Time  : chr  "12:30:50" "12:45:50" "13:00:50" "13:15:50" ...  
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##  $  Temp     : chr  "13.04" "13.09" "14.50" "15.76" ...  

##  $ SpCond    : chr  "265" "264" "6" "5" ...  

##  $  Cond     : chr  "0.204" "0.204" "0.005" "0.004" ...  

##  $   TDS     : chr  "0.172" "0.172" "0.004" "0.003" ...  

##  $    Sal    : chr  "0.13" "0.13" "0.00" "0.00" ...  

##  $   Press   : chr  "14.287" "14.286" "14.282" "14.281" ...  

##  $   Depth   : chr  "-0.265" "-0.266" "-0.268" "-0.270" ...  

##  $    pH     : chr  "5.17" "5.08" "5.16" "4.53" ...  

##  $      pH   : chr  "59.3" "62.5" "59.8" "81.7" ...  

##  $   Chl     : chr  "0.9" "1.2" "0.2" "0.1" ...  

##  $   Chl     : chr  "0.2" "0.3" "0.0" "0.0" ...  

##  $ Turbid+   : chr  "1.2" "1.6" "0.7" "0.8" ...  

##  $ Battery   : chr  "11.7" "11.7" "11.7" "11.7" ... ##  - attr(*, ".internal.selfref")=<externalptr> 

str(OW221024)  

## Classes 'data.table' and 'data.frame':   1354 obs. of  15 variables:  

##  $       Date: chr  "22/10/2024" "22/10/2024" "22/10/2024" "22/10/2024" ...  

##  $     Time  : chr  "10:30:50" "10:45:50" "11:00:50" "11:15:50" ...  

##  $  Temp     : chr  "12.59" "12.47" "12.37" "12.27" ...  

##  $ SpCond    : chr  "278" "265" "266" "266" ...  

##  $  Cond     : chr  "0.212" "0.202" "0.202" "0.202" ...  

##  $   TDS     : chr  "0.181" "0.173" "0.173" "0.173" ...  

##  $    Sal    : chr  "0.13" "0.13" "0.13" "0.13" ...  

##  $   Press   : chr  "14.750" "14.756" "14.759" "14.761" ...  

##  $   Depth   : chr  "0.062" "0.066" "0.068" "0.069" ...  

##  $    pH     : chr  "6.23" "6.34" "6.42" "6.42" ...  

##  $      pH   : chr  "23.1" "19.5" "16.7" "16.8" ...  
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##  $   Chl     : chr  "0.8" "0.2" "0.4" "0.6" ...  

##  $   Chl     : chr  "0.2" "0.1" "0.1" "0.1" ...  

##  $ Turbid+   : chr  "0.2" "0.4" "0.3" "0.3" ...  

##  $ Battery   : chr  "11.3" "11.3" "11.3" "11.4" ... ##  - attr(*, 

".internal.selfref")=<externalptr> class(OW061024) ## [1] "data.table" "data.frame" 

class(OW221024)  

## [1] "data.table" "data.frame"  

  

Display the column names, this provides the exact column name (including any spaces!) when 

choosing columns of interest and then drop any unwanted variables by entering NULL against 

these.  

  

# Display the column names colnames(OW061024)  

##  [1] "      Date" "    Time"   " Temp"      "SpCond"     " Cond"       

##  [6] "  TDS"      "   Sal"     "  Press"    "  Depth"    "   pH"     ## [11] "     pH"    "  Chl"      "  Chl"       

"Turbid+"    "Battery"  

colnames(OW221024)  

##  [1] "      Date" "    Time"   " Temp"      "SpCond"     " Cond"       

##  [6] "  TDS"      "   Sal"     "  Press"    "  Depth"    "   pH"       

## [11] "     pH"    "  Chl"      "  Chl"      "Turbid+"    "Battery"  

# Subset for the variables of interest in OW061024 by dropping each column not requ  

OW061024$` Cond`<-NULL  

OW061024$`  TDS`<-NULL  

OW061024$`   Sal`<-NULL  

OW061024$`  Press`<-NULL  

OW061024$`  Depth`<-NULL  

OW061024$`   pH`<-NULL  

OW061024$`     pH`<-NULL  
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OW061024$`  Chl`<-NULL  

OW061024$"  Chl"<-NULL  

OW061024$Battery<-NULL  

# Subset for the variables of interest in OW221024 by dropping each column not requ  

OW221024$` Cond`<-NULL  

OW221024$`  TDS`<-NULL  

OW221024$`   Sal`<-NULL  

OW221024$`  Press`<-NULL  

OW221024$`  Depth`<-NULL  

OW221024$`   pH`<-NULL  

OW221024$`     pH`<-NULL  

OW221024$`  Chl`<-NULL  

OW221024$"  Chl"<-NULL  

OW221024$Battery<-NULL  

# View the dataframe to see what variables have been retained (Note there is a numb 

str(OW061024)  

  
## Classes 'data.table' and 'data.frame':   1466 obs. of  5 variables:  

##  $       Date: chr  "06/10/2024" "06/10/2024" "06/10/2024" "06/10/2024" ...  

##  $     Time  : chr  "12:30:50" "12:45:50" "13:00:50" "13:15:50" ...  

##  $  Temp     : chr  "13.04" "13.09" "14.50" "15.76" ...  

##  $ SpCond    : chr  "265" "264" "6" "5" ...  

##  $ Turbid+   : chr  "1.2" "1.6" "0.7" "0.8" ... ##  - attr(*, ".internal.selfref")=<externalptr> 

str(OW221024)  

## Classes 'data.table' and 'data.frame':   1354 obs. of  5 variables:  

##  $       Date: chr  "22/10/2024" "22/10/2024" "22/10/2024" "22/10/2024" ...  

##  $     Time  : chr  "10:30:50" "10:45:50" "11:00:50" "11:15:50" ...  

##  $  Temp     : chr  "12.59" "12.47" "12.37" "12.27" ...  
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##  $ SpCond    : chr  "278" "265" "266" "266" ...  

##  $ Turbid+   : chr  "0.2" "0.4" "0.3" "0.3" ...  

##  - attr(*, ".internal.selfref")=<externalptr>  

  

A1.4 Tidy the data and format the imported water quality data.  

#Combine date and time columns to form DateTime & change from chr to as.POSIXct (as  

OW061024$DateTime<-with(OW061024, dmy(OW061024$`      Date`) + hms(OW061024$`    Ti 

OW221024$DateTime<-with(OW221024, dmy(OW221024$`      Date`) + hms(OW221024$`    Ti 

str(OW061024)  

  
## Classes 'data.table' and 'data.frame':   1466 obs. of  6 variables:  

##  $       Date: chr  "06/10/2024" "06/10/2024" "06/10/2024" "06/10/2024" ...  

##  $     Time  : chr  "12:30:50" "12:45:50" "13:00:50" "13:15:50" ...  

##  $  Temp     : chr  "13.04" "13.09" "14.50" "15.76" ...  

##  $ SpCond    : chr  "265" "264" "6" "5" ...  

##  $ Turbid+   : chr  "1.2" "1.6" "0.7" "0.8" ...  

##  $ DateTime  : POSIXct, format: "2024-10-06 12:30:50" "2024-10-06 12:45:50" ... ##  - attr(*, 

".internal.selfref")=<externalptr>  

 

str(OW221024)  

## Classes 'data.table' and 'data.frame':   1354 obs. of  6 variables:  

##  $       Date: chr  "22/10/2024" "22/10/2024" "22/10/2024" "22/10/2024" ...  

##  $     Time  : chr  "10:30:50" "10:45:50" "11:00:50" "11:15:50" ...  

##  $  Temp     : chr  "12.59" "12.47" "12.37" "12.27" ...  

##  $ SpCond    : chr  "278" "265" "266" "266" ...  

##  $ Turbid+   : chr  "0.2" "0.4" "0.3" "0.3" ...  
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##  $ DateTime  : POSIXct, format: "2024-10-22 10:30:50" "2024-10-22 10:45:50" ... ##  - attr(*, 

".internal.selfref")=<externalptr>  

  
  

# Rename the column names  

OW061024<-setnames(OW061024, "Turbid+", "Turbidity")  

OW061024<-setnames(OW061024," Temp", "Temp")        # this removes the space in fro.  

OW221024<-setnames(OW221024, "Turbid+", "Turbidity") OW221024<-

setnames(OW221024," Temp", "Temp") colnames(OW061024)  

  
## [1] "      Date" "    Time"   "Temp"       "SpCond"     "Turbidity" ## [6] "DateTime" 

colnames(OW221024)  

## [1] "      Date" "    Time"   "Temp"       "SpCond"     

"Turbidity"  ## [6] "DateTime"  

# Change variable format from chr to numeric str(OW061024)  

## Classes 'data.table' and 'data.frame':   1466 obs. of  6 variables:  

##  $       Date: chr  "06/10/2024" "06/10/2024" "06/10/2024" "06/10/2024" ...  

##  $     Time  : chr  "12:30:50" "12:45:50" "13:00:50" "13:15:50" ...  

##  $ Temp      : chr  "13.04" "13.09" "14.50" "15.76" ...  

##  $ SpCond    : chr  "265" "264" "6" "5" ...  

##  $ Turbidity : chr  "1.2" "1.6" "0.7" "0.8" ...  

##  $ DateTime  : POSIXct, format: "2024-10-06 12:30:50" "2024-10-06 12:45:50" ... ##  - attr(*,  

".internal.selfref")=<externalptr>  

 

str(OW221024)  

## Classes 'data.table' and 'data.frame':   1354 obs. of  6 variables:  

##  $       Date: chr  "22/10/2024" "22/10/2024" "22/10/2024" "22/10/2024" ...  

##  $     Time  : chr  "10:30:50" "10:45:50" "11:00:50" "11:15:50" ...  
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##  $ Temp      : chr  "12.59" "12.47" "12.37" "12.27" ...  

##  $ SpCond    : chr  "278" "265" "266" "266" ...  

##  $ Turbidity : chr  "0.2" "0.4" "0.3" "0.3" ...  

##  $ DateTime  : POSIXct, format: "2024-10-22 10:30:50" "2024-10-22 10:45:50" 

... ##  - attr(*, ".internal.selfref")=<externalptr>  

  
OW061024$SpCond<-as.numeric((OW061024$SpCond))  

OW061024$`Temp`<-as.numeric((OW061024$Temp))  

OW061024$Turbidity<-as.numeric((OW061024$Turbidity))  

OW221024$SpCond<-as.numeric((OW221024$SpCond))  

OW221024$`Temp`<-as.numeric((OW221024$Temp))  

OW221024$Turbidity<-as.numeric((OW221024$Turbidity))  

# Change variable format from chr to numeric # View the structure after the format changes 

str(OW061024)  

## Classes 'data.table' and 'data.frame':   1466 obs. of  6 variables:  

##  $       Date: chr  "06/10/2024" "06/10/2024" "06/10/2024" "06/10/2024" ...  

##  $     Time  : chr  "12:30:50" "12:45:50" "13:00:50" "13:15:50" ...  

##  $ Temp      : num  13 13.1 14.5 15.8 16.4 ...  

##  $ SpCond    : num  265 264 6 5 6 486 485 485 484 484 ...  

##  $ Turbidity : num  1.2 1.6 0.7 0.8 1.8 3.2 3.2 3.2 3.2 2.8 ...  

##  $ DateTime  : POSIXct, format: "2024-10-06 12:30:50" "2024-10-06 12:45:50" ... ##  - attr(*, 

".internal.selfref")=<externalptr>  

 

str(OW221024)  

## Classes 'data.table' and 'data.frame':   1354 obs. of  6 variables:  

##  $       Date: chr  "22/10/2024" "22/10/2024" "22/10/2024" "22/10/2024" ...  

##  $     Time  : chr  "10:30:50" "10:45:50" "11:00:50" "11:15:50" ...  
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##  $ Temp      : num  12.6 12.5 12.4 12.3 12.1 ...  

##  $ SpCond    : num  278 265 266 266 263 265 267 268 267 267 ...  

##  $ Turbidity : num  0.2 0.4 0.3 0.3 1.7 2.4 1.7 1.5 1.7 1.7 ...  

##  $ DateTime  : POSIXct, format: "2024-10-22 10:30:50" "2024-10-22 10:45:50" 

... ##  - attr(*, ".internal.selfref")=<externalptr>  

  
  

Review imported file and if required, remove out-of-the-water-edits i.e. data before sensor 

was deployed in the river if sensor is running before being deployed, and data after sensor is 

removed from the river. Often the sensor will be put into operation to check everything is 

logging before being deployed in the water.  

# When importing multiple files together you will need to do this for each file imp OW061024 <- 

OW061024 %>% filter(DateTime > ymd_hms('2024-10-06 13:40:00'))  

# and after removed from river  

OW061024 <- OW061024 %>% filter(DateTime < ymd_hms('2024-10-21 17:20:00'))  

OW221024 <- OW221024 %>% filter(DateTime > ymd_hms('2024-10-22 

17:45:50')) # and after removed from river.  

OW221024 <- OW221024 %>% filter(DateTime < ymd_hms('2024-11-05 11:46:50'))  

# and similarly, if the sensor was checked in situ during deployment  

  
  

A1.5 Combine the files into a single dataframe.  

To process the data as one file for visualization and event detection, the files need to be joined 

together.  

# Bind OW061024 and OW221024 to form new object OWCombined 

OWCombined<- bind_rows(OW061024,OW221024)  
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A2.0 Data Integrity  

  
A2.1 Embed source data context for data integrity by adding variable labels.  

To ensure the integrity of the data persists once imported into R, it is very useful to embed the 

source data context in the datafile. Embed the source data context by adding variable labels to 

the sensor data. In this case the site name and sensor details are embedded.  

  

OWCombined<-OWCombined|>   labelled::set_variable_labels(     DateTime = "Measurement 

Date and Time of River Owenmore, Sligo ",  

    Temp = "Temperature (degC) YSI6600EDSV2_2 6560 Conductivity_Temp. Probe",  

    SpCond = "Specific Conductance uScm-1 YSI6600EDSV2-2 6560 Conductivity_Temp. Pr     

Turbidity = "Turbidity (NTU) - YSI_6600_EDS_V2-2 - 6136 Turbidity Probe"  

  )  

# To view the variable labels # A new tab opens displaying the combined dataframe. 

View(OWCombined)     

  
##          Date     Time  Temp SpCond Turbidity            DateTime  

##        <char>   <char> <num>  <num>     <num>              <POSc>  

## 1: 06/10/2024 13:45:50 13.31    486       3.2 2024-10-06 13:45:50  

## 2: 06/10/2024 14:00:50 13.38    485       3.2 2024-10-06 14:00:50  

## 3: 06/10/2024 14:15:50 13.43    485       3.2 2024-10-06 14:15:50  

## 4: 06/10/2024 14:30:50 13.48    484       3.2 2024-10-06 14:30:50  

## 5: 06/10/2024 14:45:50 13.53    484       2.8 2024-10-06 14:45:50  

## 6: 06/10/2024 15:00:50 13.57    483       2.9 2024-10-06 15:00:50  

  

A2.2 Export the tidyied datafile as a .csv file and as .rds file to working directory.  

