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ABSTRACT 

This deliverable is related to Task 6.3 of the DoA and aims to investigate the 

influence of extreme weather events on trihalomethanes (THM) formation in 

drinking water systems in Cyprus, Ireland and Spain, three European countries with 

historically high THM levels. Using hydrometeorological indicators such as river 

flow, reservoir level, the Standardized precipitation Evapotranspiration Index (SPEI 

1), and temperature, we explored the relationship between climatic variability and 

THM levels. Extreme events were defined as river flow, reservoir volume below the 

percentile 10 (low river flow, as a proxy of drought/water scarcity) and above the 

percentile 90 (high river flow as a proxy of unusually high water abundance). 

Descriptive trends highlighted the prominence of brominated THMs in Nicosia´s 

(Cyprus) desalinated water. However, scarce sample availability in Ireland and 

Cyprus limited robust statistical analysis. In Barcelona (Spain), high river flow 

appeared to dilute bromide precursors in the Llobregat system, reducing total THM 

levels, while both high and low reservoir level in the Ter system increased total 

THMs. SPEI 1 was more predictive in riverine than in reservoir-based systems. Our 

findings suggest that operational factors, such as source water blending and 

treatment strategies may buffer the immediate impacts of extreme weather on THM 

formation in the studied systems. These results highlight the need for adaptive water 

management and further research on long-term climate impact across diverse 

system typologies. The uneven delivery across case studies highlights the difficulty 

to conduct this type of assessment in light of the currently available datasets and 

the need to create open access databases with long-term information on drinking 

water quality, treatment and source to advance the knowledge in this field. 
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EXECUTIVE SUMMARY 
While climate change effects on the hydrological cycle and source water quality are increasingly 
recognized, there is very limited qualitative evidence indicating how extreme weather events may 
affect the concentration of chemicals in finished drinking water. We evaluated the impact of 
extreme weather events on trihalomethane (THM) formation in drinking water systems across 
three countries: Cyprus, Ireland and Spain, that are known for high THM levels in Europe. We 
used hydrological parameters such as river flow or reservoir level, temperature, and the 
Standardized Precipitation Evapotranspiration Index (SPEI 1), to assess the potential links 
between hydrometeorological extreme events and THM formation. River flow and reservoir 
volume were used as markers of water availability because they integrate the precipitation in the 
relevant basin and informs about the resulting water available to supply the population.  

In Ireland, we studied several water systems including Wexford, where THM levels exceeded EU 
regulatory limits, and Waterford, Galtee and Ardfinnan, which showed lower variability. No further 
analysis was performed due to the scarce number of samples collected. In the descriptive 
assessment, no clear extreme weather-driven pattern was identified.  

In Cyprus, we examined two cities: Nicosia, which relies primarily on desalinated water and 
Limassol, which blends desalinated, surface and groundwater. In Nicosia, total THM (THM4) 
levels frequently exceeded EU regulatory limits, predominantly driven by brominated THMs, 
which are known for their higher genotoxicity as compared to chloroform. However, due to the 
lack of detailed data on water source percentage, treatment plant distance/residence time, and 
operational strategies, and because samples were collected only at the final tap, further analysis 
with SPEI 1 or similar indices was not feasible. 

In Barcelona, Spain, two distinct Drinking Water Treatment Plants (DWTPs) were analysed: the 
Llobregat River-based and the Ter Reservoir-based system. Extreme events were defined 
statistically, using the percentile 10 and percentile 90 of river flow and reservoir volume to 
represent, respectively, low river flow/reservoir volume (as a proxy of drought/water scarcity) and 
high river flow/reservoir volume (as a proxy of unusual water abundance).  Results showed that 
high river flow were associated with reduced THM levels in Llobregat DWTP, most probably by 
diluting bromide precursors, thus shifting the THM speciation from brominated to chlorinated 
species. Conversely, unusually high and unusually low reservoir levels increased THM levels in 
the Ter DWTP. The SPEI-1 index proved more effective in capturing the effects of extreme 
weather in the river-based system, where water quality fluctuations were more immediate, 
whereas the reservoir acted as a buffer against these changes.  

Overall, the study findings show no strong direct influence of extreme weather events on THM 
formation in Barcelona, suggesting that operational factors such as treatment strategies and 
source mixing are more influential than short-term meteorological fluctuations. This highlights the 
importance of focusing on operational improvements and source water protection as primary 
measures to reduce THM formation, while also recognizing the potential impact of climate change 
on long-term water quality trends. Further research is needed to replicate our findings in other 
settings and drinking water systems with a lower degree of human intervention on treatment and 
source management, and expand to other water quality parameters.  

The uneven delivery across case studies - the full analytical approach was mainly achieved for 
Barcelona, while Ireland and Cyprus remained more exploratory due to data limitations- illustrates 
the difficulty to conduct this type of assessment in light of the currently available datasets and the 
need to create or make available open access databases with long-term information on drinking 
water quality, treatment, and source to adequately answer the research question. 

 

This Deliverable is related to Task 6.3 of the DoA. 
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1.0  Introduction 
1.1 Disinfection by-products and Public Health interest 

Access to safe drinking water is a fundamental human right and a critical public health need,   increasingly 
under pressure from global environmental change (1). Disinfection is a key step in drinking water 
treatment, essential for controlling microbial contamination, and it has been one of the most impactful 
public health interventions of the 20th century (2,3). However, chemical disinfection leads to unintended 
formation of disinfection byproducts (DBPs) through reaction with natural organic matter (NOM) or 
inorganic ions such as bromide or iodide present in raw water (4–6).  

Among the more than 800 DBPs identified, trihalomethanes (THM) are the most prevalent and among 
the first regulated chlorination DBPs (4,7). Although regulatory standards vary internationally (8–10), 
regulatory limits for total THM are set at 80 µg/L in the United States  and 100 µg/L in Europe (8,11).  
Long-term THM exposure has been consistently associated with an increased risk of  bladder cancer 
(12,13) and some studies suggest a potential link to adverse pregnancy outcomes (10,14,15). 

THM formation is influenced by a combination of source water quality and operational factors, including 
the concentration and type of natural organic matter (NOM), temperature, pH, bromide and chlorine 
dose as well as the residence time within the distribution system (16–18). Surface waters are generally 
richer in NOM, increasing THM formation compared to groundwater (16). THM formation can vary due 
to spatial factors such as water source (reservoir, river, lake,…) and temporal factors (such as seasonal 
change or extreme events like drought or heavy rainfall…), infrastructure (e.g. treatment) and 
environmental conditions (e.g., temperature, precipitation, soil type, other chemicals present…) (19,20). 

Some of the highest reported THM levels in Europe have been found in Ireland, Cyprus and Barcelona , 
Spain (21,22). Water source differs substantially across the three study regions, influencing THM 
formation. Cyprus relies on approximately 65% surface water, supplemented by 31% of seawater, which 
contributes to elevated bromide levels and a shift toward brominated THM species (7). Ireland primarily 
uses surface water, about 82%, some of it sourced from high peatlands, rich in NOM making it particularly 
susceptible to THM formation. In contrast, Spain relies more heavily on groundwater, around 60%, which 
typically contains lower NOM levels. However, in the Metropolitan Area of Barcelona, surface water is 
the dominant source, aligning THM formation dynamics more closely those in Cyprus and Ireland (21). 

1.2 Climate change and extreme weather events 

While climate change effects on the hydrological cycle and source water quality are increasingly 
recognized (23–26), there is little knowledge about the impacts on finished drinking water quality. A 
degradation in drinking water quality in the context of climate change has been suggested (27), leading 
to potential public health risks. However, there is very limited qualitative evidence indicating how 
extreme weather events may affect the concentration of chemicals in finished drinking water. 

Extreme weather events such as heavy rainfall, flash flood, drought or dry spell periods critically challenge 
drinking water production and they are expected to become more frequent according to future climate 
projections (28). Extreme rainfall for instance, can increase runoff from urban and agricultural areas, 
leading to higher loads of dissolved organic carbon, nutrients and turbidity in source waters, acting as 
precursors of THM formation. In contrast, drought periods can concentrate NOM and bromide due to 
lower dilution capacity, further elevating DBP formation potential. As an example, TOC levels could rise 
for up to three weeks after a rewetting phenomenon (29). 

Extreme weather events are reported to affect THMs levels in DWTPs due to their influence across the 
entire water production mesosystem. Storms and heavy rainfall have some controversial results, as it 
does not increase the THM formation potential in stormy spring time (30). However, they have been 
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shown to sediments, organic matter, turbidity and pathogens and can potentially decrease clarifier 
performance as well as elevating the treatment costs.  

Predictions estimate that a 1.8ºC increase in water temperature, combined with high TOC will increase 
THM formation by up to 50% in Scotland (31). In times of drought or contamination from flooding, utilities 
may be compelled to switch to alternative sources that may have higher THM precursor loads or salinity, 
such as brackish water or low-flow rivers, complicating treatment and increasing risk. 