Note the data labels are lost when exporting the files as .csv but are maintained when exported as .rds 

file. This file is used for visualisation and event detection.  
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# Export the cleaned datafile as .csv to the working directory # 

write.table(OWCombined,"./02_Embed_Source_Data_Context/Output_Files/OW061024_051 

124  

# save the file as RData (useful if importing into R again)  

saveRDS(OWCombined, file =  

"./02_Embed_Source_Data_Context/Output_Files/OW061024_05  

  

A3.0 Visualisation of Water Quality Data  

  
A3.1 Load the cleaned datasets into R studio  

Load the YSI Sonde Dataset for the River Owenmore at Ballynacarrow  

OW061024_051124C<readRDS('./02_Embed_Source_Data_Context/Output_Files/OW061024_

051 str(OW061024_051124C)  

  
## Classes 'data.table' and 'data.frame':   2775 obs. of  6 variables:  

##  $       Date: chr  "06/10/2024" "06/10/2024" "06/10/2024" "06/10/2024" ...  

##  $     Time  : chr  "13:45:50" "14:00:50" "14:15:50" "14:30:50" ...  

##  $ Temp      : num  13.3 13.4 13.4 13.5 13.5 ... ##   ..- attr(*, "label")= chr "Temperature 

(degC) YSI6600EDSV2_2 6560 Conductivity ##  $ SpCond    : num  486 485 485 484 484 483 483 

483 482 482 ...  

##   ..- attr(*, "label")= chr "Specific Conductance uScm-1 YSI6600EDSV2-2 6560 Con ##  $ 

Turbidity : num  3.2 3.2 3.2 3.2 2.8 2.9 3.2 3.3 3.5 3.2 ...  

##   ..- attr(*, "label")= chr "Turbidity (NTU) - YSI_6600_EDS_V2-2 - 6136 Turbidit ##  

$ DateTime  : POSIXct, format: "2024-10-06 13:45:50" "2024-10-06 14:00:50" ... ##  - 

attr(*, ".internal.selfref")=<externalptr>  

  
A3.2 Visualise the Data using ggplot2 and ggplotly  
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Data is visualised which aids in understanding the data. There are two types of plots created: 1. 

Static plots which appear as an image can be viewed in the Plots tab and 2. Interactive plots 

where can be viewed in the viewer tab. With interactive plots, you can hover over specific data 

points and the value will be displayed, you can zoom in on an area of a plot by click and drag 

with the mouse and zoom out completely by double clicking. Video resources are available 

online for ggplotly if you want to learn more.  

  
A3.2.1 Plot the Turbidity data ggplot(OW061024_051124C,aes(DateTime, Turbidity))+   

geom_point(size=0.5)+   xlab("Date")+    

ylab("Turbidity (NTU)")+   scale_x_datetime(  

    labels = date_format("%d %b %Y"),   breaks = date_breaks("2 days"))+   theme(axis.text.x =  

element_text(angle = 20))  

  
 

## Name the object Turbidity Plot for specific Data file 

OW061024_051124C_Turbidity_Plot<ggplot(OW061024_051124C,aes(DateTime, Turbidity))+   

geom_point(size=0.5)+   xlab("Date")+   ylab("Turbidity (NTU)")+   scale_x_datetime(     labels 

= date_format("%d %b %Y"),   breaks = date_breaks("2 days"))+   theme(axis.text.x = 

element_text(angle = 20))  
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Plot an interactive turbidity plot using plotly.  

  

IntTurbidity_Plot<-ggplotly(OW061024_051124C_Turbidity_Plot) 

IntTurbidity_Plot  

  
Date 

 

A3.2.2 Plot the Specific Conductance data  

  

ggplot(OW061024_051124C,aes(DateTime, SpCond))+geom_point(size=0.5)+    

xlab("Date")+ylab("SpConductivity (uS/cm)")+   scale_x_datetime(labels = date_format("%d %b 

%Y"))+   theme(axis.text.x = element_text(angle = 20))  
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# Name the object SpCond for specific data file 

OW061024_051124C_SpCond_Plot<ggplot(OW061024_051124C,aes(DateTime, 

SpCond))+geom_p   xlab("Date")+ylab("SpCond.  

(uS/cm)")+   scale_x_datetime(labels = date_format("%d %b %Y"))+   

theme(axis.text.x =  

element_text(angle = 20))  
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Interactive plot for specific conductance using plotly  

IntSpCond_Plot<-ggplotly(OW061024_051124C_SpCond_Plot) 

IntSpCond_Plot  

  

   

  

  

    



A24 

A3.2.3 Plot the Temperature Data  

  

OW061024_051124C_Temp_Plot<-ggplot(OW061024_051124C, aes(DateTime,Temp)) + 

geom_poi   xlab("Date") + ylab(bquote(Temp. ("\u00B0C")))+   scale_x_datetime(labels = 

date_format("%d %b %Y"))+   theme(axis.text.x = element_text(angle = 20))+   ylim(0, 20) 

OW061024_051124C_Temp_Plot  

 
Plot the interactive temperature plot using plotly (plotly won’t plot with customised symbols 

used for units, in this case the text ‘degrees celsius’ is used for the y axis label) )  

  

OW061024_051124C_Temp_PlotV1<-ggplot(OW061024_051124C, aes(DateTime,Temp)) + 

geom_p   xlab("Date") + ylab("Temp. deg.C")+   scale_x_datetime(labels = date_format("%d %b 

%Y"))+   theme(axis.text.x = element_text(angle = 20))+   ylim(0, 20)  

OW061024_051124C_Temp_PlotV1  
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IntTemp_Plot<-ggplotly(OW061024_051124C_Temp_PlotV1) 

IntTemp_Plot  

  
A3.2.4 Plot the water quality data together in one plot  
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You can zoom in on a plot using zoom in the Plots tab. Arrange all plots in one column and align 

by xaxis  

  

Comb_OW061024_051124C<-plot_grid(OW061024_051124C_Turbidity_Plot,                                      

OW061024_051124C_Temp_Plot, OW061024_051124C_S  

Comb_OW061024_051124C  

 
# To include a title on the plot   

Comb_OW061024_051124CV1<-grid.arrange(OW061024_051124C_Turbidity_Plot,                                   

OW061024_051124C_Temp_Plot, OW061024_051124C_SpCon  
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A3.3 Save the Combined Plots 

ggsave(here("./03_Data_Visualisation_of_TimeSeries_Data/Output_Files", "Comb_OW0610  

  
## Saving 8 x 5 in image  

    

A4.0 Summary Statistics  

  
A4.1 Check for any missing values as it interferes with computing summary statistics and 

further analysis.  

  

colSums(is.na(OW061024_051124C))  

##       Date       Time       Temp     SpCond  Turbidity   DateTime   

##          0          0          0          0          0          0  
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# Find and count any missing values # number of missing values 

which(is.na(OW061024_051124C$Turbidity)) ## integer(0) 

which(is.na(OW061024_051124C$SpCond)) ## integer(0) 

which(is.na(OW061024_051124C$Temp)) ## integer(0)  

# location of missing values (if any) print("Position of missing values ") ## [1] "Position of 

missing values "  

which(is.na(OW061024_051124C)) ## integer(0)  

  
A4.2 Screen for datapoints outside the measurement range of the sensors. The measurement 

range varies from sensor to sensor so it’s important to refer to the measurement range for the 

particular sensors used.  

  

Specific Conductance  

# Identify where SpCond <0 uS/cm  

OW061024_051124C_SpCond_lo<-OW061024_051124C$SpCond<0 #count the number of  

TRUE, FALSE, and NA values in vector turbidity <0.  If count o 

summary(OW061024_051124C_SpCond_lo)  

  
##    Mode   FALSE   

## logical    2775  

# Identify where SpCond>100,000 uS/cm  

OW061024_051124C_SpCond_hi<-OW061024_051124C$SpCond>100000 #count TRUE,  

FALSE, and NA values in vector turbidity >1000 summary(OW061024_051124C_SpCond_hi) ##    

Mode   FALSE   

## logical    2775  

Export SpCond_OutRange Values to pdf file pdf("04 Summary Statistics in R & Remove 

Outrange data/Output_Files/OW061024_051124  

summary(OW061024_051124C_SpCond_lo)  
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##    Mode   FALSE ## logical    2775 summary(OW061024_051124C_SpCond_hi)  

##    Mode   FALSE ## logical    2775 

dev.off  

## function (which = dev.cur())   

## {  

##     if (which == 1) ##         stop("cannot shut down device 1 (the null device)")  

##     .External(C_devoff, as.integer(which))  

##     dev.cur()  

## }  

## <bytecode: 0x000001b12689b7e8>  

## <environment: namespace:grDevices>  

# in this case there are no values outside the measurement range so the pdf file is  

  
  

Turbidity - YSI 6136 Turbidity Sensor Range 0 to 1000 NTU  

  

# Identify where turbidity <0 NTU identify_rows_turbidity_lo<- 

OW061024_051124C$Turbidity<0 #count TRUE, FALSE, and NA values in vector turbidity <0 

summary(identify_rows_turbidity_lo)  

##    Mode   FALSE   

## logical    2775  

# Identify where turbidity >1000NTU identify_rows_turbidity_hi<-

OW061024_051124C$Turbidity>1000 #count TRUE, FALSE, and NA values in vector turbidity 

>1000 summary(identify_rows_turbidity_hi)  

##    

Mode   

FALSE  ## 

logical    

2775  

# If turbidity in the file is >1000NTU create a subset dataframe with these values.  

    



A30 

subset(OW061024_051124C, Turbidity>1000 )  

     

## Empty data.table (0 rows and 6 cols):       Date,    Time,Temp,SpCond,Turbidity,  

     

  

A4.3 Replace All Data Points outside the Measuring Range of Sensor with NA and create new 

dataframe  

  

Replace all turbidity values greater than sensor measuring range (>1000  

NTU) with NA  

OW061024_051124C_NoOutRange<- replace_with_na_at(OW061024_051124C, "Turbidity", ~ 

.  

  
  

Replace all turbidity values less than the measuring range (<0 NTU) with 

NA  

OW061024_051124C_NoOutRange<- replace_with_na_at(OW061024_051124C_NoOutRange,  

"Turb  

  
  

Check datapoints have been replaced (both greater than and less than the measuring range)  

identify_rows_turbidity_hi<-OW061024_051124C_NoOutRange$Turbidity>1000  

summary(identify_rows_turbidity_hi)  

##    Mode   FALSE ## logical    2775 identify_rows_turbidity_lo<-

OW061024_051124C_NoOutRange$Turbidity<0  

summary(identify_rows_turbidity_lo)  

##    Mode   FALSE   

## logical    2775  
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A4.1 Save the edited dataframe to the working directory as .csv file  

here::here() ## [1] "C:/Repos/Workflow-for-identifying-potential-water-quality-eventsusing-

time  

     

write.csv(OW061024_051124C_NoOutRange, "04 Summary Statistics in R & Remove Outrang  

     

  

A4.4 Summary Statistics  

  
Produce a summary statistics table  

df1<-as.data.frame(OW061024_051124C_NoOutRange)  

data_summary<-stargazer(df1, type="text", title="River Owenmore, Sligo  06/10/24 to                          

covariate.labels = c("Temperature (deg.C)", "Specific Condu                          

summary.stat=c("n","mean", "sd","min", "median","max"),                         style="ajps",                          

out="04 Summary Statistics in R & Remove Outrange data/Outp  

  
##   

## River Owenmore, Sligo 06/10/24 to 05/11/24 (non-continuous)  

## -----------------------------------------------------------------  

## Statistic                     N   Mean  St. Dev. Min Median  Max   

## -----------------------------------------------------------------  

## Temperature (deg.C)          2775 11.2    0.9    9.4  11.1  13.7   

## Specific Conductance (uS/cm) 2775 417.8   46.1   26   416    495   

## Turbidity (NTU)              2775 93.1   158.9   0.3  6.9   945.8  

## -----------------------------------------------------------------  
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Count the number of days when monitoring was carried out 

n_distinct(OW061024_051124C_NoOutRange$`      Date`) ## [1] 31 CountDays<-

n_distinct(OW061024_051124C_NoOutRange$`      Date`)  

CountDays  

## [1] 31  

  

A4.2 Count no. of observations  

NumberRowsOW061024_051124C<-nrow(OW061024_051124C_NoOutRange) 

NumberRowsOW061024_051124C  

## [1] 2775  

A4.3 Record number of days and number of observations to an output file  

sink("04 Summary Statistics in R & Remove Outrange data/Output_Files/OW061024_05112  

CountDays NumberRowsOW061024_051124C sink()  

  
  

A5.0 Define significant change thresholds for turbidity and highlight 

on plots to identify events.  

  
A5.1 Identification of Significant Change Thresholds for Turbidity  

  

The turbidity timeseries data needs to be visually inspected to identify potential water quality 

events where there is a significant change in the turbidity from the baseline. To facilitate the 

visual identification (using ggplot2) of events from significant increases in water turbidity, a 

turbidity threshold value is calculated for water quality at the site. Sections of the plot greater 

than this turbidity threshold are highlighted and the data from this plot exported to a csv file. 

This csv file is used by the analyst to record the manually verified events and subsequently 

compared to the potential water quality events identified by the CANARY software.  

  

A5.2 Visualise the data  

  
Plot the turbidity data and remove NA values (Not Available data or missing values) as these affect how 

the code runs.  
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OW061024_051124C_Turbidity_Plot <- ggplot(OW061024_051124C_NoOutRange, aes(x = 

Date   geom_point(na.rm = TRUE)+   scale_x_datetime(date_breaks = "1 week")+   labs(x =  

"Time", y = "Turbidity (NTU)") +   theme_minimal()+   theme(axis.text.x = 

element_text(angle = 45, hjust = 1)) OW061024_051124C_Turbidity_Plot  

 
 

Save the plot to the working directory.  

## Save the OW061024_051124C_NoOutRange_Turbidity_Plot to a pdf document pdf("05 SCT 

and highlight areas on plot for events/Output_Files/OW061024_051124C_Tu 

print(OW061024_051124C_Turbidity_Plot) dev.off()  

  
## png   

##   2  

  

Plot an interactive turbidity plot.  

Can be used to zoom in on areas of interest using the zoom function above the plot when examining 

potential water quality events.  
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OW061024_051124C_IntTurbPlot<- ggplotly(OW061024_051124C_Turbidity_Plot)  

OW061024_051124C_NoOutRange  

##             Date     Time  Temp SpCond Turbidity            DateTime  

##           <char>   <char> <num>  <num>     <num>              <POSc>  

##    1: 06/10/2024 13:45:50 13.31    486       3.2 2024-10-06 13:45:50  

##    2: 06/10/2024 14:00:50 13.38    485       3.2 2024-10-06 14:00:50  

##    3: 06/10/2024 14:15:50 13.43    485       3.2 2024-10-06 14:15:50  

##    4: 06/10/2024 14:30:50 13.48    484       3.2 2024-10-06 14:30:50  

##    5: 06/10/2024 14:45:50 13.53    484       2.8 2024-10-06 14:45:50  

##   ---                                                                 

## 2771: 05/11/2024 10:45:51 10.94    488       3.1 2024-11-05 

10:45:51 ## 2772: 05/11/2024 11:00:51 10.95    488       3.1 2024-

11-05 11:00:51  

## 2773: 05/11/2024 11:15:51 10.95    489       2.9 2024-11-05 11:15:51  

## 2774: 05/11/2024 11:30:51 10.96    489       3.0 2024-11-05 11:30:51  

## 2775: 05/11/2024 11:45:50 10.97    489       3.1 2024-11-05 11:45:50  

  

A5.3 Significant Change Threshold & Highlight potential water quality events on turbidity plots  

  

This may be helpful for those unfamiliar with viewing time series plots. A statistical test,  

Tukey Fences test for outliers is used to identify potential turbidity outliers in the data, 

26ccurring26 those high turbidity values 26ccurring at the upper range of the data as these can 

indicate possible water quality events. The identified outliers will be highlighted in red on the 

plot and an interactive plot of turbidity values is plotted. This allows the analyst to manually 

verify possible turbidity events which can be used for the initial CANARY configuration 

(training).  
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A5.3.1 Tukey Fences test for outliers  

Compute Inter Quartile Range (IQR) of the turbidity data. These values are displayed under ‘Values’ in the 

environment.  

  

quantile(OW061024_051124C_NoOutRange$Turbidity, 0.25, na.rm=TRUE) 

## 25%   

## 3.5  

Q1<-quantile(OW061024_051124C_NoOutRange$Turbidity, 0.25, 

na.rm=TRUE) quantile(OW061024_051124C_NoOutRange$Turbidity, 0.75, 

na.rm=TRUE) ##   75%   

## 135.6  

Q3<- quantile(OW061024_051124C_NoOutRange$Turbidity, 0.75, 

na.rm=TRUE) IQR<-Q3-Q1 print(IQR) ##   75% ## 132.1 multiplier <- 1.5  

The upper bound and lower bound are the values of interest in terms of turbidity outliers 
Calculate the Lower bound turbidity value  

Q1-(IQR * multiplier)  

##     25% ## -194.65 

lower_bound<-Q1-(IQR 

* multiplier)  

Calculate the upper bound turbidity value  

Q3 + (IQR*multiplier)    

upper_bound<-Q3 + (IQR*multiplier)   

  
A5.3.2 Identify where the turbidity is likely to be an outlier.  

An outlier is >/= upper bound in Tukey Fences. Create a new variable (column) called ‘Alarm 

Classify’ where values are categorised as 1 (True) i.e. >/= upper bound or 0 (False) i.e. </= 

upper bound.  

  

Identify where Turbidity >/= upper bound (Turbidity Threshold Value) and in a new variable  

(column) called Event Alarm, classify as 1 (true) or 0 (false)  
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OW061024_051124C_TurbEvent<-OW061024_051124C_NoOutRange %>% 

mutate(Possible_Owenmor   Turbidity > upper_bound, true = 1, false = 0))  

head(OW061024_051124C_TurbEvent, 10)  

  
##           Date     Time  Temp SpCond Turbidity            DateTime  

##         <char>   <char> <num>  <num>     <num>              <POSc>  

##  1: 06/10/2024 13:45:50 13.31    486       3.2 2024-10-06 13:45:50  

##  2: 06/10/2024 14:00:50 13.38    485       3.2 2024-10-06 14:00:50  

##  3: 06/10/2024 14:15:50 13.43    485       3.2 2024-10-06 14:15:50  

##  4: 06/10/2024 14:30:50 13.48    484       3.2 2024-10-06 14:30:50  

##  5: 06/10/2024 14:45:50 13.53    484       2.8 2024-10-06 14:45:50  

##  6: 06/10/2024 15:00:50 13.57    483       2.9 2024-10-06 15:00:50  

##  7: 06/10/2024 15:15:50 13.60    483       3.2 2024-10-06 15:15:50  

##  8: 06/10/2024 15:30:50 13.66    483       3.3 2024-10-06 15:30:50  

##  9: 06/10/2024 15:45:50 13.70    482       3.5 2024-10-06 15:45:50 ## 10: 06/10/2024 

16:00:50 13.72    482       3.2 2024-10-06 16:00:50  

##     Possible_Owenmore_Event_Alarm  

##                             <num>  

##  1:                             0  

##  2:                             0  

##  3:                             0  

##  4:                             0  

##  5:                             0  

##  6:                             0  

##  7:                             0  

##  8:                             0  
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##  9:                             0 ## 10:                             0  

str(OW061024_051124C_TurbEvent)  

## Classes 'data.table' and 'data.frame':   2775 obs. of  7 variables:  

##  $       Date                   : chr  "06/10/2024" "06/10/2024" "06/10/2024" "0 ##  $     Time                     

: chr  "13:45:50" "14:00:50" "14:15:50" "14:30:5 ##  $ Temp                         : num  13.3 13.4 

13.4 13.5 13.5 ...  

##   ..- attr(*, "label")= chr "Temperature (degC) YSI6600EDSV2_2 6560 Conductivity ##  $ 

SpCond                       : num  486 485 485 484 484 483 483 483 482 482 .  

##   ..- attr(*, "label")= chr "Specific Conductance uScm-1 YSI6600EDSV2-2 6560 Con ##  $  

Turbidity                    : num  3.2 3.2 3.2 3.2 2.8 2.9 3.2 3.3 3.5 3.2 .  

##  $ DateTime                     : POSIXct, format: "2024-10-06 13:45:50" "2024-1 ##  $ 

Possible_Owenmore_Event_Alarm: num  0 0 0 0 0 0 0 0 0 0 ...  

##  - attr(*, ".internal.selfref")=<externalptr>  

  
  

A5.3.3 Count the number of observations where the turbidity >/= upper bound and express as 

a percentage of the total number of turbidity values in the data frame.  

  

Count the number of True (1) values i.e. where turbidity >/= upper bound  

  

print(Number_True_values<-length(which(OW061024_051124C_TurbEvent 

$Possible_Owenmor  

  
## [1] 275  

  

Count the number of observations (i.e. number of values for each parameter in the data frame. 

This is also the number of rows in the dataframe.)  

  

print(Number_observations<-nrow(OW061024_051124C_NoOutRange)) 

## [1] 2775  
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Calculate the percentage of values in dataframe where turbidity >/= upper bound  

  

print(Percentage_turb_upperbound<-(Number_True_values/Number_observations)*100) ## 

[1] 9.90991  

    

A5.3.4 Export as .csv file the observations where Turbidity >/= upper bound. This file contains 

the observations suspected of being a possible turbidity water quality event.  

  

Export OW061024_051124C_NoOutRange_TurbEvent as a .csv file  

OW061024_051124C_TurbEvent$DateTime<format(OW061024_051124C_TurbEvent$DateTim

e) #  

write.csv(OW061024_051124C_TurbEvent, "05 SCT and highlight areas on plot for event  

  
A5.3.5 Highlight significant change turbidity thresholds in red on plots  

The code for this section is edited for this dataframe (Edward, 2024)  

To help with visualising the turbidity values >/= upper bound (>/= Turbidity Threshold) on a 

plot, these values are highlighted on the plot as red lines.  

  

Owenmore_Turbidity_Threshold_Plot<- ggplot(OW061024_051124C_NoOutRange, aes(x = 

Dat   geom_point(na.rm = TRUE)+   geom_rect(data = 

subset(OW061024_051124C_NoOutRange, Turbidity >=upper_bound),              

aes(xmin = DateTime-450, xmax = DateTime+450, ymin = -Inf, ymax = Inf),             fill = "red",  

alpha = 0.3) +   labs(x = "Time", y = "Turbidity (NTU)") +   theme_minimal() 

Owenmore_Turbidity_Threshold_Plot  
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A5.3.6 Interactive plot with highlighted areas on plot where turbidity is greater than the 

turbidity threshold value.  

  

Interactive plots are very useful for interrogating data and this interactive plot may aid in the 

identification of probable turbidity events for users unfamiliar with time series datasets.  

Users can zoom in and out of the plots. Use magnifying glass icon to open the plot full screen 

and click and drag the mouse to zoom in on an area, double click to zoom back out. The code 

for this section is edited for this dataframe (Kat, 2024).  

  

Plot an interactive plot for turbidity with turbidity values >/= upper bound (>/= Turbidity 

Threshold) highlighted on the plot as red lines.  

  

Fixer <- function(plt) {    

  plt <- plotly_build(plt)              # make sure entire plot built   lapply(1:length(plt$x$data), \(k) {   # 

go through each trace (layer)     plt$x$data[[k]]$x <<- as.POSIXct(plt$x$data[[k]]$x) # update x-

axis data type   })   plt } tSpan <- function(gplt) {  # gplt: ggplot graph to be made into a ggplotly   

#  - assuming one x-axis within gplt  

  #  - assuming geom_rect called 2nd in gplt  
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    # 2 here, because geom_rect was called 2nd            --- get data from plot   dta <- 

data.frame(ggplot_build(gplt)$data[[2]][c(“xmin”, “xmax”, “fill”, “alpha”)     mutate(xmin = 

as.POSIXct(xmin), xmax = as.POSIXct(xmax))     shps <- map(1:nrow(dta), \(k) {    # create data 

used in geom_rect  

    list(type = “rect”, xref = “x”, yref = “paper”,  # define shape, use x axis, no          x0 = 

dta$xmin[k],  

x1 = dta$xmax[k],         # where on x          y0 = 0, y1 = 1,                             # where on plot (versus 

y)          # update aesthetics          fillcolor = dta$fill[1], opacity = dta$alpha[1], line = list(width = 

0))   })     ggplotly(gplt) %>%              # pre xaxis for dates     layout(xaxis = list(tickmode = “auto”, 

type = “date”, autorange = T),            shapes = NA) %>%            # remove migration garbage      

fixer() %>%                        # fix dates – make them dates again     layout(shapes = shps)              # 

add new shapes } tSpan(Owenmore_Turbidity_Threshold_Plot)  

 
Time  
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A6.0 Manually Identify Potential Water Quality Events with the aid of 

interactive turbidity plot.  

  
A6.1 Manually identify potential water quality events.  

  

The analyst manually identifies potential water quality events by visual inspection i.e. looking 

at changes in the trend in the turbidity plot.  

The highlighted areas on the interactive turbidity plot for events can be used as an aid to this 

manually identification as they highlight values where the Turbidity value is >/= upper bound of 

the Tukey Fences test for outliers. The highlighted data points are recorded in the  

‘Possible_Owenmore_Event_Alarm’column of the file  

’OW061024_051124C_NoOutRange_TurbEvent’ file and turbidity values at each timestep are 

recorded as either (true) if the Turbidity value >/= upper bound of the Tukey Fences test for 

outliers, or 0 (false) if not.  

The highlighted areas can help identify potential events by drawing our attention to that area 

of the plot. However, data points either side of these highlighted areas may also indicate 

events and it is for the analyst viewing the data to determine whether a datapoint is a potential 

outlier by following the procedure outlined below.  

  

The file ‘OW061024_051124C_NoOutRange_TurbEvent’ was copied by the analyst and 

renamed ‘OW061024_051124C_NoOutRange_ManVer_TurbEvent.csv’. Note there is a gap in 

this data set between 21/10/2024 17:15:00 and 22/10/2024 18:00:00 when the sonde was 

removed from the river to the laboratory for service and calibration. An additional column  

‘Verified_OW_Event_Alarm’ is manually added by the analyst to  

‘OW061024_051124C_NoOutRange_ManVer_TurbEvent.csv’ file. The analyst manually records 

at each timestep whether they think the turbidity value is a potential alarm by inserting either 

1 (true) or 0 (false) into ‘Verified_OW_Event_Alarm’ column based on visually examining the 

interactive turbidity plot in R which is produced in step 5.3.6 Interactive plot with highlighted 

areas on plot where turbidity is greater than the turbidity threshold value. The analyst may 
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identify values either side of the highlighted areas on the plot as potential events and should 

insert 1 (true) at each timestep where this occurs. Once completed by the analyst, the  

‘OW061024_051124C_NoOutRange_ManVer_TurbEvent.csv’ file is saved in the  

Man_Ver_Alarm folder in ‘06 Manually Identify Potential Water Quality Events/Output_Files’ 

folder.  

  

A7.0 Event Detection using EPA CANARY  

  
The software used for event detection was EPA CANARY-EDS. It is available on GitHub 

https://github.com/USEPA/CANARY (https://github.com/USEPA/CANARY) and includes links to 

download the software, and a comprehensive CANARY user manual, a quick start guide and 

tutorials to practice running the code. The EPA CANARY software will need to be downloaded 

and the OW061024_051124C_NoOutRange.csv file run through the CANARY software. The 

water quality parameters analysed in EPA CANARY were Temperature, Specific Conductivity 

and Turbidity.  

Four parameters in CANARY were varied to train the EPA CANARY software to identify probable 

water quality events in the dataset, with the aim of minimising the likelihood of false alarms. 

The parameters were history window, outlier threshold, BED window and event threshold. 

These parameters in CANARY were varied as per the method used in monitoring the Smith 

Branch watershed, Columbia, United States with the method to vary these parameters 

described in Section 3.2 CANARY event detection software and detailed in Table 3 (Burkhardt 

et al., 2022). Rainfall events were not filtered for the analysis on the sample file from the 

Owenmore River, Ireland.  

The output for step 7 event Detection using EPA CANARY is saved in 07 EPA CANARY Event 

Detection  

Folder consisting of 96 .csv output files in six different folders. Once the data file  

https://github.com/USEPA/CANARY
https://github.com/USEPA/CANARY
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OW061024_051124C_NoOutRange was processed in CANARY the output from the CANARY 

Data files for each algorithm were graphed monthly with probability and then converted to .csv 

files in CANARY.  