1.3 DBP formation under water work operational resilience mechanisms 

Infrastructure strain during extreme weather such as pump failure, power outage or overwhelmed intake 
systems, can reduce process stability and compromise optimal disinfection practices, therefore, DBP 
levels. Reducing THM formation depends primarily on source water characteristics. Filtration, 
sedimentation, decay and flocculation are key processes used to remove TOC. However, it is essential to 
differentiate TOC by polarity, as not all TOC fractions are equally reactive. In addition, total dissolved 
nitrogen is expected to increase due to atmospheric nitrogen deposition and inefficient agricultural 
practices (32). Sand filtration reduces THM concentrations, whereas active carbon filtration may not be 
so efficient  depending on the age of the filter (16). 

In cases of high TOC caused by runoff from flash flood, Saint Joan-Despí DWTP in Barcelona switches from 
surface to groundwater sources (16,33). Using alternative sources within an interconnected network is a 
common mitigation strategy. In both Barcelona and Cyprus, desalinated water is used as supplementary 
source. However, desalination carries significant environmental impact. It is energy-intensive, often 
reliant on fossil fuels, and contributes to marine ecosystem stress due to brine discharges. These impacts 
are often overlooked in the global change scenarios, despite their interaction with ocean warming and 
acidification (34). 

Reducing residence time in the distribution system is another strategy to limit THM formation, as longer 
contact times between residual chlorine and organic matter can increase DBP concentrations. Smaller 
water treatment plants, which serve fewer users, often exhibit higher THM levels due to longer storage 
and less frequent water turnover. In Cyprus, where water scarcity is persistent issue, household storage 
tanks are commonly used, which can further extend retention times and elevate DBP levels (35). 

Together, these operational adjustments, sources switching, advanced filtration, and distribution 
management, form key components of climate-resilient water supply systems, but must be balanced with 
environmental, economic, and public health considerations. 
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2.0 Ireland Case Study 
Until 2015, Ireland´s drinking water services were managed in a decentralized manner by local authorities 
under the Water Services Act (2007-2014). This system suffered from inefficiencies and inconsistencies in 
planning, operations and maintenance. It also relied on a dual funding model: domestic water services 
were financed through central taxation, while non-domestic users were billed by local authorities. In 
response to these structural weaknesses, the state-owned utility Irish water (Uisce Éireann) was 
established in 2013, marking a shift to a centralized, unified system. One of its key initiatives is the 
National Water Resources Plan, a 25-year strategy aimed at delivering a sustainable, secure, and reliable 
water supply across the country (36). 

One of the most pressing challenges in Ireland´s water sector is its aging infrastructure, particularly water 
distribution network. Ireland has the highest water leakage rate in Europe. In 2018, leakage was 
estimated at 46%, with a target reduction to 25% by 2023 (36). 

Ireland has a long-standing issue with elevated THM concentrations, making it a national health and 
compliance concern. In 2015, the European Commission initiated infringement proceedings against 
Ireland for breaching the Drinking Water directive. And in 2024, the European Court of Justice ruled that 
Ireland must fully implement measures to ensure compliance. As of 2023, the average THM  exceedance 

was 125 g/L (37).  

Figure 1. Regional division of water management and THM4 audit in 2023, Ireland. 

  

Sourced from: Water IE and EPA 

 

Ireland is highly dependent on surface water, which accounts for approximately 82% of its drinking water 
supply (21). Groundwater provides the remaining 18-25%, and in some rural counties, it accounts for up 
to 50%. In areas not served by public water schemes, residents rely on private wells and springs. Roughly 



intoDBP D6.2. Assessing the links between climate and DBP occurrence in finished drinking water 

 

 

9 

www.intodbp.eu 

20% of Ireland´s land area is covered by peatlands, which store over 75% of the country´s soil organic 
carbon. However, only 15% of these peatlands are classified as near-intact, meaning most have been 
degraded due to drainage or land use changes (38). Peat-rich catchments, especially in the west, contain 
high levels of dissolved organic matter (DOM), a well-known precursor for THM formation.  

Climate change is expected to exacerbate the pressures on Ireland´s water sector. Increases in rainfall 
intensity, longer dry periods and rising temperatures may alter the quantity and quality of sources waters 
(31). These changes can enhance the mobilization of dissolved organic carbon (DOC) from peatlands and 
soils, increasing THM precursors and placing additional pressure on treatment infrastructure already in 
construction and remodeling due to the aging decentralized infrastructure.  

Therefore, in this section, we aim to investigate the influence of extreme weather events, measured by 
the drought Standardized Precipitation Evapotranspiration (SPEI 1) index, on the trihalomethanes 
formation in final drinking water from no peatland regions such as Tipperary, Wexford and Waterford.  

2.1 Methodology 

2.1.1 Hydrologic and climate data source 

We obtained drinking water quality databases through Dublin City University from 2010 to 2024 of the 

following indicators: total trihalomethanes (g/L) at the final tap water for regulatory purpose analyses 
and other quality parameters such as pH, conductivity (µS/cm), bromate (mg/L), hardness (as CaCO3) and 
total organic carbon (TOC, mg/L). 

The main predictor was the Standardized Precipitation-Evapotranspiration Index (SPEI-1), a validated 
composite scale used to capture drought and high precipitation conditions. The data was collected from 
the official SPEI calculator from the SPEI Global Drought Monitor (39). To create the variable, we obtained 
the monthly median of SPEI-1 from the geographic area near the county respectively Figure 2. Then, we 
merged the SPEI 1 data with the water quality data, assigning each month a unique SPEI1 value. The SPEI 
scale is centered around 0, with positive values indicating increasing wetness.  A SPEI value of ≥ 1.5 is 
considered severely wet while a value of ≤ - 1.5 is classified as severe drought.  

2.1.1 Study area 

We selected three counties in the southeast of Ireland: Tipperary, Wexford and Waterford, to capture 
areas that are not classified as high peatland zones (38). Peatlands are typically associated with elevated 
levels of natural organic matter, which when chlorinated during water treatment, leads to higher THM 
formation. Wexford and Waterford are coastal counties with estuarine influences, while Tipperary is an 
inland county. This selection allows for comparison of coastal versus inland supply characteristics under 
similar regulation but different operational conditions and source. From each county, we selected the 
water supply scheme where data with the most complete data, including the East Waterford Water 
Supply Scheme, Ardfinnan Regional, Galtee Regional and Wexford Town. In the 2023 EPA water report, 
boil water notices were issued in several areas, including Waterford and Tipperary, primarily due to 
disruptions from industrial action affecting treatment operations. 

Waterford city is supplied from the Adamstown reservoir, sourced waters include the River Clodiagh and 
River Mahon and Ballyshunnock reservoir (40). Treatment processes consist of coagulation, flocculation, 
clarification, filtration and disinfection. 

The Ardfinnan Regional Public Water supply sources raw water from 2 mountain streams. Water 
treatment includes coagulation, flotation, rapid gravity filtration, pH correction, chlorination, fluoridation 
(41). 

Galtee Regional public water is a mixed source: the Muskry stream, the spring mount wells and the 
College Stream, this last one is used as a supplementary water source when dry weather. Water 
treatment includes coagulation, clarification, filtration, disinfection and fluoridation (42). 
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The main water source for Wexford Town is the Sow River, with the intake located at Edenvale.  During 
peak demand, supply is augmented by the Coolree impoundment reservoir. The treatment plant, which 
previously reported water losses of 35 to 40% in 2014, employs coagulation, sedimentation, rapid gravity 
filtration, chlorination and fluoridation (43). 

Figure 2. Ireland case study sampled location and drinking water selected areas for study 

 

2.1.2 Statistical analyses 

Data cleaning was standardized:values below limit of detection (LOD) were imputed as LOD/2, and 
duplicated dates or missing data were removed. For SPEI 1, we used the threshold ≥ |1.5| to classify 
conditions as normal or severe drought or wet. To maintain uniformity, GAM modelling was initially 
planned but was not performed due to limited outcome data. 

2.2 Results 

A summary of the descriptive statistics is provided in Table 1. Note that measurements were taken from 
the final tap water, which introduces some intra-network variability due to potential differences in 
distribution network length, storage conditions, and household plumbing. This heterogeneity should be 
considered when interpreting local trends and comparisons. 

 
Map produced using QGIS. Basemap data from OpenStreetMap; contour lines generated from watershed data 
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Table 1. Summary of descriptive statistics of THM4, SPEI_1 and other covariates, Ireland. 

 

Due to the scarcity of outcome data, the highest number of entries recorded was 58 for East Waterford 
over a 10 years period. This limited sample size constraint for a robust statistical modelling in relation to 
climatic predictors such as SPEI. As a result, multivariate modelling was not feasible. 

No consistent seasonal pattern was identified over the 10 to 14 years, mostly due to non-systematic 
sampling intervals and the influence of local operational factors.  However, Wexford City emerged as a 

concerning region, reporting THM4 levels exceeding legal limits, reaching a peak of 190 g/L in 2021, 
while this may represent an outlier, it is noteworthy that the next highest measurement was still 110 

g/L, suggesting recurrent exceedances issues in the area (Figure 3). This region also showed higher levels 
of TOC, bromate and conductivity values, compared to the 4 study areas, which may indicate suboptimal 
disinfection management. In contrast, Galtee, Waterford and Ardfinnan reported a decreasing trend in 
THM4 concentrations over the years, possibly reflecting operational improvements of shifts in raw water 
quality management (Figure 3).  

When comparing THM4 levels with the SPEI-1 index, which reflects short-term drought/ wetness stress, 
no strong extreme climate event signal was visually evident. Inspection of trends across locations 
suggested that extreme meteorological conditions did not correspond clearly with variations in THM 

concentrations. In Galtee and Ardfinnan THM4 levels peaks prior to 2018 with 62 and 78 g/L levels 
respectively (Figure 3), appeared to be more strongly associated with operation conditions rather than 
with extreme weather events. Likewise, in Wexford or Waterford, no apparent temporal alignment was 
observed between elevated THM4 levels and SPEI1 extremes. This suggests that at least over the 
timeframe and resolution of the current dataset, local treatment practices, source water characteristics, 
and infrastructure conditions may have a more substantial influence on THM4 formation than short-term 
extreme weather variability. 

 
 

East 
Waterford 

THM4 TOC pH Conductivity Bromate Hardness SPEI_1 

Total N 58 51 369 370 12 - 118 

Me  
(P25, P75) 

40  
(34, 46) 

1.47  
(1.2, 1.9) 

8.44  
(8.1, 8.7) 

196  
(184, 205) 

1.3  
(1.3, 1.3) 

- 0.1  
(-0.6, 1.1) 

Min/Max 7/88 0.42/5.89 6.0/9.2 91/275 1.1/1.7 - -2.2/2.8 

Galtee THM4 TOC pH Conductivty Bromate Hardness SPEI_1 

Total N 33 24 214 211 8 6 131 

Me 
 (P25, P75) 

16  
(10,21) 

1.2  
(0.9, 1.6) 

7.6  
(7.3, 7.8) 

135 
 (125, 152) 

1.3  
(1, 1.6) 

42.5 
(41.3,43.8) 

0.2 
 (-0.5,1.1) 

Min/Max 5.5/62 0.3/3.3 6.5/8.9 14/721 1/3 21/65 -2.1/2.6 

Ardfinnan THM4 TOC pH Conductivty Bromate Hardness SPEI_1 

Total N 34 29 208 202 15 4 132 

Me  
(P25, P75) 

19  
(10,38) 

1.5  
(0.8,1.7) 

7.3  
(7.2,7.4) 

115  
(93,139) 

1.3  
(1,2) 

320 
(245,326) 

0.1  
(-0.6, 1.0) 

Min/Max 4/78 0.3/2.7 6.7/7.9 69/616 1/ 2.1 27/333 -2.3/2.8 

Wexford THM4 TOC pH Conductivty Bromate Hardness SPEI_1 

Total N 32 33 181 182 3 - 130 

Me  
(P25, P75) 

67.5 
(58,84) 

2.8 
 (2.3, 4.3) 

7.4  
(7.2, 7.6) 

369  
(323, 294) 

2.3  
(2.2, 8.3) 

- 
-0.01  

(-0.7, 0.9) 

Min/Max 5.6/190 2.3/15.9 6.5/8.1 165/595 2/14.3 - -1.9/2.8 
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Figure 3. THM4 levels and SPEI_1 from the different sites of the study, Ireland. 
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2.3 Discussion 

Findings from this analysis highlight the disparity of regional variability in THM4 concentrations across the 
monitored areas. Wexford City showing the highest levels, exceeding legal limits, while other areas such 
as Galtee, Waterford and Ardfinnan exhibit a decreasing trend. The results suggest that the levels of 
organic matter as well as bromide and conductivity, along with treatment effectiveness play a crucial role 
in determining THM formation, however, as we did not have further information, results are preliminary. 

Despite the public accessibility of water quality data, we encountered substantial limitations in data 
continuity and granularity, the scarcity of THM4 levels from the same geographic point is a barrier to 
conduct a robust statistical analysis. For instance, East Waterford, the most data-rich area, had only 58 
entries over a 10 years period, which highlights the infrequency of sampling and its implications for 
assessing exposure and risk.  Furthermore, as the Irish water system is undergoing structural and 
operational improvements in their long-term National Water Plan, it presents a dynamic environment 
that challenges to analyse isolated drivers whether they are hydrological or operational. 

Although this study aimed to explore the relationship between short-term extreme weather events, 
measured by the SPEI 1 index and the THM4 formation, the available data did not support a clear 
association. Visual comparisons between THM4 levels and SPEI-1 trends did not reveal any consistent 
alignment with extreme weather events. This absence of a detectable relation could be due to limited 
resolution, irregular sampling or the mixing influence of treatment and operational drivers. Therefore, no 
firm conclusions can be drawn about the impact of meteorological extremes on THM4 formation based 
on current evidence. Nevertheless, this remains a critical area for future research, particularly in the 
context of projected increases in temperature, extreme weather events and elevated concentrations of 
organic matter mobilization under climate change, needing operational transparency, integrated climate 
and water quality datasets and more frequent and harmonized monitoring of THM4.  
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3.0 Cyprus Case Study 
Cyprus, as part of the Mediterranean region, has been identified as a hotspot for extreme climatic events. 
These changes have significant public health implications, particularly concerning air pollution, heat 
waves, and water scarcity and potential future zoonotic diseases (44,45). Geographically, Cyprus is 
dominated by two mountain ranges:  The Troodos Mountains in the central part of the island and the 
Kyrenia Range in the north. The island experiences an intense Mediterranean climate characterized by 
strong seasonal variations with hot-dry summers, rapidly changing weather conditions during spring and 
autumn and short, rainy winters.  Over the last 116 years, there has been a notable decline in annual 
rainfall accompanied by a shift of precipitation pattern that has increased the frequency of extreme 
weather events such as heavy rainfall, heat waves and prolonged drought. Additionally, rising 
evapotranspiration rates have contributed to desertification. Human activities, including high drinking 
water demands during the summer tourism season and extensive agriculture use, have led to reservoirs 
depletion and freshwater quality deterioration due to overexploitation. As a result, Cyprus has the highest 
water stress index in Europe (44,46).  

The country´s infrastructure is vulnerable to climate-related extreme event such as heavy rainfall, sea 
level rise, flooding and strong wind. Flash floods, triggered by intense rainfall events, reminds an urgent 
concern, though no evidence links them directly to climate change(46). As example, drought which 
peaked in the winter of 2007, 2008 and 2018 (35) 

Looking at future projections, Nicosia is expected to experience an increase of two months in the numbers 
of hot days per year (defined as days exceeding 38 C) by the end of the century(46).  Over the past decade, 
the number of hot days and warm nights has already increased. Cyprus relied heavily on rain supplied 
water until 1997(35). To delve deep into the matter, almost 90% of the rain water returns to the 
atmosphere due to evapotranspiration (35). And the decline in rainfall over the last three decades, has 
forced Cypriots to seek for alternative water sources, such as desalination, which is highly energy-
intensive. While desalination provides a reliable drinking water supply, it also contributes to biodiversity 
lost, rising sea salinity and further environmental stress caused by increased temperature and drought 
conditions(34). Until 2001, water supply was restricted in Cyprus, with mains water being switched on 
only 2-3 times per week and every household having installed a water storage tank to provide current 
water supply for 2 days(35). Those restrictions have been going on and off after 2008, as desalinated 
water was a partial solution.  

To ensure the safety and quality drinking water, disinfection is required throughout the distribution 
network, typically using chlorination or chloramination (14,22,47). However, these processes lead to the 
formation of disinfection-by-products (DBPs) some of which have been linked to health risk (13). Notably, 
Cyprus has some of the highest levels of trihalomethanes (THMs) in Europe(22).  Since 1997, the country 
has increasingly relied on desalinated seawater for drinking water supply, with more than 95% of 
desalination plants utilizing reverse osmosis technology.  Studies have reported higher levels of iodinated 
THM in drinking water sourced from seawater and brackish groundwater, both sources present in 
Limassol (48). 

This study aims to assess and compare the impact of extreme climatic event such as drought, heavy 
precipitation and high temperature on THM formation in the final drinking water in Nicosia and Limassol.   

 

3.1 Methodology 

3.1.1 Study area  

Water supply management in Cyprus falls under the jurisdiction of the Water Development Department 
(WDD) in the Republic of Cyprus (excluding northern parts). There are 5 main desalination plants and 
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other desalination plants operated by private entities.  This study focuses on the two largest urban area: 
Nicosia and Limassol. Limassol is the most populated municipality, followed by Strovolos in Nicosia (11). 