  

A8.0 Compare manually identified Owenmore turbidity events to 

events identified by CANARY.  

  
This section of the code combines the manually identified events by the user with the output 

for each of the 96 algorithm files produced by CANARY into one dataframe, creating 96 new 

.csv files. The files are saved into six directories (folders) in the same file format as the CANARY 

output with the file name structure: sitedate_algorithm type_algorithm details_algorithm 

number. These files are saved in the directory associated with that data which is specified by 

the user by amending the code for the identifier in section 8.12. In this example, the data to be 

processed was placed in the directory called Data1 and the identifier set as follows 

#data_set_identifier<-“Data1/”. Where multiple datasets are to be processed the user places 

each dataset in its own directory, e.g. Data1, Data2, Data3 etc and updates the code for 

data_set_identifier when running each dataset. The code automatically creates a directory in 

Output_Files for each dataset specified and ran through the code e.g. Output_Files/Data1, 

Output_Files/Data2 etc.  

The output for step 8 comparing manually identified and CANARY events is saved in 08 

Manually compare events to CANARY events/Output_files.  

  
A8.1 Specify the directory where the “manually verified event data” in located.  

  

A8.1.1 The path for this directory should be given relative to the project directory.  

# Set the top directory for this step  

ManVer_file_top_directory<-"06 Manually Identify Potential Water Quality Events/Out  
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A8.1.2 This identifier is used to select the “manually verified event dataset” to be processed.  

  

data_set_identifier<-"Data1/"  

Sets up the full path to the “manually verified event data”.  

ManVer_file_directory<-paste0(ManVer_file_top_directory,data_set_identifier) 

(ManVer_file<list.files(ManVer_file_directory,pattern='ManVer_TurbEvent'))  

## [1] "OW061024_051124C_ManVer_TurbEvent.csv"  

ManVer_file_full_path<-paste0(ManVer_file_directory,ManVer_file)  

  
A8.2 Load the “manually verified event data” and format the dataframe.  

  

Load the “manually verified event data”.  

ManVer_TurbEvent<-fread(ManVer_file_full_path,header=T,stringsAsFactors = F, select 

str(ManVer_TurbEvent)  

  
## Classes 'data.table' and 'data.frame':   2775 obs. of  3 variables:  

##  $ DateTime               : chr  "06/10/2024 13:45" "06/10/2024 14:00" "06/10/20 ##  $ Turbidity              

: num  3.2 3.2 3.2 3.2 2.8 2.9 3.2 3.3 3.5 3.2 ...  

##  $ Verified_OW_Event_Alarm: int  0 0 0 0 0 0 0 0 0 0 ...  

##  - attr(*, ".internal.selfref")=<externalptr>  

  
Change DateTime from chr to Date (as.POSIXct stores both a date and time with an associated time zone)  

ManVer_TurbEvent$DateTime<-as.POSIXct(ManVer_TurbEvent$DateTime, format = 

"%d/%m/%Y str(ManVer_TurbEvent)  

  
## Classes 'data.table' and 'data.frame':   2775 obs. of  3 variables:  

##  $ DateTime               : POSIXct, format: "2024-10-06 13:45:00" "2024-10-06 1 ##  $ Turbidity             

: num  3.2 3.2 3.2 3.2 2.8 2.9 3.2 3.3 3.5 3.2 ...  

##  $ Verified_OW_Event_Alarm: int  0 0 0 0 0 0 0 0 0 0 ...  
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##  - attr(*, ".internal.selfref")=<externalptr>  

   

Rename to TIME_STEP to match the Owenmore CANARY File  

  

ManVer_TurbEvent<- ManVer_TurbEvent%>% rename(TIME_STEP = DateTime)  

  

A8.3 Get list of directory names in the folder “07 EPA CANARY Event Detection”  

Each directory is associated with a different configuration of CANARY.  

Within each directory are output files generated by various versions of the 

algorithm. The path for top_dir should be given relative to the project directory.  

  

output_file_top_directory<-"07 EPA CANARY Event Detection/Output_Files/" 

output_file_full_path<-paste0(output_file_top_directory,data_set_identifier)  

List directories but not sub-directories.  

(directory_list<-list.dirs(output_file_full_path,recursive=FALSE))  

## [1] "07 EPA CANARY Event  

Detection/Output_Files/Data1/Owenmore_LPCF_BED10_ET0.98 

## [2] "07 EPA CANARY Event  

Detection/Output_Files/Data1/Owenmore_LPCF_BED10_ET0.99  

## [3] "07 EPA CANARY Event  

Detection/Output_Files/Data1/Owenmore_LPCF_BED6_ET0.890  

## [4] "07 EPA CANARY Event  

Detection/Output_Files/Data1/Owenmore_LPCF_BED6_ET0.984  

## [5] "07 EPA CANARY Event  

Detection/Output_Files/Data1/Owenmore_LPCF_BED8_ET0.964  

## [6] "07 EPA CANARY Event  

Detection/Output_Files/Data1/Owenmore_LPCF_BED8_ET0.996  

  
ID_String<-vector(mode="character",length=length(directory_list)) for (i in 

1:length(directory_list)){  
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  ID_String[i]<-paste0("_L",sub(".*_L","",directory_list[i]))  

}  

  

A8.4 Load the Owenmore CANARY file from 07 EPA CANARY  

  

Event Detection Folder  

  

# Now, step through each folder and locate the csv files for each algorithm. # Loop over the 

directories for (i in 1:length(directory_list)){     # List all files in each parent directory, in turn.    

(files_list<-list.files(directory_list[i],pattern='alg'))   #list all files in sp   

alg_ver<vector(mode="character",length=length(files_list)) # initialise two 

char   Output_filename_string<-

vector(mode="character",length=length(files_list)) # Loop through each file 

in the files_list    for (j in 1:length(files_list)){              # Put together the 

input filename and directory it is in.  

    input_filename_string<-paste0(directory_list[i],'/',files_list[j])       

    # Read each of the "CANARY Event Detection" data files into a dataframe called      

Input_Data<-fread(input_filename_string, header=T, stringsAsFactors = F,                       select = 

c("TIME_STEP","P_Event"))       

        # Put together string name for output file.  

        # First get the "algorithm version from each filename.  

    # It's found by taking the part of the filename after the word "details" withou          alg_ver[j]<-

str_sub(sub(".*details-","",files_list[j]), end=-5)         # Setup the output filename.     

#(output_filename_string<-paste0("CANARYOwenmore",ID_String[i],alg_ver))  

      

    #str(Input_Data)  

      

    #Change TIME_STEP from chr to Date   

    Input_Data$TIME_STEP<-as.POSIXct(Input_Data$TIME_STEP, format = "%d/%m/%Y %H:%M  

      

    # Change any negative values in CANARYOwenmoreAlg1 P_Event to absolute values t  

    Input_Data$`P_Event`<-abs(Input_Data$`P_Event`)  
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    # A column containing the "manually verified event data" is added to the "CANAR     #... data 

frame called "Combined Data".  

      

    Combined_Data<-merge(Input_Data,ManVer_TurbEvent,by="TIME_STEP")  

      

    #(which(is.na(Input_Data), arr.ind=TRUE))  

      

    # View the first few rows and the structure of the combined dataframe  

    #head(Combined_Data)  

    #str(Combined_Data)  

        # Export this data table as.csv file     here() # indicates the working directory      

Combined_Data$TIME_STEP<-format(Combined_Data$TIME_STEP) # this prevents 00:00:  

      

        # Now setup directory and filename for saving the combined data file.   

      

    Output_directory_string<-paste0("08 Manually compare events to CANARY events/Ou  

    Output_subdirectory_string<-paste0("Output_Files_",ID_String[i],"/")  

    Output_directory_string_complete<-paste0(Output_directory_string,Output_subdire  

      

    # Extract the location and date range information from the "manually verified e     # i.e, take 

the first part of the filename before the "_ManVer_TurbEvents...."   

      

    Location_and_Date_Range_ID_String<-sub("\\_M.*","",ManVer_file)  

      

    Output_filename_string[j]<-paste0(Location_and_Date_Range_ID_String,ID_String[i  

      

    (Output_file_path_and_name<-paste0(Output_directory_string,Output_subdirectory_         if 

(!dir.exists(Output_directory_string_complete)) dir.create(Output_directory_        

write.csv(Combined_Data,Output_file_path_and_name, row.names=FALSE)    if (j==1){     # 

Only print this message once per processed directory.  

    cat("Writing data to file:\n",Output_file_path_and_name,"\n")}   }  

}  

## Writing data to file:  
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##  08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files__LP ## 

Writing data to file:  

##  08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files__LP ## 

Writing data to file:  

##  08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files__LP ## 

Writing data to file:  

##  08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files__LP ## 

Writing data to file:  

##  08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files__LP ## 

Writing data to file:  

##  08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files__LP  

  

A9.0 Compare the Owenmore CANARY files to the manually 

identified events to identify the most suitable CANARY 

algorithm.  
  

This is the last step in the workflow where the events identified are compared in order to 

identify the most suitable algorithm for that particular site based on the data provided to 

‘train’ CANARY. This workflow used changes in the turbidity signal to identify potential water 

quality events at these two river stations as the turbidity values for the monitoring sites 

examined did not show a diurnal trend and baseline levels for turbidity at both sites was low. 

The identification of full and partial matches was carried out by analysing the output of step 8 

where the output files of CANARY for each algorithm file were combined with manually 

identified event file. Events were classified as FULL or PARTIAL matches depending on whether 

the event time start timestep or time end timestep matched fully or partially.A description of 

the logic detailing how full and partial matches were classified is available in the 

Supplementary Material directory. Using the classification for matches the combined files 
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(output for step 8) were analysed for matches by looping over each file to find where time 

steps either fully or partially matched for identified events. This was done in a step-by-step 

fashion to allow the user to verify that this code is correctly matching events for their data. The 

logic for how the files were matched is contained in the ‘Code Logic for Finding Matches 

between manually verified events and EPA events’ in the supplementary material folder.  

  
Determine the number of matches and identify the most suitable CANARY algorithm.  

A9.1 Identify the folder for processing  

  

Here, enter the directory containing the folders for processing  

top_directory<-paste0("08 Manually compare events to CANARY events/Output_Files/",d # 

List directories but not sub-directories.  

(directory_list<-list.dirs(top_directory,recursive=FALSE))  

  
## [1] "08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files  

## [2] "08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files ## 

[3] "08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files  

## [4] "08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files  

## [5] "08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files  

## [6] "08 Manually compare events to CANARY events/Output_Files/Data1/Output_Files  

 

 
    

# Only take the directory names which include the string "Output_Files" 

directory_list<directory_list[grepl("Output_Files",directory_list)] # Set up dataframe 

for output.  

Algorithm_Scores<-data.frame(algorithm=character(),FULL_MATCH=integer(),PARTIAL_MAT  
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A9.2 Loop over all the directories for processing.  

  

for (k in 1:length(directory_list)){   # List all files in each parent directory, in 

turn. # Only consider filenames that have the string 'alg' in them.  

    

  (files_list<-list.files(directory_list[k],pattern='alg')) # Loop over all the files in the current 

directory.   for (j in 1:length(files_list)){         # Put together the directory path and filename 

for the current  

file to be proce     input_filename_string<-paste0(directory_list[k],'/',files_list[j])         

dat<read.csv(input_filename_string, header=T, stringsAsFactors = F) # loading       

      

    # Compare the Owenmore Turb Events to CANARY algorithm to determine the number          

# The method requires an extra row at the top and bottom of the dataframe.     # Add row of 

0s at start of dataframe.     dat<-rbind(0,dat)         # Add row of 0s at end of dataframe.     

dat<-rbind(dat,0)         #Initialise variables to 0  

    dat<-cbind(dat,Ver_Alarm_Start=0,Ver_Alarm_End=0)         #Initialise variables to 0     dat<- 

cbind(dat,CANARYTurb_Alarm_Start=0,CANARYTurb_Alarm_End=0)         #Initialise variables to 

999  

    dat<-cbind(dat, FULL_MATCH=999,PARTIAL_MATCH=999)       

      

      

      

    # Before doing the match, check for any na values in the dataframe, there          # if NA is 

present the code returns where NA occurs in the dataframe.     dat[which(rowSums(is.na(dat[,- 

1]))>0),]       

    ## Also, ensure that there is a least 1 alarm present in the ##"Verified_OW_Event_A 

contains_one<-any(dat$Verified_OW_Event_Alarm==1) if(!contains_one){  stop("There are no 

Verified Alarms in the data, nothing to do!")  

}  

        # Any records containing NA values should be checked and must be removed for th  

      

    # The code will iterate over rows of the dataframe starting from row 2   

    # This loop locates the start and end point for each Verified alarm and labels     # Also, this 

loop locates the start and end point for each CANARY alarm and lab          for (i in 

2:nrow(dat)){         

      # Checks if the value in Verified_OW_Event_Alarm of the previous row (i-1) is       # the alarm 

has commenced and 1 is placed in Ver_Alarm_Start which marks the       if  
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((dat$Verified_OW_Event_Alarm[i-1]==0) & (dat$Verified_OW_Event_Alarm[i]==       

{dat$Ver_Alarm_Start[i]<-1}  

        

      # Checks if the value in Verified_OW_Event_Alarm of the previous row (i-1) is       # the alarm 

has finished and 1 is placed in Ver_Alarm_End which marks the end       if  

((dat$Verified_OW_Event_Alarm[i-1]==1) & (dat$Verified_OW_Event_Alarm[i]==       

{dat$Ver_Alarm_End[i-1]<-1}  

        

      # As above for P_Event  

      #if ((dat$P_Event[i-1]==0.00000) & (dat$P_Event[i]==1.000000))        

#{dat$CANARYTurb_Alarm_Start[i]<-1}       if ((dat$P_Event[i-1]<1) &  

(dat$P_Event[i]==1.000000))      {dat$CANARYTurb_Alarm_Start[i]<-1}             if 

((dat$P_Event[i1]==1) & (dat$P_Event[i]<1))       {dat$CANARYTurb_Alarm_End[i-1]<-1}  

        

    }  

      

      

      

    # locate the indices for the start and end points of each CANARY Alarm  

    CANARYTurb_Alarm_Start_Indices<-grep(1,dat$CANARYTurb_Alarm_Start)     

CANARYTurb_Alarm_End_Indices<-grep(1,dat$CANARYTurb_Alarm_End)   

      

    # locate the indices for the start and points of each Verified Alarm  

    Ver_Alarm_Start_Indices<-grep(1,dat$Ver_Alarm_Start)   

    Ver_Alarm_End_Indices<-grep(1,dat$Ver_Alarm_End)   

      

    # ALL CASES     # This only runs if "CANARY" has found at least one alarm.     

if(length(CANARYTurb_Alarm_Start_Indices)>0){ # checks for any start indices in       for (m  

in 1:length(Ver_Alarm_Start_Indices)){  # This loop iterates over each          

Ver_Alarm_Chunk_Length<-(Ver_Alarm_End_Indices[m]-Ver_Alarm_Start_Indices[m         

CANARY_TEST_Chunk1<-dat$P_Event[(Ver_Alarm_Start_Indices[m]):(Ver_Alarm_End  
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        CANARY_Alarm_ON_Chunk1_Length<-sum(CANARY_TEST_Chunk1)                  if 

(Ver_Alarm_Chunk_Length==CANARY_Alarm_ON_Chunk1_Length)         {           # Now extend 

the CANARY test Chunk by 1 step above and below.   