 

 

 

Nicosia is the capital and it divided into 29 administrative units, referred to as neighborhoods or quarters 
(49). Nicosia is the only Capital in Europe that has a buffer zone wall to divide the two portions of the 
capital (35). Nicosia´s drinking water supply comes from different sources with varying mixing ratios: 

• The Kornos Water Treatment Plant (which can be supplied from the Lefkara and Dipotamos 
dams). At the treatment plant, a chlorine dioxide system has been installed, which operates 
when there is a high concentration of organic load or high temperatures that may cause 
elevated concentrations of trihalomethanes. 

• The Tersefanou Water Treatment Plant (supplied by the Southern Conveyor Project, i.e., from 
the Kouris Dam, Kalavasos Dam, Vasilikos Desalination Plant, Moni Wastewater Treatment 
Plant). The mixing ratio of the incoming water is irregular. Into the final water reservoir also 
flows water from the Larnaca and Dhekelia desalination plants (again at irregular ratios). At the 
Tersefanou treatment plant, there is an activated carbon filter system that operates whenever 
deemed necessary. In addition, by the first quarter of 2026, a chlorine dioxide system will also 
be installed. 

Figure 4. Cyprus map with study sampled places and drinking water treatment plants geolocation 

 
Map produced using QGIS. Basemap data from OpenStreetMap; contour lines generated from Watershed data and 
simplemaps 
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Limassol is divided into 18 quarters, with its drinking water supply primarily coming from (49): 

• The Limassol Water Treatment Plant (mainly supplied by the Kouris Dam). At the treatment 
plant, both an activated carbon filter system and a chlorine dioxide system are being installed. 

• Episkopi Desalination Plant. 

• Vasilikos Desalination Plant. 

• Germasogeia Aquifer boreholes. 

• Kouris Aquifer boreholes. 

• It is also planned, at the beginning of 2026, to construct and operate a water treatment plant 
for the Garyllis aquifer, a desalination plant at the Limassol Port, as well as a new desalination 
plant in the Episkopi area (within 2026). 
 

3.1.2 Hydrologic and climate data source 

We obtained drinking water quality databases through the University of Cyprus, from 2010 to 2021 with 
the following indicators: chloroform, bromodichloromethane, dibromochloromethane, bromoform 

concentrations and total trihalomethanes (g/L) at the final tap water for regulatory purpose analyses, 
no other parameters such as total organic carbon (TOC), residence time, bromide or conductivity were 
available.  

The main predictor was the Standardized Precipitation-Evapotranspiration Index (SPEI-1), a validated 
composite scale used to capture drought and high precipitation conditions. The data was collected from 
the official SPEI calculator from the SPEI Global Drought Monitor (39). To create the variable, we obtained 
the monthly median of SPEI-1 from the geographic area where water was extracted for both Nicosia and 
Limassol, 5 and 2 geolocation points respectively Figure 4. SPEI data was retrieved for 2010-2024 
periodand with the water quality data, assigning each month a unique SPEI1 value. The SPEI scale is 
centered around 0, with positive values indicating increasing wetness.  A SPEI value of ≥ 1.5 is considered 
severely wet while a value of ≤ - 1.5 is classified as severe drought.  

WDD has already stated the predictors they usually use for drought, where Standardized Precipitation 
Index (SPI) is included as one of the six but with a limited use as it is only reliable for complete hydrological 
years.  

3.1.1 Statistical analyses 

Data cleaning was standardized, with values below limit of detection (LOD) imputed as LOD/2, and 
duplicated dates or missing data were removed.  For SPEI 1, we used the threshold ≥ |1.5| to classify 
conditions as normal or severe drought or wet. To maintain uniformity, GAM modelling was initially 
planned but was not performed due to limited granularity and metadata gaps. 

3.2 Results 

In Nicosia, THM4 concentrations reached a maximum of 130.2 g/L with an interquartile range of 70.3 to 

99.2 g/L, exceeding the regulatory limits in several instances, particularly during 2020. Given that three 
desalination plants supply drinking water to Nicosia, these elevated levels are consistent with 
expectations of increased brominated THM formation, as desalinated water is characterized by a higher 
bromide content. In contrast, Limassol, had a larger sample size, with globally lower THM4 levels, peaking 

at 94.8 g/L and an interquartile range of 18.7 to 65.4 g/L. The speciation profile showed relatively 
higher proportions of CHCl2Br and CHClBr2, suggesting limited bromide availability in the source water. 
This aligns with known reaction pathway which brominated species shift toward CHBr3 under higher 
bromide concentrations.  

Exploring the SPEI_1 index, for Nicosia the driest and wet months are concentrated in 2020 and 2022 
which coincides with the highest THM4 values. However, other peak moments of THM4 such as end of 
2018 are not classified as excessively dry or wet. Still further analysis should be performed to correlate 
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results. For Limassol, there is a fluctuation between 2012 to 2021 of the THM4 which is not translated in 
SPEI_1 index of dry or wetness, whereas this tendency is corrected afterwards (Figure 5). This observation 
suggests that short-term extreme weather conditions, measured by SPEI_1, are not directly associated 
with peak THM formation in the Cyprus dataset. 

Due to the limited granularity and inconsistency sampling frequency, and the absence of detailed 
metadata, no further modelling analysis was performed. Therefore, findings from the case study remain 
exploratory, highlighting the need for systematic monitoring and more integrated datasets to better 
understand and manage THM risks in complex supply systems such as those relying on desalination.  
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Figure 5. THM levels (2010-2021) and SPEI_1 level (2010-2024) in Nicosia and Limassol, Cyprus. 
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A summary of the descriptive statistics is provided in Table 2.  

Table 2. Summary of descriptive statistics of THM species (μg/L) and SPEI_1, Cyprus. 

 

3.3 Discussion 

This case study highlights the complexity of managing THM in water systems, particularly in regions reliant 
on desalination. Nicosia supplied by three desalination plants, showed elevated THM4 levels, frequently 

exceeded the EU regulatory limits, with a peak value of 130.2 g/L and a high interquartile range. This is 
consistent with the higher bromide content in seawater, which remains in the desalinated water, and 
promotes the formation of brominated THMs. However, the raw water quality alone does not fully explain 
the elevated THM4 concentrations, as operational factors such as the distance from treatment plants, 
residence time and rechlorination likely play a role. The lack of detailed data on the entire water 
treatment process challenges the understanding to relative contributions of each driver.  

 Limassol showed generally lower THM4 levels, dominated by intermediate species of THM4: CHCl2Br and 
CHClBr2, indicating a lower bromide availability, which may be sourced from blending desalinated and 
surface water sources. This shift in speciation is valuable for understanding exposure profiles, as more 
brominated THM have greater toxicity profiles.  

In terms of extreme weather events, our study did not perform any analysis. No direct relationship was 
observed, in our available data, SPEI-1 extreme did not match the THM4 peak clustered around 2013-
2015. This suggests that short-term extreme weather events may not be a primary driver of THM 
variability in these systems, especially when source switching and operational drivers are likely to have a 
stronger influence.  

Several limitations should be considered when interpreting the results of this case study. Temporal and 
spatial inconsistencies in data collection were noted, with Nicosia showing more frequent data after 2020, 
while in Limassol data was concentrated mainly between 2014-2018 and 2020-2021, limiting the ability 
to detect consistent trends over time. Additionally, sampling was conducted at various points such as the 
outlet, intermediate and final tap water locations of the network, affecting the accuracy of the data. 
Inconsistencies in reporting data posed challenges, as some LOD values were reported as LOD <1, others 
<5 and some as 0. To maintain uniformity, all values <5 were adjusted to LOD/2, which led to a loss of 
granularity in the dataset. Furthermore, 8.9% of Nicosia samples and 12.9% of Limassol data, THM4 data 

Nicosia 
(N=74) 

CHCl3 CHCl2Br CHClBr2 CHBr3 THM4 SPEI_1 

Total N 34 58 67 68 71 134 

LOD/NA 25/15 10/6 3/4 2/5 -/3 - 

Me  
(P25, P75) 

8.8  
(6.7, 12.5) 

16.0 
 (13.7, 21.5) 

27.4  
(20.1, 33.7) 

34.9  
(27.1, 51.7) 

85.6  
(70.3, 99.2) 

-0.34 
 (-0.99, 0.33) 

Min/Max 5.3/22.3 5.4/31.40 2.5/50.1 6.3/91.6 13/130.2 -4/1.64 

Limassol 
(N=98) 

CHCl3 CHCl2Br CHClBr2 CHBr3 THM4 SPEI_1 

Total N 31 38 57 80 82 115 

LOD/NA 7/60 22/38 14/27 15/3 -/16 - 

Me  
(P25, P75) 

11.2  
(9.9, 13.6) 

18.8  
(17.0, 21.0) 

21.2 
(11.8, 26.2) 

14.0  
(10.0,18.7) 

34.9  
(18.7, 65.4) 

-0.43  
(-1.03,0.19) 

Min/Max 6.3/21.4 5.1/29.1 5.0/34.5 5.1/34.9 5.1/94.8 -3.36/1.36 
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was not the summary of all the different species of THM, which was difficult to correct due to the LOD 
issue. We accounted for the LOD/2 to summarize final THM4.  

In conclusion, this case study highlights the complexities of managing THM4 in Cyprus, where the water 
supply is heavily reliant on desalination. The elevated THM4 concentrations observed in Nicosia, mostly 
brominated THMs, underlines the importance of improving operational factors to mitigate the formation 
of more toxic brominated THMs. Despite the lack of detailed relationship with extreme weather events, 
improving source water management, treatment strategies and operational efficiencies remains critical 
to reducing THM4 levels. Future research should focus on systematic monitoring of bromide and THM 
speciation to better understand the influence of source water variability, climate change and operational 
factors on final drinking water quality.  Additionally, addressing the data limitations highlighted in this 
study will be essential to gain understanding of the extreme weather events on THM formation.     
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4.0 Barcelona Case Study 
Barcelona, located in the Mediterranean Basin, has long been recognized as one of the European urban 
areas with persistently high concentration of THM in its drinking water (21,22). This has contributed to 
widespread public distrust in tap water, driven more by organoleptic deficiencies such as taste and odor, 
often associated with chlorine, than by recognised direct toxicological risks (50). Consequently, bottled 
water consumption has increased, raising the environmental footprint without producing significant 
improvements in life expectancy or disability-adjusted life years (51). 

At the same time, the Mediterranean Basin is a climate change hot-spot, where environmental pressures 
intersect with dense human activity, amplifying vulnerabilities in water resources (52,53). The region is 
undergoing significant hydrological transformations, including a long-term decline in total precipitation, 
increased seasonal irregularity and extended dry periods. The years 2021 to 2023 marked the driest 
sequence since 1835, highlighting the region´s escalating susceptibility to aridification and water scarcity 
(28,53,54). By late 2023, water restriction was imposed in the metropolitan area of Barcelona, focusing 
primarily on non-essential uses, such as irrigation of green spaces, street cleaning and certain agricultural 
withdrawals. These measures had a significant impact on public perception and urban water governance.  

In Barcelona, where bottled water is already widely used due to lingering mistrust of tap water, these 
supply constraints heightened concerns about long-term water security. As climate models projects up 
to a 25% reduction in available freshwater resources in Spain over the coming decades, and Barcelona´s 
situation exemplified the growing vulnerability of Mediterranean cities to water quality challenges like 
THM as well as issues of availability, resilience and sustainability. Addressing these challenges will require 
integrated and forward-looking water management strategies that reinforce supply reliability, mitigate 
upstream pressures and restore public confidence in the urban water system.  

This study aims to investigate the impact of extreme weather events, intensified by climate change, on 
the formation and levels of THM in Barcelona´s drinking water system, to better understand the risk 
presented to water quality and to inform adaptive management strategies.  

4.1 Methodology 

4.1.1 Study area  

The metropolitan area of Barcelona is a densely populated region with more than 5,5 M inhabitants 
located in the Mediterranean coast in northeast Spain (55). The Mediterranean climate is characterized 
by mild, humid winters and dry, hot summers (56). Barcelona experiences biannual rainy periods (spring, 
autumn), which often lead to flash floods. Llobregat and Ter Rivers (56), sourced in the Pre-Pyrenean 
mountains (53,57,58), are the main drinking water supplies, treated at three DWTPs: Ter (Cardedeu), 
Llobregat (Abrera), and Sant Joan Despí. This study focuses on the two DWTPs managed by the public 
company Ens d’abastament d’Aigua Ter Llobregat (ATL): Llobregat and Ter DWTPs (Figure 6). To manage 
water demand and availability, the two rivers have been interconnected since 2010. Additionally, 
desalinated seawater is supplied to Llobregat DWTP from El Prat desalination plant since 2009 and to Ter 
DWTP from Tordera desalination plant since 2002. 
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Figure 6. Barcelona case study, geocoordinates of SPEI selected areas. 

 

The northern and central parts of the Llobregat basin are characterized by a mix of pines forest, 
agricultural lands, industrial areas, and potash mines (57), which increases the salinity in the river, making 
the Llobregat River rich in bromide and organic matter (16,56). To mitigate the formation of brominated 
THMs, an electrodialysis reversal (EDR) plant was installed at Llobregat DWTP in 2009 (7,59). In contrast, 
the upstream section of the Ter River is dominated by riparian forests of deciduous trees (58). Ter River´s 
flow is highly regulated by three connected reservoirs (Sau, Susqueda and Pasteral), which also function 
as artificial sediment cells (60). Water from the Pasteral reservoir is supplied to Ter DWTP through several 
gates, with each gate compartment analyzed prior to select the optimal water layer, reducing the need 
for extensive treatment. 

4.1.1 Hydrological and meteorological data source 

ATL provided data for both Llobregat and Ter DWTPs from 2010 to 2024, including concentrations of 
chloroform (CHCl3), bromodichloromethane (CHCl2Br), dibromochloromethane (CHClBr2), bromoform 

(CHBr3) and total trihalomethanes (THM4, g/L) measured at the DWTP outlet. Raw water parameters at 
the DWTPs inlet included Llobregat River flow (m3/s), Ter reservoir volume (hm3), temperature (ºC), and 
water quality indicators such as conductivity (µS/cm), ammonia (mg/L), nitrite (mg/L), nitrate (mg/L), pH, 
total organic carbon (TOC, mg/L), ultraviolet absorbance (UV Abs, abs/m), and bromide (mg/L). Water 
samples were analyzed every 4-5 days in Llobregat DWTP and weekly in Ter DWTP. Operational variables 
such as percentage of water processed by EDR system at the Llobregat DWTP and the percentage of water 
from secondary sources (e.g., desalinated water), were provided for both DWTPs. 

We also collected data on the Standardized Precipitation-Evapotranspiration Index (SPEI-1), a validated 
composite scale used to capture drought and high wet conditions. Data was sourced from the official SPEI 
calculator from the Spanish National Research Council (CSIC) website (39). To create the variable, we 

 

Map produced using QGIS. Basemap data from OpenStreetMap; contour lines generated from Watershed data 
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calculated the median SPEI-1 from three to four geographic locations by basin (Figure 6). For the Llobregat 
basin, we selected the geolocation coordinates from the river source, the confluence with its main 
affluent, the Cardener River, and Llobregat DWTP. For the Ter basin, we selected the river source and the 
three reservoirs to calculate the median value. The SPEI-1 is calculated weekly using data from a one-
month period, with data points for the 1st, 9th, 16th and 23rd of each month. We merged the SPEI-1 data 
with the water quality data, applying a one-week lag, and assigning each week a unique SPEI-1 value. The 
SPEI scale is centered around 0, with positive values indicating increasing wetness. A SPEI value of ≥ 1.5 
is classified severely wet, while a value of ≤ - 1.5 indicates severe drought. 

4.1.2 Statistical analyses 

We assessed the relationship between extreme weather events and THM formation using two 
complementary approaches. The first approach used temperature and hydrological indicators as main 
predictors: Llobregat River flow at the inlet (m3/s) for Llobregat DWTP, and reservoir volume for Ter 
DWTP. The second approach relied on the meteorological SPEI-1 as a proxy for drought and extreme wet 
conditions. Given the differences in catchment characteristics, raw water profiles, and treatment, 
separate analyses were conducted for each DWTP, also reported previously by heteroscedasticity issues 
(7). Values below the limit of detection (LOD) were imputed LOD/2, and duplicated data were removed. 

To avoid multicollinearity, we selected representative water quality indicators based on the Spearman 
correlations plot, prioritizing consistency across both DWTP (Figure 7). For instance, nitrate was used as 
a proxy for nitrogen species due to its correlation with ammonia and nitrite. TOC was chosen over UV 
absorbance; and conductivity served as a proxy for bromide. Final models included as covariates the 
percentage of water source (defined by the proportion of main river water for each DWTP), conductivity, 
TOC, pH and a nitrogen parameter (nitrate was used in Ter DWTP since most ammonia values were below 
the limit of detection) (Figure 8 and Table 3).  The percentage of EDR treated water was included only for 
Llobregat DWTP, as a site-specific parameter. 