          # If FULL_MATCH, then sum(CANARY test chunk) will not change.  

          CANARY_TEST_Chunk2<-dat$P_Event[(Ver_Alarm_Start_Indices[m]-1):(Ver_Alarm           

CANARY_Alarm_ON_Chunk2_Length<-sum(CANARY_TEST_Chunk2)                      if 

(CANARY_Alarm_ON_Chunk1_Length==CANARY_Alarm_ON_Chunk2_Length)            

{dat$FULL_MATCH[Ver_Alarm_End_Indices[m]]<-"TRUE"}                     else            

{dat$PARTIAL_MATCH[Ver_Alarm_End_Indices[m]]<-"TRUE"}  

        }  

                        else if (CANARY_Alarm_ON_Chunk1_Length>=1){            

dat$PARTIAL_MATCH[Ver_Alarm_End_Indices[m]]<-"TRUE"         }  

          

      }  

    }  

      

    (count_FULL_MATCH <- length(which(dat$FULL_MATCH == "TRUE")))  

    (count_PARTIAL_MATCH <- length(which(dat$PARTIAL_MATCH == "TRUE")))  

    (count_TOTAL_MATCH<-count_FULL_MATCH+count_PARTIAL_MATCH)  

        # Count the number of actual alarms.  

      

    Num_Ver_Alarms<-

sum(dat$Ver_Alarm_Start==1)         # Count 

the number of CANARY alarms.  

      

    Num_CANARY_Alarms<-sum(dat$CANARYTurb_Alarm_Start==1)  

      

    # Calculate the % Agreement between CANARY and Ver Alarms       

Percent_CANARY_Agreement_to_TOTAL_Verified_Events<round((count_TOTAL
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_MATCH/Num         current_row_for_output<-list(files_list[j], 

count_FULL_MATCH, count_PARTIAL_MAT       

    Algorithm_Scores[nrow(Algorithm_Scores) + 1,] <- current_row_for_output  

      

    # Ensure that a folder is available to receive the output data/     # "data_set_identifer" will be 

used as the folder name.         if (!dir.exists(paste0('09 ID CANARY Algorithm for turbidity 

events/Output_File  

        dat_out_directory<-paste0('09 ID CANARY Algorithm for turbidity events/Output_F         # 

Save Current dat to file, for troubleshoot or testing as required.  

    if (!dir.exists(dat_out_directory)) dir.create(dat_out_directory, recursive = F          

write.csv(dat,(paste0(dat_out_directory,'/Dat_For_',files_list[j])), row.names=     if (j==1){     # 

Only print this message once per processed directory.     cat("Writing data to 

file:\n",(paste0(dat_out_directory,'/Dat_For_',files_list[  

      
 

}  

}  

## Writing data to file:  

##  09 ID CANARY Algorithm for turbidity events/Output_Files/Data1/Dat_Files/Dat_Fo ##  

Writing data to file: ##  09 ID CANARY Algorithm for turbidity 

events/Output_Files/Data1/Dat_Files/Dat_Fo ## Writing data to file: ##  09 ID CANARY 

Algorithm for turbidity events/Output_Files/Data1/Dat_Files/Dat_Fo ## Writing data to file:  

##  09 ID CANARY Algorithm for turbidity events/Output_Files/Data1/Dat_Files/Dat_Fo ## 

Writing data to file:  

##  09 ID CANARY Algorithm for turbidity events/Output_Files/Data1/Dat_Files/Dat_Fo ##  

Writing data to file: ##  09 ID CANARY Algorithm for turbidity  

events/Output_Files/Data1/Dat_Files/Dat_Fo  

 
dat$TIME_STEP<-format(dat$TIME_STEP) # this prevents 00:00:00 being removed from Ti  

Location_and_Date_Range_ID_String<-paste0(sub("\\_L.*","",files_list[1]),"_")  

Filename_and_path_for_algorithm_scores<-paste0("09 ID CANARY Algorithm for turbidit 

write.csv(Algorithm_Scores,Filename_and_path_for_algorithm_scores, row.names=FALSE)  
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A9.3 Output files for comparing the CANARY files to the manually identified events and identify 

the most suitable CANARY algorithm.  

The output for step 9 identifying the best CANARY algorithm for turbidity events is saved in 09 

ID CANARY Algorithm for turbidity events/Output_Files. It consists of two outputs, a Dat_Files 

directory containing 96 files and an ’Algo_scores files.  

  

A9.3.1 The Dat_Files directory  

The Dat_Files directory contains each of the CANARY alorithm output files matched to the 

manually verified events file. In addition, for the sample data provided with this workflow, an 

example of how matching could be verified by the user is included in the file  

‘Match_highlighted_for_Dat_For_OW061024_051124C_LPCF_BED6_ET0.89063alg_1’ in the 

supplementary material folder.  

  

head(dat)  

##             TIME_STEP P_Event Turbidity Verified_OW_Event_Alarm Ver_Alarm_Start  

## 1 0                         0       0.0                       0               0  

## 2 2024-10-06 13:45:00       0       3.2                       0               0  

## 3 2024-10-06 14:00:00       0       3.2                       0               0  

## 4 2024-10-06 14:15:00       0       3.2                       0               0  

## 5 2024-10-06 14:30:00       0       3.2                       0               0  

## 6 2024-10-06 14:45:00       0       2.8                       0               0  

##   Ver_Alarm_End CANARYTurb_Alarm_Start CANARYTurb_Alarm_End FULL_MATCH  

## 1             0                      0                    0        999  

## 2             0                      0                    

0        999 ## 3             0                      0                    

0        999  

## 4             0                      0                    0        999  

## 5             0                      0                    0        999  

## 6             0                      0                    0        999  

##   PARTIAL_MATCH  

## 1           999  

#

# 

2     
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9

9

9 
#

# 

3     

      

9

9

9  

## 4           999  

## 5           999  

## 6           999  

 

 
   

A9.3.2 Algo scores file  

The algo scores file summarises the number of full and partial matches for each CANARY 

algorithm and assigns a percent agreement to the total number of verified events. This can be 

used to identify the most suitable algorithm for the particular monitoring station based on the 

data provided to ‘train’ CANARY. It should be noted that adequate data covering a range of 

events over a time period is required to train CANARY and identify the most suitable algorithm. 

The optimum time period will depend on the frequency of events and the variability in event 

profiles for each monitoring station.   

For this short dataset all algorithms show 100% identification of events i.e. they all identified 

the 4 manually identified events so more data would be required to distinguish the most 

suitable algorithm for this monitoring location.   

  

head(Algorithm_Scores)  

##                                         algorithm FULL_MATCH PARTIAL_MATCH  

## 1  OW061024_051124C_LPCF_BED10_ET0.98926alg_1.csv          0             4  

## 2 OW061024_051124C_LPCF_BED10_ET0.98926alg_10.csv          0             4  

## 3 OW061024_051124C_LPCF_BED10_ET0.98926alg_11.csv          0             4  
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## 4 OW061024_051124C_LPCF_BED10_ET0.98926alg_12.csv          0             4 ## 

5 OW061024_051124C_LPCF_BED10_ET0.98926alg_13.csv          0             4  

## 6 OW061024_051124C_LPCF_BED10_ET0.98926alg_14.csv          0             4  

##   TOTAL_MATCH Total_CANARY_Events Total_Verified_Events  

## 1           4                 112                     4  

## 2           4                  38                     4  

## 3           4                  36                     4  

## 4           4                  26                     4  

## 5           4                  34                     4  

## 6           4                  15                     4  

##   Percent_CANARY_Agreement_to_TOTAL_Verified_Events  

## 1                                               100  

## 2                                               

100 ## 3                                               

100  

## 4                                               100  

## 5                                               100  

## 6                                               100  
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B.1 Data Management Plan 

B.1.1 Data description and collection or re-use of existing data 

New data will be managed as outlined in table 1 with existing data being managed as outlined in 

table 2.   

B.1.1.1 New Data 

TableB1: Management of New Data 

Research 
Area 

Data Type Data Source  Data Format Data 
Provenance 

File Naming 
Convention 

Baseline 
monitoring 

Water quality 
Data – turbidity 
every 15 minutes 

Multiparameter 
sonde (Model 
YSI 6600 EDS 
V2‐2, YSI Inc., 
Ohio, USA)  

Data 
collected is 
stored on 
internal 
sonde 
memory and 
downloaded 
every month 
via 
EcoWatch 
Lite as CSV 
files. 

Quality 
assurance as 
methodology  

River.Date 
E.g. 
UN010123 or 
OW010123 

Event 
Monitoring 

Water quality – 
turbidity, 
conductivity and 
temperature 
collected every 
15 minutes 

Multiparameter 
sonde (Model 
YSI 6600 EDS 
V2‐2, YSI Inc., 
Ohio, USA) 

Data 
collected is 
stored on 
internal 
sonde 
memory and 
downloaded 
every month 
via 
EcoWatch 
Lite as CSV 
files. 

Quality 
assurance as 
per 
methodology 

River.Date 
E.g. 
UN010123 or 
OW010123 

Verification 
Monitoring 

Water quality – 
grab sample to 
validate HF 
monitoring. pH, 
conductivity, 
temperature, 
dissolved oxygen, 
turbidity 

 PDF and MS 
Excel  

laboratory is 
accredited by 
INAB to 
SO/IEC 17025 

As per 
laboratory 
format. 
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TableB2: Reuse of Existing Data 

Data Type Data Source Source Detail Data 
Format 

Data 
Provenance 

Protected 
Areas 

Dept. of 
Housing, 
Local 
Government 
and 
Heritage 

Data is publicly available from: 
https://www.npws.ie/protected‐sites 
 

pdf Recorded 
and 
validated 
by NPWS 

Land Use 
Impacts 
 

EPA Data is publicly available from:  
Uisce Eireann AER Reports:  
https://epawebapp.epa.ie/terminalfour/wwda/
index.jsp?disclaimer=yes&Submit=Continue 
Catchment Assessments: 
https://www.catchments.ie/data/#/?_k=nyo28
u 
 

pdf Recorded 
and 
validated 
by data 
source 

Water Quality EPA Data is publicly available from: 
https://www.catchments.ie/data/#/?_k=0hudur 

CSV 
files 

Recorded 
and 
validated 
by data 
source 

Hydrometric 
Data 

OPW Data is publicly available from: 
http://waterlevel.ie/ 

CSV 
files 

Recorded 
and 
validated 
by data 
source 

Meteorological 
Data ‐ rainfall 

Met Eireann Data is publicly available from: 
https://www.met.ie/climate/available‐
data/historical‐data  

csv 
files 

Recorded 
and 
validated 
by data 
source 

 

B.1.2 Data Documentation & Quality 
 

B.1.2.1 Data Documentation 

A spreadsheet documenting all data files, including primary and secondary data will be maintained.  

Project details will also be included as a file.  The spreadsheet is formatted as below. 

Format Name Size in KB Description Data Collection 
Method 

Pdf, csv, etc As outlined in 
Table 1 

 Site where data 
was collected, 
units of 
measurement 
(if not included 
in the column 
header) 

Specific to each 
data type. 

https://epawebapp.epa.ie/terminalfour/wwda/index.jsp?disclaimer=yes&Submit=Continue
https://epawebapp.epa.ie/terminalfour/wwda/index.jsp?disclaimer=yes&Submit=Continue
https://www.catchments.ie/data/#/?_k=nyo28u
https://www.catchments.ie/data/#/?_k=nyo28u
http://waterlevel.ie/
https://www.met.ie/climate/available-data/historical-data
https://www.met.ie/climate/available-data/historical-data
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B.1.2.2 Metadata 

File format, file size and methodology of data collection will be captured on the spreadsheet and files 

will be organised by the date the data was collected.   

Data will be organised in folders according to data type (e.g. station & hydrometric data, with 

individual files for each date data is collected).   

 

B.1.2.3 Data Quality Control 

Calibration of instrumentation, repeated samples and measurements is carried out as outlined in the 

methodology.   

 

B.1.2.4 Storage and backup during the research process 

Data is stored on the DCU google drive and backed up to the ATU One Drive and to an external hard 

drive.  Backups will be performed weekly. 

 

B.1.3 Data security and protection of sensitive data 
No personal or sensitive data will be collected during this research and data will be openly accessible 

once the project is complete.  Data protection policies GDPR do not apply to this data.  

 

B.1.3.1 Legal and ethical requirements, code of conduct 

No personal data is being processed in this research. 

 

B.1.3.2 Management of other legal issues, such as IP rights and ownership. 

No IP associated with this research. 

B.1.4 Data sharing and long-term preservation 
Data will be published and openly accessible once project is complete.  
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B.1.4.1 Software or Tools needed to access and use data? 

R Studio used for data analysis 

 

B.1.5 Data management responsibilities and resources 
Researcher Lisa Cronin responsible for data management, then passed to Prof. Fiona Regan 
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B.2 Sensor Calibration 

B2.1 Calibration of YSI 6600 Sensors 

B2.1.1 Calibration of YSI 6600 Sensor at Owenmore River Site 

Table B2: Calibration data for YSI 6600 sensors on the Owenmore River at Ballynacarrow over the study period. 