We developed separate models for each THM species: CHCl3, CHCl2Br, CHClBr2, CHBr3 and THM4. CHCl3 
was excluded from Llobregat models and CHBr3 was excluded in Ter models due to consistently negligible 
levels. We applied Generalized Additive Models (GAMs) to explore nonlinear association between 
hydrometeorological predictors and THM concentrations. In the exploratory analysis, models 
incorporated cubic regression splines on river flow or reservoir volume (k=2) and on time (k=60) to 
account for seasonal and long-term trends. In the final models, main predictors (temperature and water 
flow or volume) were converted to categorical variables based on the 10th and 90th percentiles (P10, P90), 
included as dummy variables. These models retained the time spline and the same set of covariates (TOC, 
pH, conductivity and ammonia/nitrate, source of water; and EDR for Llobregat plant). All models were 
stratified by water source and in the Llobregat DWTP, also by EDR treatment, to assess their role as 
potential effect modifiers on THM formation. We maintained same threshold for the categorical extreme 
weather events. Lag structures were evaluated but they did not improve model fit and were therefore 
not retained.”. However, a one-week lag was applied in the merging of SPEI-1 data to account for the 
temporal delay in THM response to meteorological conditions.  

SPEI-1 was analyzed separately and categorized, based on the SPEI-1 ≥ |1.5| threshold values, into normal 
or extreme conditions (drought and wetness). Models included the same covariates and the time spline 
as above. All data analysis was conducted using statistical software R Studio version 4.4.1. and the spatial 
representations by QGIS 3.22. 
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Figure 7. Spearman correlation plot for both study sites in Barcelona 
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Table 3. Regression Model for predictor of THM levels across water treatment plants 

THM = βa* s(time) +βb *Predictors + βc*Covariates + βd* Source 

Where:  

βa, βb, βc, βd: Estimated regression coefficients β corresponding to each variable group. 

THM: Represents different types of THM, including THM4, CHCl3, CHCl2Br, CHClBr2, CHBr3 

s(time): A spline function of time, with 60 basis functions, used to capture non-linear 
temporal pattern of seasonality and trend within a GAM model.  

Predictors: The main predictors including temperature. For Llobregat DWTP, Llobregat 
River flow is included; for Ter DWTP, the Sau-Susqueda-Pasteral reservoir level is used. In 
the second model, the SPEI 1 index is used as the categorical predictor. 

Covariates: Based on Spearman correlation analysis, the covariates include: conductivity, 
ammonia or nitrate, pH, TOC. For Llobregat DWTP, the percentage of water treated by EDR 
is also included. 

Source: Llobregat DWTP accounts for two secondary sources whereas Ter DWTP relies on 
one secondary source. 

 

Figure 8. Conceptual model for both drinking water treatment plants, Barcelona case-study. 
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4.2 Results 

4.2.1. Hydrological trends in Ter and Llobregat basin 

A descriptive summary of variables under study is provided in Table 4. The Llobregat River flow had a 
median of 8.3 m3/s with significant variability according to the interquartile range (IQR: 6.5 - 11.8 m3/s). 
In the Ter basin, reservoir volume showed moderate fluctuation (IQR: 217 - 348 hm3), with a median of 

305 hm3. Over the 15-year period, THM level declined by approximately 20g/L (Figure 9), while raw 
water temperature increased by + 0.3 ᵒC annually at both study sites (Figure 9). In Llobregat DWTP, 
bromide, ammonia and conductivity increased notably during the last 18 months, coinciding with the 
drought period which is likely driven by concentration effects during drought conditions (Figure A1). In 
contrast, the Ter DWTP showed a shift in trends between 2017 and 2018, with increasing concentrations 
of nitrate, TOC and conductivity (Figure A2). 

 

Table 4. Summary of descriptive statistics of the variables continuous and categorical, Barcelona. 

PARAMETERS 

LLOBREGAT PLANT TER PLANT 

N Median (P25-P75) N Median (P25-P75) 

Chloroform (CHCl3, g/L) 2331 <0.5 (<0.5, 1.4) 751 23.0 (19.0, 24.7) 

Bromodichloromethane (CHCl2Br, g/L) 2331 3.0 (2.0, 4.4) 751 8.8 (7.8, 10.0) 

Dibromochloromethane (CHClBr2, g/L) 2331 10.5 (8.0, 13.0) 751 2.6 (2.0, 3.7) 

Bromoform (CHBr3, g/L) 2331 17.4 (13.0, 22.9) 751 <0.5 (<0.5, <0.5) 

Total trihalomethane (THM4, g/L) 2331 34.3 (27.8, 41.7) 751 35.8 (31.4, 42.1) 

Predictors 

C
o

n
ti

n
u

o
u

s 

Temperature (⁰C) 2312 17.0 (12.0, 22.0) 751 13.4 (11.0, 16.4) 

River flow (m3/s) 5443 8.3 (6.5, 11.8) - - 

Reservoir volume (Hm3) - - 5479 305 (217, 348) 

Standardized Precipitation 
Evapotranspiration Index (SPEI 1) 

5445 -0.1 (-0.8, 0.7) 5479 -0.1 (-0.8, 0.7) 

C
at

eg
o

ri
ca

l 

 
All 

sources 
(N) 

Only 
Llobregat 

(N)  

Llobregat+ 
Desalinate

d 
(N) 

All sources Ter 
(N) 

High temperature (≥P90) 232 76 141 74 

Normal temperature (<P90) 2080 1060 766 677 

Low river flow/reservoir volume (≤P10) 544 16 207 548 

High river flow/reservoir volume (≥P90) 545 95 50 548 

Normal river flow/reservoir volume 
(>P10, <P90) 

4354 1038 653 4383 

SPEI 1 ≤-1.5 (severe drought) 271 42 64 376 

SPEI 1 ≥ 1.5 (severe wet) 389 71 73 369 

SPEI 1 <|1.5|  4782 1036 773 4734 

Covariates N Median (P25-P75) N Median (P25-P75) 

Conductivity (µS/cm) 2317 1331 (1166, 1491) 749 408 (388, 433) 
Total Organic Carbon (TOC, mg/L) 2299 3.2 (2.8, 3.7) 749 2.6 (2.4, 3.0) 
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Ammonia (mg/L) 2331 0.1 (0.1, 0.2) 757 0.1 (0.1, 0.2) 
Nitrate (mg/L) 2309 7.5 (5.9, 9.7) 751 4.2 (<0. 5, 6.0) 

pH 2315 8.1 (8.0, 8.2) 749 8.0 (7.9, 8.0) 

Operational variables 

Electrodialysis Reversal (EDR, %) 2219 40.8 (39.4, 62.0) - - 

Desalinated water (%) 1048 22.0 (14.7, 34.3) 219 6.6 (4.2, 9.6) 

Ter water (%) 272 6.0 (3.7, 10.5) - - 
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Figure 9. Descriptive statistic of the main outcome (THM4) and variables (Temperature, River Flow, Reservoir Level and Reverse 
Electrodialysis). 
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4.2.2. Llobregat DWTP (River-based) 

The analysis conducted across the full range of temperature and flow values showed a non-linear 
association between river flow and THM species, showing different patterns by THM species. 
Temperature was positively associated with most THM species [THM4 by 0.24 (CI 95%: 0.08, 0.39)] except 
for CHCl2Br, which showed no significant associations (Figure 10). 

 

The models with extreme events showed that extreme high temperature (P90 ≥24.7 °C) did not have a 

significant effect on THM species. For instance,  coefficient for THM4 was -0.25 (CI 95%: -1.51, 1.01) 

(Table 5). However, high river flow (P90 ≥ 19.4 m3/s), was inversely associated with THM4 ( -1.41, CI 

95%: -2.77, -0.05) and CHBr3 (-2.64, CI 95%: -3.61, -1.67) while positively associated with CHClBr2 ( 

0.79, CI 95%: 0.28, 1.29) and CHCl2Br (0.74, 95%CI: 0.46, 1.02) (Table 5). 

Given the consistent influence of water source on THM formation in the exploratory analyses (Figure 10), 
we stratified the models to assess whether it might act as an effect modifier. We stratified the data into 
two main subgroups: one solely based on Llobregat River water versus mixed sources (river + desalinated 
seawater), while maintaining the same P10 and P90 flow threshold. Results revealed evidence of effect 
modification for specific THM species. For intermediate THM such as CHCl2Br and CHClBr2, high river flow 
was positively associated in samples sourced only from the Llobregat River, but showed null association 
in the mixed-source group (Table 5). This loss of significance suggests an interaction, where source water 
composition alters the effect of hydrological extreme on chlorinated THM formation. In contrast, the 
association between high flow and CHBr3 remained consistently negative across both subgroups, which 
indicates no significant effect modifier. For the THM4, we observed a stronger negative association in the 

Figure 10. Main predictors (Temperature and Flow) in continuous models for Llobregat DWTP 
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mixed-source group compared to the only Llobregat River sourced water group, pointing to a possible 
quantitative modification (Table 5). 

Operational factors also played a role, such as the increasing use of EDR, averaging 50-60% (Figure 9), 
which was inversely associated with CHBr3 and THM4, but positively linked to CHCl2Br (Table 5). 
Desalinated water use peaked above 90% in some summer periods such as in 2013 and 2024, and was 
directly associated with CHCl2Br and the THM4 (Table 5). Additionally, other covariates such as TOC 
emerged as a consistently positive predictor across all THM species, reinforcing the importance of organic 
matter in THM formation. Conductivity and pH were positively associated with brominated species, while 
nitrate levels were positively associated with CHCl2Br and CHClBr2 (Table 5, Figure 10). 

The SPEI-1 index exhibits a linear relationship with the THMs (Annex Figure 1), with results at the Abrera 
DWTP aligning closely with those observed for hydrological parameters (Table 5). Severe wet conditions 
measured by SPEI-1, were positively associated with higher CHCl2Br and CHClBr2 concentrations, by 0.52 
(CI 95%: 0.24, 0.79) and by 0.59 (CI 95%: 0.10, 1.09), respectively (Table 5). On the contrary, it was 
negatively associated with CHBr3: -1.11 (CI 95%: -2.06, -0.16). The magnitude of the association was 
higher than the hydrological parameter (high river flow). In addition, the pattern was consistent even 
when we segregate the data by water source for the chlorinated THMs. However, no association was 
found during severe drought conditions. 

These findings in Llobregat DWTP highlight the role of extreme weather conditions, capture by flow 
mediated dynamics and SPEI 1, are modulating THM species formation 

4.2.3. Ter DWTP (Reservoir-based) 

The exploratory analysis with the main predictors as a continuous variable in the TER DWTP, THMs 
species, such as THM4, were positively associated with temperature by 0.35 (CI 95%: 0.07, 0.63), except 
for CHClBr2 which was not significant (Figure 11). Continuous reservoir levels also showed a linear 
association with THM species, which allowed for stratification by P10 and P90. 

In our extreme weather events model, extreme high temperature, defined by P90 ≥18.3 °C did not show 
an effect on the THM species, for instance the association with THM4 was 0.87 (CI 95%: -1.06, 2.81) (Table 
5). In contrast, low reservoir levels (P10 ≤ 116 hm3), significantly increased all THM species, most notably 
CHCl3 by 2.99 (CI 95%: 0.29, 5.69) and THM4 by 4.08 (CI 95%: 0.83, 7.33). In addition, high reservoir levels 
(P90 ≥ 369 hm3), increased THM formation, such as CHCl3 by 1.63 (CI 95%: 0.33, 2.92) and THM4 by 1.64 
(CI 95%: 0.09, 3.19). Other factors, such as TOC and pH were the main positively influencing THM 
formation (Table 5, Figure 11). 
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In Ter DWTP, the SPEI-1 index also exhibits a linear relationship with THMs concentrations (Figure A2), 
although, associations were less consistent with the hydrological findings observed for reservoir volume 
(Table 5). Notably, THM4 levels declined significantly during both severe drought and wet conditions, by 
-1.82 (CI 95%: -3.39, -0.24) and -2.15 (CI 95%: -3.83, -0.46) respectively. These findings suggest that SPEI 
1 may capture broader climatic influences that do not directly correlate with local reservoir storage.

Figure 11. Main predictors (Temperature and Flow) in continuous models for Ter DWTP 



 

 

Table 5. Llobregat and Ter drinking water treatment plant (DWTP). Change (( coefficient) in trihalomethane (THM) concentrations by percentile 10 and 90 (P10, P90) of river flow and reservoir level relative to 
normal (>P10, <P90) and temperature ≥P90 relative to <P90. The column at the right indicates THM concentration change by SPEI extremes relative to normal values. 

 

 

 

 

 

 

 

1CHCl3 = chloroform, CHCl2Br = bromodichloromethane, CHClBr2 = dibromochloromethane, CHBr3 = bromoform, THM4 = Sum of all trihalomethanes 
2Adjusted for source, conductivity, ammonia, pH, Total Organic Carbon (TOC), and % Electrodialysis Reversal (EDR). 
3Adjusted for conductivity, ammonia, pH, TOC, and %EDR. 
4Adjusted for source, conductivity, nitrate, pH, and TOC. 

Analysis group 

by water source 
Outcome1 

 River flow/ Reservoir volume 
Temperature 

High (≥P90) 

b (95% IC) 

 SPEI 1 

N 
Low (≤P10) 

b  (95%CI) 

High (≥P90) 

b (95%CI) 
N 

≤-1.5 

(Severe Drought) 

b  (95%CI) 

≥ 1.5 

(Severe Wet) 

b  (95%CI) 

Llobregat plant, 

all data2 

CHCl2Br 
2

2
6

2
 

0.32 (-0.02, 0.65) 0.74 (0.46, 1.02) -0.15 (-0.41, 0.11) 

2
2

6
4

 

-0.06 (-0.38, 0.25) 0.52 (0.24, 0.79) 

CHClBr2 0.19 (-0.42, 0.80) 0.79 (0.28, 1.29) -0.34 (-0.80, 0.13) -0.03 (-0.59, 0.54) 0.59 (0.10, 1.09) 

CHBr3 -0.37 (-1.54, 0.81) -2.64 (-3.61, -1.67) 0.30 (-0.59, 1.20) 0.09 (-1.00, 1.18) -1.11 (-2.06, -0.16) 

THM4 0.09 (-1.55, 1.74) -1.41(-2.77, -0.05) -0.25 (-1.51, 1.01) -0.78 (-2.31, 0.74) 0.91(-0.42,2.24) 

Llobregat plant, 

only Llobregat 

River3 

CHCl2Br 

1
1

1
9

 

0.02 (-0.64, 0.68) 1.22 (0.96, 1.49) -0.11 (-0.40, 0.17) 

1
1

1
9

 

-0.31 (-0.66, 0.04) 0.59 (0.30, 0.87) 

CHClBr2 -0.40 (-2.09, 1.29) 0.92 (0.25, 1.59) 0.01 (-0.73, 0.75) -0.30 (-1.18, 0.58) 1.37 (0.66, 2.07) 

CHBr3 -2.60 (-5.53, 0.33) -3.46 (-4.63, -2.29) 1.41 (0.13, 2.69) -0.04 (-1.60, 1.51) -0.51 (-1.76, 0.74) 

THM4 -3.08 (-7.13, 0.98) -0.77 (-2.38, 0.84) 1.36 (-0.41, 3.12) -0.60 (-2.71, 1.51) 1.69 (-0.01, 3.39) 

Llobregat plant, 

river + 

desalinated3 

CHCl2Br 

8
9

0
 

0.23 (-0.17, 0.62) -0.05 (-0.64, 0.54) 0.18 (-0.21, 0.58) 

8
9

1
 

0.25 (-0.28, 0.78) 0.73 (0.27, 1.18) 

CHClBr2 0.20 (-0.43, 0.82) -0.52 (-1.47, 0.43) -0.07 (-0.70, 0.57) -0.03 (-0.92, 0.86) 0.01 (-0.72, 0.74) 

CHBr3 0.58 (-0. 77, 1.93) -2.81 (-4.85, -0.76) -0.40 (-1.77, 0.97) -0.44 (-2.32, 1.43) -2.42 (-3.98, -0.87) 

THM4 1.32 (-0.48, 3.12) -4.36 (-7.08, -1.64) 0.13 (-1.70, 1.95) -0.36 (-2.85, 2.14) -0.09 (-2.19, 2.01) 

Ter plant, all 

data4 

CHCl3 

7
4

5
 

2.99 (0.29, 5.69) 1.63 (0.33, 2.92) 1.56 (-0.05, 3.18) 

7
4

5
 

-1.78 (-3.10, -0.46) -1.74 (-3.15, -0.33) 

CHCl2Br 1.35 (0.67, 2.04) 0.10 (-0.23, 0.43) 0.33 (-0.08, 0.75) 0.004 (-0.34, 0.35) -0.20(-0.57, 0.16) 

CHClBr2 0.59 (0.05, 1.13) -0.04 (-0.30, 0.21) -0.21 (-0.53, 0.11) 0.15 (-0.11, 0.41) -0.10 (-0.37, 0.18) 

THM4 4.08 (0.83, 7.33) 1.64 (0.09, 3.19) 0.87 (-1.06, 2.81) -1.82 (-3.39, -0.24) -2.15 (-3.83, -0.46) 



 

 

4.3. Discussion 

The full analytical approach was mainly achieved for Barcelona, while Ireland and Cyprus remained more 
exploratory due to data limitations. The uneven delivery across case studies showcases the difficulty to 
conduct this type of assessment in light of the currently available datasets and the need to create (or 
make available) open access databases with long-term information on drinking water quality, treatment, 
and source. Available time series for Barcelona (15 years) was shorter than expected (at least 20 years), 
which represents a limitation to provide generalizable conclusions at longer term. Given the paucity of 
relevant data, the analysis was conducted at the utility level rather than at the local/regional/national 
scale as initially conceived in the DoA. Given the different data needs in this task and WP5, after 
discussions to explore integrative approaches, independent analyses were finally conducted. 

The evaluation in Barcelona assessed the influence of extreme hydrologic and weather events on THM 
formation in two contrasting drinking water production systems in the Barcelona Metropolitan Area: a 
river-fed system (Llobregat plant) and a reservoir-based system (Ter plant). By combining long-term 
monitoring with event-based modeling, we identified how certain extreme hydrometeorological events, 
along with operational factors, modulate both THM formation and species profiles.  