Date/Time  06/10/2024   Sonde  YSI 6600 0001A910 

Checked by  L. Cronin   Location  River Owenmore 

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
  24.78 

C
a
li
b

ra
te

 

 24.65 

 

Specific Conductivity (µS/cm) 

0  7 @ 24.78 oC 5 @ 24.65 oC  

1413  
 1381 @ 24.88 
oC 

 1412 @ 24.72 oC  

Turbidity (NTU) 
0   -0.6  0.1  

126   123.2  126.1  

Comments    

   

YSI CALIBRATION DETAILS     

Parameter value acceptable range    

Conductivity cell constant  4.7477 5.0 ± 0.45 & not more than ±0.1 from historical record     

Conductivity gain 0.94954 Between 0.91 & 1.09    

Turbidity 6136 Offset 1.05095      

Maintenance Record   Task   Comment  
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Date/Time  22/10/2024   Sonde  YSI 6600 0001A910  

Checked by  L. Cronin   Location  River Owenmore  

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
  23.28 

C
a
li
b

ra
te

 

 23.44 

 

 

Specific Conductance (µS/cm) 
0  8 @ 23.28 oC 5 @ 23.44 oC  

1413  1336 @ 23.15 oC 1418 @ 22.92 oC  

Turbidity (NTU) 
0  0.5 0.0  

126  127.2 125.5  

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range   

Conductivity cell constant 4.74757 5.0 ± 0.45 & not more than ±0.1 from historical record    

Conductivity gain 0.949514 Between 0.91 & 1.09   

Turbidity 6136 Offset 1.050947      

Maintenance Record   Task   Comment  

  
           

 
          

 

Date/Time  06/11/2024   Sonde  YSI 6600 0001A910  

Checked by  L. Cronin   Location  River Owenmore  

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A C
l

e
a

n
 

S
o

n
d

e
  23.66 C
a

li
b

ra
t

e
 

 23.45  
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Specific Conductivity (µS/cm) 
0  7 @ 23.66 oC 6 @ 23.45 oC  

1413  1431 @ 23.83 oC 1415 @ 23.63 oC  

Turbidity (NTU) 
0  0.5 0  

126  124.8 125.9  

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range   

Conductivity cell constant 4.95325 5.0 ± 0.45 & not more than ±0.1 from historical record    

Conductivity gain 0.99065 Between 0.91 & 1.09   

Turbidity 6136 Offset 1.896646      

Maintenance Record   Task   Comment  

            

 
          

 

Date/Time  22/11/2024   Sonde  YSI 6600 0001A910  

Checked by  L. Cronin   Location  River Owenmore  

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
  23.05 

C
a
li
b

ra
te

 

 22.93 

 

 

Specific Conductance (µS/cm) 

0  7 @ 23.05 oC 6 @ 22.93 oC  

1413  
 1418 @ 22.94 
oC 

 1414 @ 22.82 oC  

Turbidity (NTU) 
0  -0.7 -0.2  

126  123.1 126  
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Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range   

Conductivity cell constant 4.92804 5.0 ± 0.45 & not more than ±0.1 from historical record    

Conductivity gain 0.985609 Between 0.91 & 1.09   

Turbidity 6136 Offset 1.183151      

Maintenance Record   Task   Comment  

            

 
          

 

Date/Time  04/12/2024   Sonde  YSI 6600 0001A910  

Checked by  L. Cronin   Location  River Owenmore  

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A 
C

le
a
n

 S
o

n
d

e
  22.68 

C
a
li
b

ra
te

 

 22.58 

 

 

Specific Conductivity (µS/cm) @ oC 

0   6 @ 23.88  6 @ 23.69  

1413  
 1414 @ 22.68 
oC 

1413 @ 22.58 oC  

Turbidity (NTU) 
0  0.2 0  

126  130.7 126  

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range   
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Conductivity cell constant 4.9238 5.0 ± 0.45 & not more than ±0.1 from historical record    

Conductivity gain 0.98476 Between 0.91 & 1.09   

Turbidity 6136 Offset 1.365769      

Maintenance Record   Task   Comment  

            

 
          

 

Date/Time  17/12/2024   Sonde  YSI 6600 0001A910  

Checked by  L. Cronin   Location  River Owenmore  

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
  25.05 

C
a
li
b

ra
te

 

 24.92 
 

 

Specific Conductance (µS/cm) @ oC 

0   7 @ 24.98  5 @ 24.76   

1413  
 1378 @ 24.75 
oC 

1415 @ 24.68 oC  

Turbidity (NTU) 
0  0.2 0  

126  125.5 125.7  

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range   

Conductivity cell constant 5.04795 5.0 ± 0.45 & not more than ±0.1 from historical record    

Conductivity gain 1.009589 Between 0.91 & 1.09   
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Turbidity 6136 Offset 1.693981      

Maintenance Record   Task   Comment: Pontoon at Markree repaired on 15/12/24  

            

 
          

 

Date/Time  03/01/2025   Sonde  YSI 6600 0001A910  

Checked by  L. Cronin   Location  River Owenmore  

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
  25.11 

C
a
li
b

ra
te

 

 24.88 
 

 

Specific Conductivity (µS/cm) @ oC 
0   8 @ 25.09  5 @ 24.92  

1413  1443 @ 25.11 oC  1416 @ 24.88 oC  

Turbidity (NTU) 
0  -0.6 0  

126  131.4 125  

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range   

Conductivity cell constant 4.94309 5.0 ± 0.45 & not more than ±0.1 from historical record    

Conductivity gain 0.988619 Between 0.91 & 1.09   

Turbidity 6136 Offset 1.153552      

Maintenance Record   Task   Comment  

            

 
          

 

Date/Time  15/01/2025   Sonde  YSI 6600 0001A910  

Checked by  L. Cronin   Location  River Owenmore  
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Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
  24.22 

C
a
li
b

ra
te

 

 24.06 
 

 

Specific Conductance (µS/cm) 

0   7 @ 23.96  6 @ 23.80  

1413  
 1424 @ 23.95 
oC 

1415 @ 23.82 oC  

Turbidity (NTU) 
0  -0.1 0  

126  120.8 125.7  

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range   

Conductivity cell constant 4.90435 5.0 ± 0.45 & not more than ±0.1 from historical record    

Conductivity gain 0.980871 Between 0.91 & 1.09   

Turbidity 6136 Offset 1.57946      

Maintenance Record   Task   Comment  
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B2.1.2 Calibration of YSI 6600 Sensor at Unshin River Site 

Table B3: Calibration data for YSI 6600 sensors on the Unshin River at Markree over the study period. 

Date/Time  05/10/2024   Sonde  YSI 6600 00019595 

Checked by  L. Cronin   Location  River Unshin 

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
 23.44 

C
a
li
b

ra
te

 

23.26 

 

Specific Conductivity (µS/cm) 
@ oC 

0  8 @ 24.38 7 @ 24.22  

1413   1326 @ 23.37 oC  1408 @ 23.10 oC  

Turbidity (NTU) 
0   0.7 0.2   

126   125.6 126.3   

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range      

Conductivity cell 
constant 

 4.84266 
5.0 ± 0.45 & not more than ±0.1 from historical 
record  

    

Conductivity gain 0.968532 Between 0.91 & 1.09   

Turbidity 6136 Offset 2.00671      

Maintenance 
Record  

 Task Comment  

            

 
          

 

Date/Time  22/10/2024   Sonde  YSI 6600 00019595  
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Checked by  L. Cronin   Location  River Unshin  

Parameter Standard Used   
Before Calibration 
Reading 

 
After 
Calibration 
Reading 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
 

25.1 

C
a
li
b

ra
te

 

25.08 

 

 

Specific Conductance (µS/cm) 
@ oC 

0   7 @ 25.13 oC 7 @ 24.99  

1413  1391 @ 25.06 oC 
1416 @ 
25.0 

 

Turbidity (NTU) 
0  0.8 0  

126  125.2 125.5  

Comments    

   

YSI CALIBRATION DETAILS      

Parameter value acceptable range     

Conductivity cell 
constant 

4.842665 
5.0 ± 0.45 & not more than ±0.1 from historical 
record  

    

Conductivity gain 0.968533 Between 0.91 & 1.09     

Turbidity 6136 Offset 2.7185      

Maintenance 
Record  

 Task Comment              

            

 
          

 

Date/Time  06/11/2024   Sonde 
 YSI 6600 
00019595  

 

Checked by  L. Cronin   Location  River Unshin  
 

Parameter Standard Used   
Before 
Calibration 

 After Calibration 
 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
 

24.22 

C
a
li
b

ra
te

 24.36  
 

 
 

Specific Conductivity (µS/cm) 
@ oC 

0  8 @ 24.36 7 @ 23.97  
 

1413  1442 @ 24.21 oC 1388 @ 24.50 oC  
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Turbidity (NTU) 
0  -0.2 -0.1  

 

126  124.6 126  
 

Comments    
 

   
 

YSI CALIBRATION DETAILS    
 

 

Parameter value acceptable range   
 

 

Conductivity cell 
constant 

 4.82107 5.0 ± 0.45 & not more than ±0.1 from historical record    

 

 

Conductivity gain 0.964214 Between 0.91 & 1.09   
 

 

Turbidity 6136 Offset 2.5769      
 

Maintenance 
Record  

 Task Comment 
 

 

          
 

 

 
          

 

Date/Time  16/12/2024   Sonde 
 YSI 6600 
00019595  

 

Checked by  L. Cronin   Location  River Unshin  
 

Parameter Standard Used   
Before 
Calibration 

 After Calibration  
 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
 24.08 

C
a
li
b

ra
te

 

24.22  
 

 
 

Specific Conductance (µS/cm) 
@ oC 

0  7 @ 23.95 7 @ 24.13  
 

1413  1454 @ 23.98 oC  XX oC   
 

Turbidity (NTU) 
0  -0.2 0.1  

 

126  125.8 126.2  
 

Comments Pontoon repaired following severe storm  
 

   
 

YSI CALIBRATION DETAILS    
 

 

Parameter value acceptable range   
 

 

Conductivity cell 
constant 

 4.68607 5.0 ± 0.45 & not more than ±0.1 from historical record    

 

 

Conductivity gain 0.937213 Between 0.91 & 1.09   
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Turbidity 6136 Offset 2.35824   
 

 

Maintenance 
Record  

 Task Comment 
 

 

          
 

 

 
          

 

Date/Time  03/01/2025   Sonde 
 YSI 6600 
00019595  

 

Checked by  L. Cronin   Location  River Unshin  
 

Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
 24.28 

C
a
li
b

ra
te

 

24.33  
 

 
 

Specific Conductivity (µS/cm) 
@ oC 

0  7 @ 23.83 6 @ 24.11  
 

1413  1376 @ 23.7oC 1410 @ 24.21 oC  
 

Turbidity (NTU) 
0  0 0.3  

 

126  126.4 125.3  
 

Comments    
 

   
 

YSI CALIBRATION DETAILS    
 

 

Parameter value acceptable range   
 

 

Conductivity cell 
constant 

 4.89327 5.0 ± 0.45 & not more than ±0.1 from historical record    

 

 

Conductivity gain 0.978655 Between 0.91 & 1.09   
 

 

Turbidity 6136 Offset 2.31889   
 

 

Maintenance 
Record  

 Task Comment 
 

 

          
 

 

 
          

 

Date/Time  18/01/2025   Sonde 
 YSI 6600 
00019595  

 

Checked by  L. Cronin   Location  River Unshin  
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Parameter Standard Used   
Before 
Calibration 
Reading 

 After Calibration 
Reading 

 

 

Temperature (ºC) (sonde)  N/A 

C
le

a
n

 S
o

n
d

e
   

C
a
li
b

ra
te

 

   
 

 
 

Specific Conductance (µS/cm) 
@ oC 

0  7 @ 23.95 6 @ 24.15  
 

1413  1432 @ 23.68 oC 1413 @ 23.93 oC  
 

Turbidity (NTU) 
0  0.5 0  

 

126  122 125.7  
 

Comments Some larger solids present, and a lot of debris in water following storm  
 

   
 

YSI CALIBRATION DETAILS    
 

 

Parameter value acceptable range   
 

 

Conductivity cell 
constant 

 4.8289 5.0 ± 0.45 & not more than ±0.1 from historical record    

 

 

Conductivity gain 0.96578 Between 0.91 & 1.09   
 

 

Turbidity 6136 Offset 2.75585   
 

 

Maintenance 
Record  

 Task Comment 
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B2.2 Calibration of Field Meters for In-stream Data Validation when Deploying and Retrieving Sondes 

Calibration of field meters was carried out as per manufacturers recommendations prior to deployment and retrieval of sondes from the Owenmore and Unshin rivers.  

Table B4: Calibration data for field meters used for instream measurements on the Owenmore and Unshin Rivers over the Study Period. 

Date  05/10/2024 Deployment √ Removal X Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope Offset Cell Const K 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 98.50% 0.00 N/A 100 14.7 999 N/A N/A 

Specific Conductivity (µS/cm) HACH HQ30d  Intellical  1413 N/A N/A 0.388 N/A 1430 25.6 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 760 99 19.9 10.2 

Comments   

 

                 

Date  21/10/2024 Deployment X Removal √ Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset Cell Const K 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 101.1 0.00 N/A 100 13.6 1009 N/A N/A 

Specific Conductance (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.385 N/A     N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 763 100 20.5 10.1 

Comments   

                 

                 

Date 22/10/2024 Deployment √ Removal X Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset Cell Const K 
C

a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 99.6 0.00 N/A 100 10.3 1021 N/A N/A 
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Specific Conductivity (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.387 N/A 1429 25.6 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 769 100 20.0 10.1 

Comments   

                 

                 

Date 05/11/2024 Deployment X Removal √ Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset Cell Const K 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 98.6 0.00 N/A 100 12.3 NR N/A N/A 

Specific Conductance (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.39 N/A 1409 24.8 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 771 99 20.0 10.3 

Comments   

                 

                 

Date 06/11/2024 Deployment √ Removal X Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
Cell Const 

K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 98.9 0.00 N/A 100 12.3 1021 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -55.0 4.80 0.9999 N/A N/A N/A 

Specific Conductivity (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.391 N/A 1430 25.6 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 787 99 20.2 10.2 

Comments   

                 

                 

Date 22/11/2024 Deployment √ Removal X Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
(mV) 

Cell Const 
K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 100.7 0.00 N/A 100 8.2 1005 N/A N/A 
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pH HACH HQ30d  Intellical buffer 4, 7 & 10 -54.9 8.90 0.9999 N/A N/A N/A 

Specific Conductance (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.385 N/A 1423 25.3 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 783 101 19.9 10.1 

Comments   

                 

                 

Date 26/11/2024 Deployment X Removal √ Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
(mV) 

Cell Const 
K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 101.8 0.00 N/A 100 14.6 1008 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -56.9 8.00 1.0000 N/A N/A N/A 

Specific Conductivity (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.388 N/A 1413 25.6 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 808 105 19.9 10.2 

Comments   

                 

                 

Date 03/12/2024 Deployment X Removal √ Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
Cell Const 

K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 99.0 0.00 N/A 100 18.3 1016 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -55.6 6.60 0.9999 N/A N/A N/A 