Over the 15 years study period, THM4 levels declined across both plants, reflecting operational upgrades 
and improved treatment efficiency. Notably, the overall influence of extreme events on THM 
concentration appeared modest in magnitude, their impact on THM speciation was more pronounced. 
Our findings provide a more nuanced understanding of how extreme river flow and reservoir volume 
affect THM formation.  

The Llobregat plant, a dynamic riverine system with highly flexible operational capabilities such as 
extensive source blending and EDR technology, demonstrates substantial adaptability to extreme 
hydrometeorological conditions. High river flow events were associated with reduced levels of 
brominated THMs (e.g., CHBr3), while concurrently increased chlorinated species such as CHCl2Br and 
CHClBr2. These effects remained even after adjusting for covariates such as EDR usage and stratification 
by water source. This speciation shift is likely driven by precursor dilution (lower bromide) and increased 
TOC from surface runoff, especially when pure Llobregat river water is treated. This altered ratio of 
precursors may exert a more direct influence on THM levels beyond what operational strategies alone 
can buffer. This shift towards less brominated species also implies a lower presence of more toxic THM, 
especially relevant for public health. 

EDR emerged as a key operational factor, contributing not only to the reduction of the overall THM4 but 
also to shift in speciation toward less brominated THMs. The ability of EDR to consistently lower bromide 
levels suggests its strategic value in mitigating climate-sensitive formation pathways, particularly those 
driven by high temperature and elevated bromide availability.  

The composition of the source water acted as a significant effect modifier.  When desalinated seawater 
was blended with river water, the association was notably attenuated between high flow and increased 
chlorinated THM species. This highlights the role of source water management in buffering treatment 
plants against fluctuations in natural hydroclimatic events and how important is to account for blending 
regimes in risk modeling.  

In contrast, low river flow conditions showed no significant effect on THM levels. This lack of effect may 
be attributable to the combined buffering capacity of EDR and the strategic use of desalinated water 
during dry periods, both of which reduce bromide content and thereby decouple THM formation from 
temperature-driven kinetics. Accordingly, the relatively weak temperature effect observed in our models 
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likely reflects successful operational decoupling of key chemical precursors from environmental 
conditions. 

The Ter plant, supplied by a system of interconnected reservoirs, is operationally less complex than 
Llobregat system. However, like the Llobregat plant, the continuous temperature model showed a 
significant association with THM formation, whereas extreme temperature events model did not. This 
discrepancy suggests that gradual and sustained temperature increases might be more influential than 
short-term extremes. And noted in previous literature, effects of extreme weather events vary depending 
on their duration, timing and the intensity, which may explain the lack of consistent patterns under binary 
extreme event classification. 

Both low and high extreme reservoir volumes were significantly associated with increased THM 
formation, though likely via different pathways. Low reservoir volumes may lead to the concentrate 
organic precursors, enhancing THM formation. Notably, most of those extreme low reservoir events were 
registered over the recent years coinciding with periods where blending desalinated seawater system 
was mostly used, and therefore altering water composition. Conversely, extreme high reservoir volumes 
were registered over the 15 years period, and this increase of THM formation, may reflect vertical mix of 
water in the proper reservoir, as it mobilizes organic matter from deeper layers or resuspend 
accumulated material from the bottom of the reservoir, particularly during storm-driven inflows, 
increasing TOC levels and precursors reactivity. Both extremes pose potential risks to source water quality 
through different pathways. However, it is important to note that within the interconnected three- 
reservoir system, raw water quality is routinely monitored at multiple depths in the two upstream 
reservoirs. This monitoring informs the selection of intake gates, allowing operators to choose the water 
layer with the most favorable quality before it is transferred to the final reservoir, functioning as a large 
mixing basin prior to treatment in the drinking water plant.  

The SPEI-1 index showed associations with THM species, particularly in Llobregat plant, suggesting it may 
serve as a proxy for climate influence in river-based systems. However, in the Ter plant, associations 
between SPEI-1 and THM were less aligned with hydrological measures, likely due to the buffering effect 
of reservoir storage. Longer-term indices (such as SPEI-3 or SPEI-6) would better capture long-term 
meteorological variations, but neither appropriate for short-term extreme weather events. 

We acknowledge several limitations in our modeling approach that may have impacted the detection and 
interpretation of extreme weather effects on THM formation. The use of a high-order spline, allowed us 
to model non-linear responses and preserve data granularity. However, it may have attenuated some of 
the variability attributable to extreme weather events, limiting our ability to detect their independent 
effect, this could help explain the relatively small effect attributed to hydrological parameters. The 
modest effect may reflect either a true buffering effect of treatment systems or a methodological 
constraint in detecting episodic impacts within a smoothed temporal framework. Additionally, temporal 
resolution of the data, with sampling occurring every 4-5 days to weekly, may have constrained our ability 
to fully capture rapid changes during short-duration extreme events. Mediterranean weather is 
characterized by flash floods and it is already reported in literature that even if there is an initial phase of 
increasing concentrations of TOC and other matters by runoff, the water quality during the events could 
also change. Therefore, this limitation reduces the sensitivity of the models. Although collinearity was 
not detected, high correlation between key variables warrants cautious interpretation such as between 
Ter River water percentage and reservoir volume (r=-0.63) (Figure 7). The interaction may have enhanced 
the individual effect those variables into the final model of THM formation. However, the inclusion of 
those variables was essential for predicting THM and including the interaction effect in the models made 
no difference. Finally, other operational factors known to influence THM formation, such as free chlorine 
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concentration, residence time or storage duration, were not included due to data limitations. These 
variables are important to be integrated into future studies. 

Future research should also consider post-drought rewetting events, which may have triggered increased 
TOC levels and subsequent THM formation (40), highlighting the need to view extreme weather impacts 
not as isolated episode but within a broader hydrological context. To better capture these dynamics, we 
recommend the use of complementary modeling approaches, such as seasonal-trend decomposition, 
random forest models, generalized additives mixed models, or weighted regression techniques paired 
with high-frequency monitoring (29). These could enhance the detection of complex interactions 
between extreme weather events, source water quality and treatment operations. 

In conclusion, our study applied a long-term analysis of two contrasting drinking water plants to assess 
how extreme weather events influence THM formation and speciation. While the overall effect of 
extreme conditions were modest, distinct patterns emerged depending on water source and treatment 
configuration. The Llobregat plant with its flexible use of EDR treatment and source mixing, appeared to 
buffer THM formation under extreme weather events. In contrast, the Ter system, reliant on reservoir 
dynamics such as selective withdrawal and artificial sedimentation cell combining three reservoir system 
with less operational flexibility, showed greater sensitivity to volume extremes. These findings highlight 
the importance of integrating source water characteristics, advanced treatment technologies and long-
term monitoring to improve climate resilience in drinking water systems. Future research should aim to 
capture short-term events with higher-frequency data and explore broader operational variables to 
enhance predictive capacity. Studies in other settings with less intervened drinking water production 
systems are needed to understand the effect of extreme weather events on drinking water quality in 
different contexts.
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 ANNEX 

Figure A1: Llobregat DWTP all the different variables concentration time series and SPEI-1 
relationship with THM4 
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Figure A2: Ter DWTP all the different variables concentration time series and SPEI-1 relationship 
with THM4 
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intoDBP will create innovative tools and strategies to improve water quality 
management for safe human use and a healthy environment. It focuses on catchment 
protection and forecasting, transformative drinking water treatment, and real-time 
monitoring to combat the effects of climate and global change. In particular, intoDBP 
focuses on pollution and risks related to disinfection byproducts (DBPs). By 
developing and applying advanced, integrated, and cost-effective sensors and 
analytical methods, intoDBP will expand knowledge on water quality and DBP 
precursors to better understand its formation and human exposure in Europe. 
intoDBP monitoring results will feed into numerical forecasting tools to predict source 
water changes and formulate climate change adaptation pathways at catchment and 
treatment scale. intoDBP also develops transformative options for advanced and cost-
effective upgrade of water treatment and disinfection. 

In the intoDBP consortium researchers, small and large enterprises, communication 
experts and public services join forces to generate interdisciplinary solutions, that will 
generate a renewed perspective of drinking water surveillance, support decision-
making and governance, and increase system resilience. intoDBP will implement and 
validate its cross-cutting products in four complementary case studies from three 
European countries where compliance with DBP regulation currently is an 
acknowledged challenge. The direct and visible positive impact of intoDBP in the case 
studies will foster rapid product adoption at a European and global scale, thus 
strengthening Europe’s position and role in the global water market. 

Reaching out beyond the water sector itself, intoDBP will directly engage society 
through surveys to analyze exposure to DBPs, collect data about catchment 
protection initiatives, create awareness and promote sustainable consumer behavior 
such as reducing bottled water consumption. 