Specific Conductance (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.386 N/A 1397 24.4 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 748 96 19.6 9.88 

Comments   

                 

                 

Date 16/12/2024 Deployment √ Removal X Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 
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Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
Cell Const 

K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 101.7 0.00 N/A 100 11.8 1021 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -54.9 3.50 0.9999 N/A N/A N/A 

Specific Conductivity (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.385 N/A 1424 25.4 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 764 96 19.8 9.8 

Comments   

                 

                 

Date 23/12/2026 Deployment   Removal   Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
Cell Const 

K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 101.6 0.00 N/A 100 19.3 1018 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -55.0 0.00 0.9998 N/A N/A N/A 

Specific Conductance (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.377 N/A 1437 25.9 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 748 99 19.2 10 

Comments   

                 

                 

Date 02/01/2025 Deployment √ Removal X Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
Cell Const 

K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 103.1 0.00 N/A 100 14.2 1022 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -54.5 -0.70 0.9999 N/A N/A N/A 

Specific Conductivity (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.383 N/A 1404 24.6 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 761 99 19.2 9.92 

Comments   
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Date 15/01/2025 Deployment √ Removal X Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
Cell Const 

K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 101.5 0.00 N/A 100 22.9 1024 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -54.3 -2.10 0.9996 N/A N/A N/A 

Specific Conductance (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.388 N/A 1436 25.8 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 745 98 18.9 9.67 

Comments   

                 

                 

Date 18/01/2025 Deployment X Removal √ Checked by: 
L. 
Cronin 

Dissolved Oxygen Sp. Conductivity 
Standards Turbidity 

(NTU) 

Parameter Meter Probe 
Standard 
Used 

Slope 
(%) 

Offset 
Cell Const 

K/ R2 

C
a
li

b
ra

te
 

DO 
(%) 

Temp hPa 
1413 

uS/cm 
std 

Temp oC 800 100 20 10 

Dissolved Oxygen (% & mg/l) HACH HQ30d LOD0101  N/A 102.5 0.00 N/A 100 10.9 1016 N/A N/A 

pH HACH HQ30d  Intellical buffer 4, 7 & 10 -53.4 -1.70 0.9995 N/A N/A N/A 

Specific Conductivity (µS/cm) HACH HQ30d  Intellical 1413 N/A N/A 0.388 N/A 1461 26.7 N/A 

Turbidity (NTU) HACH 2100Q N/A 10 - 800 N/A N/A N/A N/A N/A 768 98 19.7 10.2 

Comments   
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B.3 In-stream Data Validation  

In stream data validation was carried out by measuring temperature, specific conductivity and turbidity using field instruments when the sondes were deployed and 

retrieved. The field measurements and YSI sensor measurements were assessed against the criteria in Table B1 458. 

Table B5: Agreement Criteria for in-situ YSI Sensor measurements and field measurements 

Parameter Agreement Criteria  
Sp.conductivity  ±5 uS or ±3% of measured value, whichever is greater 
Temperature ±0.5 deg. C 
Turbidity ±0.5 NTU or ±5% of measured value, whichever is greater 

 

Table B6: YSI 6600 in-stream measurements and handheld meter in-stream measurements on the Owenmore River over the Study Period. 

                 YSI Drift Check 

Filena
me 

Dep
loy 

Rem
ove Date  

Tim
e 

YSI 
Temp 

YSI 
SpCon

d 

YSI 
Turbidit

y 
HACH 

pH 
HACH 
Temp 

HACH 
SpCond 

HACH 
DO 

HACH 
DO % 

x̄  HACH 
Turbidity 

HACH 
Turb 1 

HACH 
Turb 2 

HACH 
Turb 3 

126 
NTU 

DI H2O 
Turb 

1413uS/c
m 

OW061
024 1   

06/10/
2024 

13:
45 13.31 486 3.2 NR 13.7 491 11.32 113.9 3.20 3.18 3.19 3.22       

    1 
21/10/
2024 

17:
20 10.95 409 113.7 NR 10.5 411 9.69 89.4 32.50 32.4 32.8 32.3     

OW221
024 1   

22/10/
2024 

17:
55 10.72 419 11.9 8.23 11.1 403 9.58 86.3 NR NR NR NR     

    
05/11/
2024 

10:
45 10.97 489 3.1 8.01 11.3 467 8.35 NR 3.54 3.6 3.55 3.48     

OW221
124 1   

22/11/
2024 

17:
00 4.58 406 5 8.14 4.8 389 10.83 86.0 4.64 4.61 4.6 4.71     

    1 
03/12/
2024 

11:
30 7.24 407 5.3 8.07 7.5 411 9.94 83.3 5.34 5.37 5.27 5.37 

122.
6 0.3 

1410 
@23.4C 

OW051
224 1   

05/12/
2024 

13:
00 7.33 411 8.3 8.05 7.8 400 10.08 87.8 6.60 6.64 6.51 6.65     

    1 
16/12/
2024 

17:
15 7.44 468 4 8.24 7.8 467 10.37 92.7 3.7 3.72 3.87 3.7     

OW171
224 1   

17/12/
2024 

17:
05 7.97 492 3.2 8.33 8.4 494 10.79 92.2 3.68 3.41 3.83 3.79     

    1 
02/01/
2025 

15:
35 7.09 462 4.5 8.30 7.3 448 10.99 90.6 5.00 5.01 4.97 5.03 

127.
1 0.3 

1421 @ 
24.73 
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OW030
125 1   

03/01/
2025 

14:
10 6.29 440 4.2 8.25 6.6 432 10.62 86.9 4.59 4.55 4.83 4.4     

    1 
13/01/
2025 

14:
05 5.69 434 3.2 8.27 6.1 419 11.16 93.3 2.85 2.79 2.81 2.95 

118.
8 0.4 

1401 @ 
24.59C 

OW150
125 1   

15/01/
2025 

14:
20 7.61 441 3.1 8.27 7.5 427 10.61 92.2 3.18 3.11 3.18 3.25     

    1 
24/01/
2025 

00:
45 5.86 498 5.7 NR NR NR NR NR NR NR NR NR       

 

 

Table B7: YSI 6600 in-stream measurements and handheld meter in-stream measurements on the Unshin River over the Study Period. 

                 YSI Drift Check 

Filena
me 

Depl
oy 

Rem
ove Date  

Tim
e 

YSI 
Temp 

YSI 
SpCond 

YSI 
Turbidit

y 
HACH 

pH 
HACH 
Temp 

HACH 
SpCond 

HACH 
DO 

HACH 
DO % 

HACH 
Turbidity 

HACH 
Turb 1 

HACH 
Turb 2 

HACH 
Turb 3 

126 
NTU 

DI 
NTU 

1413uS/c
m 

UN051
024 1   

05/10/2
024 

19:
10 12.93 390 2 NR 13.3 384 9.77 95.3 2.49 2.5 2.45 2.52       

    1 
21/10/2

024 
17:
45 10.99 335 6.1 NR 11.5 323 10.28 95.3 6.57 6.45 6.3 6.95       

UN221
024 1   

22/10/2
024 

17:
10 10.54 405 2.3 8.19 10.9 388 10.68 96.8 2.64 2.49 2.58 2.86       

    1 
05/11/2

024 
11:
05 10.54 446 1.8 8.27 11 429 10.04 NR 2.56 2.59 2.37 2.73       

UN061
124 1   

06/11/2
024 

12:
20 11.38 433 1 8.26 11.8 428 9.83 91.5 1.32 1.26 1.25 1.46       

    1 
26/11/2

024 
09:
45 6.12 398 2.9 7.96 6.4 384 10.45 84.5 3.61 3.63 3.31 3.88 121.4 0.7 

1418 @ 
24.28C 

UN161
224 1   

16/12/2
024 

15:
25 7.97 384 1.1 8.28 8.1 382 11.14 95.9 1.36 1.3 1.39 1.39       

    1 
02/01/2

025 
16:
00 5.63 388 7.3 8.23 6 391 12.22 96.7 7.42 7.12 7.68 7.46 123.8 0.5 

1140 @ 
25.48 

UN030
125 1   

03/01/2
025 

13:
40 4.99 428 2.6 8.24 5.4 415 12.02 96.4 3.17 3.17 3.17 3.18       

    1 
18/01/2

025 
15:
30 7.06 426 2.5 8.43 7.4 411 11.73 98.9 2.59 2.88 2.29 2.6 121.5 0.6 NT 

UN190
125 1   

18/01/2
025 

17:
00 7.19 422 1.7 8.37 7.7 418 11.83 99.2 1.83 2.17 2.2 1.13       

    1 
03/02/2

025 
15:
40 7.28 424 2.9 7.91 7.6 438 11.06 94 3.45 3.46 3.55 3.33 123.3 0.5 

1300 @ 
24.39C 



 

 

 

 

 

 

 

 

 

APPENDIX C: CANARY Output Files  
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Table C1: Details for CANARY Output File 

TIME_STEP IDX P_Event Status 

Clust_ Clust_ Clust_ 

Clust_ Prob- Clust_ Prob-
 Clust_I Prob- 

ID-1 1 ID-2 2 D-3
 3 

Contrib_{ 

Specific_ 

Contrib_ Conducta 
Contrib_{ 

{Temp} nce} Turbidity} 

Resid_{S pecific_ Resid_{ 
Resid_{ Conduct Turbidi 

Temp} ance} ty} 

Date & 
Time  

Index 
position 

P_Event is the 
probability of an 
event for that 
algorithm and 
ranges from 0‐1  0 is base behavior, no alarm,  

Clustering Algorithm ‐ rarely 
used and not used in this 

analysis so 'nan' values in this  
data set 

Contrib_{XX} shows the 
fact that something is 

contributing  
to an alarm 

For statuses of ‐1, 0, or 1,  

Resid will calculate the residual 
difference  

between the predicted  

behavior and measured value. This is 
then  

compared to the “outlier threshold”.  
   

, ‐1 is a reset signal related to 
the event timeout period 

 

0, does not contribute 

1 is actively alarming, which 
means P_event exceeds the  

1 or ‐1 is the direction of 
contribution associated 

with  

Outlier threshold ‐ this parameter 
specifies the number of standard 
deviations of predicted error that 
must be met or exceeded before an 
outlier  
is declared (section 2.4 of user 
manual) 

to zero the station is considered 
offline, the data is  

Status 3 ‐ when all signals drop 
to zero the station is considered 
offline, the data is not analysed 
and these values are not shown 
in the plot  

 

References 

Haxton, T. et al. (2013) ‘Canary Training Tutorials’. USEPA/NHSRC. Available at: https://cfpub.epa.gov/si/si_public_file_download.cfm?p_download_id=516747. Burkhardt, 

J. (2024) Email to Lisa Cronin, 6th August. 

 



 

 

 

 

 

 

 

 

 

APPENDIX D:  Logic for identifying full match and partial match between manually 

verified events and events identified by EPA CANARY 
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D.1: Workflow for Identifying Water Quality Hydrodynamic Events in Time Series Data  

  

D.1.1: Logic for identifying full match and partial match between manually verified events and events 

identified by EPA CANARY event detection software.   

 Manually identified events are identified by visual screening of the turbidity data.  

Take the following scenario:  

• Alarm A: 13:00 – 17:00  o 

Event start timestep – 13:00 o Event 

end timestep – 17:00  

  

• Alarm B: 15:00 – 22:00 o 

Event start timestep – 15:00 o Event 

end timestep – 22:00  

  

Full Match  

For a Full Match the timestep when the event starts and the timestep when the event ends must 

match in both the manually identified file and in the CANARY output file.     

  

Partial Match  

For a partial match, there mut be an overlap in either the start time or the end time of an event.  

If Alarm B is from a “true” case i.e. is manually verified via visual inspection of the water quality 

trend, it is deemed a partial match if:  

Case 1: A is completely in B  

Case 2: B is completely in A  

Case 3: start of A is within the start and end time of B  

Case 4: end of A is within the start and end time of B  

  

(Burkhardt, 2024)  

Burkhardt, J. (2024) ‘Event Matching for Near real time event detection for watershed monitoring 

with CANARY’. Email correspondence between Jonathan Burkhardt and Lisa Cronin.  
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Example of the Logic applied to dataset (Step 8 of the workflow)  

1. Code locates the start and end index at which each verified alarm occurs. In the 

example shown below, the start index is 3 and the end index is 9.   

  
2. The length of the Verified_Alarm is calculated as (𝑒𝑛𝑑 𝑖𝑛𝑑𝑒𝑥 − 𝑠𝑡𝑎𝑟𝑡 𝑖𝑛𝑑𝑒𝑥) + 1. In 

this example Verified_Alarm length is 7.  

3. Code then looks at the “CANARY_Alarm for those same indices and creates a “test 

chunk” between them. The test chunk is shaded in orange in the example below. This test 

chunk is called “CANARY Chunk 1”.  

  
4. The values in the test chunk are all added together.   

5. If the test chunk values sum to ’0’. This is a MISSED ALARM.  

6. If the test chunk values sum to less than 7, this is a PARTIAL MATCH.  

7. If the test chunk values sum is the same as Verified_Alarm length, this may indicate 

a FULL MATCH. In this example the values sum to give a value of 7 which is the same as the 

length of the Verified_Alarm.   

8. So, the “test chunk” and Verified_Alarm, may be the same length.   

9. One other possibility is that the CANARY test chunk is wider than the Verified Alarm. 

To see if this is the case, a 2nd test chunk is created by extending the original test chunk one 

step earlier and later. In this example, the 2nd test chunk is shown in blue below.   

  
10. Now the values in “test chunk” 2 are all added together. If the sum doesn’t change 

(still 7 in this example), then the extra time steps which were incorporated both contain 

“0s”. In other words, the CANARY_Alarm and Verified_Alarm are a “FULL MATCH”.  

11. If the sum in “test chunk 2” does change (to 8 or 9 in this example), that indicates 

the CANARY_Alarm is wider than the verified alarm. This is a PARTIAL MATCH.  

12. The code loops over every Verified alarm in the manner described above.  
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Table E1: Example of Match logic applied to_Dat_ET0.89063alg_1.pdf. 

TIME_STEP P_Event Turbidity Verified_OW_Event_Alarm Ver_Alarm_Start Ver_Alarm_End CANARYTurb_Alarm_Start CANARYTurb_Alarm_End FULL_MATCH PARTIAL_MATCH 

0 0 0 0 0 0 0 0 999 999 

06/10/2024 

13:45 

0 3.2 0 0 0 0 0 999 999 

06/10/2024 

14:00 

0 3.2 0 0 0 0 0 999 999 

06/10/2024 

14:15 

0 3.2 0 0 0 0 0 999 999 

06/10/2024 

14:30 

0 3.2 0 0 0 0 0 999 999 

06/10/2024 

14:45 

0 2.8 0 0 0 0 0 999 999 

06/10/2024 

15:00 

0 2.9 0 0 0 0 0 999 999 

06/10/2024 

15:15 

0 3.2 0 0 0 0 0 999 999 

06/10/2024 

15:30 

0 3.3 0 0 0 0 0 999 999 
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06/10/2024 

15:45 

0 3.5 0 0 0 0 0 999 999 

06/10/2024 

16:00 

0 3.2 0 0 0 0 0 999 999 

06/10/2024 

16:15 

0 3.2 0 0 0 0 0 999 999 

06/10/2024 

16:30 

0 3.1 0 0 0 0 0 999 999 

06/10/2024 

16:45 

0 3.5 0 0 0 0 0 999 999 

06/10/2024 

17:00 

0 3.4 0 0 0 0 0 999 999 

06/10/2024 

17:15 

0 2.9 0 0 0 0 0 999 999 

06/10/2024 

17:30 

0 3 0 0 0 0 0 999 999 

06/10/2024 

17:45 

0 2.9 0 0 0 0 0 999 999 

06/10/2024 

18:00 

0 3.1 0 0 0 0 0 999 999 
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06/10/2024 

18:15 

0 3.1 0 0 0 0 0 999 999 

06/10/2024 

18:30 

0 2.7 0 0 0 0 0 999 999 

06/10/2024 

18:45 

0 3.1 0 0 0 0 0 999 999 

06/10/2024 

19:00 

0 2.8 0 0 0 0 0 999 999 

06/10/2024 

19:15 

0 2.9 0 0 0 0 0 999 999 

06/10/2024 

19:30 

0 2.5 0 0 0 0 0 999 999 

06/10/2024 

19:45 

0.003906 2.8 0 0 0 0 0 999 999 

06/10/2024 

20:00 

0.035156 2.6 0 0 0 0 0 999 999 

06/10/2024 

20:15 

0.144531 2.8 0 0 0 0 0 999 999 

06/10/2024 

20:30 

0.363281 2.8 0 0 0 0 0 999 999 
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06/10/2024 

20:45 

0.636719 2.8 0 0 0 0 0 999 999 

06/10/2024 

21:00 

0.855469 2.7 0 0 0 0 0 999 999 

06/10/2024 

21:15 

0.964844 3 0 0 0 0 0 999 999 

06/10/2024 

21:30 

0.996094 2.7 0 0 0 0 0 999 999 

06/10/2024 

21:45 

1 2.7 0 0 0 1 0 999 999 

06/10/2024 

22:00 

1 2.6 0 0 0 0 0 999 999 

 

06/10/2024 22:15 1 

1 

1 

1 

1 

2.6 0 0 0 0 0 999 999 

06/10/2024 22:30 2.6 0 0 0 0 0 999 999 

06/10/2024 22:45 2.3 0 0 0 0 0 999 999 

06/10/2024 23:00 2.7 0 0 0 0 0 999 999 

06/10/2024 23:15 2.7 0 0 0 0 0 999 999 

06/10/2024 23:30 2.5 0 0 0 0 0 999 999 
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06/10/2024 23:45 1 

1 

1 

2.6 0 0 0 0 0 999 999 

07/10/2024 00:00 2.5 0 0 0 0 1 999 999 

07/10/2024 00:15 0.035156 4.3 0 0 0 0 0 999 999 

07/10/2024 00:30 0.035156 2.6 0 0 0 0 0 999 999 

07/10/2024 00:45 0.035156 2.6 0 0 0 0 0 999 999 

07/10/2024 01:00 0.035156 2.5 0 0 0 0 0 999 999 

07/10/2024 01:15 0.035156 2.7 0 0 0 0 0 999 999 

07/10/2024 01:30 0.035156 2.6 0 0 0 0 0 999 999 

07/10/2024 01:45 0.035156 2.6 0 0 0 0 0 999 999 

07/10/2024 02:00 0.035156 2.5 0 0 0 0 0 999 999 

07/10/2024 02:15 0.035156 2.6 0 0 0 0 0 999 999 

07/10/2024 02:30 0.144531 2.6 0 0 0 0 0 999 999 

07/10/2024 02:45 0.363281 2.6 0 0 0 0 0 999 999 

07/10/2024 03:00 0.636719 2.7 0 0 0 0 0 999 999 

07/10/2024 03:15 0.855469 2.5 0 0 0 0 0 999 999 

07/10/2024 03:30 0.964844 2.8 0 0 0 0 0 999 999 

07/10/2024 03:45 0.996094 2.6 0 0 0 0 0 999 999 

07/10/2024 04:00 1 2.8 0 0 0 1 0 999 999 



E6 

07/10/2024 04:15 1 

1 

1 

1 

1 

1 

1 

1 

1 

2.6 0 0 0 0 0 999 999 

07/10/2024 04:30 2.6 0 0 0 0 0 999 999 

07/10/2024 04:45 2.8 0 0 0 0 0 999 999 

07/10/2024 05:00 2.8 0 0 0 0 0 999 999 

07/10/2024 05:15 2.7 0 0 0 0 0 999 999 

07/10/2024 05:30 2.8 0 0 0 0 0 999 999 

07/10/2024 05:45 2.8 0 0 0 0 0 999 999 

07/10/2024 06:00 2.8 0 0 0 0 0 999 999 

07/10/2024 06:15 2.9 0 0 0 0 1 999 999 

07/10/2024 06:30 0.035156 3.5 0 0 0 0 0 999 999 

07/10/2024 06:45 0.035156 2.9 0 0 0 0 0 999 999 

07/10/2024 07:00 0.035156 2.9 0 0 0 0 0 999 999 

 

07/10/2024 07:15 0.035156 2.9 0 0 0 0 0 999 999 

07/10/2024 07:30 0.035156 3.1 0 0 0 0 0 999 999 

07/10/2024 07:45 0.035156 2.8 0 0 0 0 0 999 999 

07/10/2024 08:00 0.035156 3 0 0 0 0 0 999 999 

07/10/2024 08:15 0.144531 3.1 0 0 0 0 0 999 999 

07/10/2024 08:30 0.035156 2.9 0 0 0 0 0 999 999 
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07/10/2024 08:45 0.035156 2.9 0 0 0 0 0 999 999 

07/10/2024 09:00 0.035156 3 0 0 0 0 0 999 999 

07/10/2024 09:15 0.035156 2.9 0 0 0 0 0 999 999 

07/10/2024 09:30 0.144531 3.1 0 0 0 0 0 999 999 

07/10/2024 09:45 0.363281 3.4 0 0 0 0 0 999 999 

07/10/2024 10:00 0.636719 3.1 0 0 0 0 0 999 999 

07/10/2024 10:15 0.636719 3 0 0 0 0 0 999 999 

07/10/2024 10:30 0.855469 3.1 0 0 0 0 0 999 999 

07/10/2024 10:45 0.964844 3.8 0 0 0 0 0 999 999 

07/10/2024 11:00 0.996094 3.2 0 0 0 0 0 999 999 

07/10/2024 11:15 1 3.1 0 0 0 1 0 999 999 

07/10/2024 11:30 1 

1 

1 

1 

1 

1 

1 

3.5 0 0 0 0 0 999 999 

07/10/2024 11:45 3.2 0 0 0 0 0 999 999 

07/10/2024 12:00 3.1 0 0 0 0 0 999 999 

07/10/2024 12:15 3.8 0 0 0 0 0 999 999 

07/10/2024 12:30 3.2 0 0 0 0 0 999 999 

07/10/2024 12:45 3.2 0 0 0 0 0 999 999 

07/10/2024 13:00 3.1 0 0 0 0 0 999 999 

07/10/2024 13:15 2.9 0 0 0 0 0 999 999 
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07/10/2024 13:30 1 

1 

3.1 0 0 0 0 1 999 999 

07/10/2024 13:45 0.035156 3.7 0 0 0 0 0 999 999 

07/10/2024 14:00 0.144531 3.4 0 0 0 0 0 999 999 

07/10/2024 14:15 0.363281 3 0 0 0 0 0 999 999 

07/10/2024 14:30 0.636719 3.2 0 0 0 0 0 999 999 

07/10/2024 14:45 0.855469 3.6 0 0 0 0 0 999 999 

07/10/2024 15:00 0.964844 2.9 0 0 0 0 0 999 999 

07/10/2024 15:15 0.996094 3 0 0 0 0 0 999 999 

07/10/2024 15:30 1 3 0 0 0 1 0 999 999 

07/10/2024 15:45 1 

1 

2.9 0 0 0 0 0 999 999 

07/10/2024 16:00 3 0 0 0 0 0 999 999 

 

07/10/2024 16:15 1 

1 

1 

1 

1 

3 0 0 0 0 0 999 999 

07/10/2024 16:30 2.9 0 0 0 0 0 999 999 

07/10/2024 16:45 3.1 0 0 0 0 0 999 999 

07/10/2024 17:00 3 0 0 0 0 0 999 999 

07/10/2024 17:15 3.1 0 0 0 0 0 999 999 

07/10/2024 17:30 3 0 0 0 0 0 999 999 
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07/10/2024 17:45 1 

1 

2.8 0 0 0 0 1 999 999 

07/10/2024 18:00 0.003906 2.8 0 0 0 0 0 999 999 

07/10/2024 18:15 0.003906 2.8 0 0 0 0 0 999 999 

07/10/2024 18:30 0.003906 2.8 0 0 0 0 0 999 999 

07/10/2024 18:45 0.003906 2.8 0 0 0 0 0 999 999 

07/10/2024 19:00 0.003906 2.8 0 0 0 0 0 999 999 

07/10/2024 19:15 0.035156 3.3 0 0 0 0 0 999 999 

07/10/2024 19:30 0.144531 3.4 0 0 0 0 0 999 999 

07/10/2024 19:45 0.363281 3.2 0 0 0 0 0 999 999 

07/10/2024 20:00 0.363281 3.1 0 0 0 0 0 999 999 

07/10/2024 20:15 0.363281 3.3 0 0 0 0 0 999 999 

07/10/2024 20:30 0.363281 2.9 0 0 0 0 0 999 999 

07/10/2024 20:45 0.636719 2.8 0 0 0 0 0 999 999 

07/10/2024 21:00 0.636719 3.3 0 0 0 0 0 999 999 

07/10/2024 21:15 0.363281 2.9 0 0 0 0 0 999 999 

07/10/2024 21:30 0.363281 2.7 0 0 0 0 0 999 999 

07/10/2024 21:45 0.363281 2.8 0 0 0 0 0 999 999 

07/10/2024 22:00 0.636719 2.5 0 0 0 0 0 999 999 
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07/10/2024 22:15 0.855469 2.8 0 0 0 0 0 999 999 

07/10/2024 22:30 0.964844 2.8 0 0 0 0 0 999 999 

07/10/2024 22:45 0.964844 2.8 0 0 0 0 0 999 999 

07/10/2024 23:00 0.996094 2.7 0 0 0 0 0 999 999 

07/10/2024 23:15 1 150.5  1 1 0 1 0 999 999 

07/10/2024 23:30 1 

1 

1 

1 

1 

1 

1 

8.8 1 

1 

1 

1 

1 

1 

1 

0 0 0 0 999 999 

07/10/2024 23:45 5.2 0 0 0 0 999 999 

08/10/2024 00:00 105.5 0 0 0 0 999 999 

08/10/2024 00:15 89.2 0 0 0 0 999 999 

08/10/2024 00:30 20 0 0 0 0 999 999 

08/10/2024 00:45 11.2 0 0 0 0 999 999 

08/10/2024 01:00 4.9 0 0 0 0 999 999 

 

08/10/2024 01:15 1 542.6 1 0 0 0 1 999  999 

08/10/2024 01:30 0.003906 6.8 1 

1 

1 

0 0 0 0 999  999 

08/10/2024 01:45 0.035156 5.6 0 0 0 0 999  999 

08/10/2024 02:00 0.144531 5.4 0 0 0 0 999  999 
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08/10/2024 02:15 0.363281 79.8 1 

1 

1 

0 0 0 0 999  999 

08/10/2024 02:30 0.636719 6 0 0 0 0 999  999 

08/10/2024 02:45 0.855469 110.1 0 1 0 0 999 TRUE  

08/10/2024 03:00 0.964844 2.8 0 0 0 0 0 999  999 

08/10/2024 03:15 0.996094 2.9 0 0 0 0 0 999  999 

08/10/2024 03:30 1 2.8 0 0 0 1 0 999  999 

08/10/2024 03:45 1 

1 

1 

1 

1 

1 

1 

1 

1 

2.9 0 0 0 0 0 999  999 

08/10/2024 04:00 2.6 0 0 0 0 0 999  999 

08/10/2024 04:15 2.9 0 0 0 0 0 999  999 

08/10/2024 04:30 2.8 0 0 0 0 0 999  999 

08/10/2024 04:45 2.8 0 0 0 0 0 999  999 

08/10/2024 05:00 2.8 0 0 0 0 0 999  999 

08/10/2024 05:15 2.8 0 0 0 0 0 999  999 

08/10/2024 05:30 2.9 0 0 0 0 0 999  999 
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08/10/2024 05:45 2.8 0 0 0 0 1 999  999 

08/10/2024 06:00 0.035156 2.8 0 0 0 0 0 999  999 

08/10/2024 06:15 0.144531 2.9 0 0 0 0 0 999  999 

08/10/2024 06:30 0.363281 2.9 0 0 0 0 0 999  999 

08/10/2024 06:45 0.636719 2.9 0 0 0 0 0 999  999 

08/10/2024 07:00 0.855469 3 0 0 0 0 0 999  999 

08/10/2024 07:15 0.964844 2.9 0 0 0 0 0 999  999 

08/10/2024 07:30 0.996094 3 0 0 0 0 0 999  999 

08/10/2024 07:45 1 3 0 0 0 1 0 999  999 

08/10/2024 08:00 1 

1 

1 

1 

1 

1 

2.8 0 0 0 0 0 999  999 

08/10/2024 08:15 3.2 0 0 0 0 0 999  999 

08/10/2024 08:30 2.9 0 0 0 0 0 999  999 

08/10/2024 08:45 2.9 0 0 0 0 0 999  999 

08/10/2024 09:00 3.1 0 0 0 0 0 999  999 
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08/10/2024 09:15 1 

1 

1 

3.4 0 0 0 0 0 999  999 

08/10/2024 09:30 3.4 0 0 0 0 0 999  999 

08/10/2024 09:45 3.3 0 0 0 0 0 999  999 

08/10/2024 10:00 3.3 0 0 0 0 1 999  999 
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