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Climate change is likely to add further pressures to water quality degradation across the globe. The 
development of robust climate-smart mitigation measures necessitates understanding the impact of 
extreme hydrological events on catchment hydrology and nutrient losses. Here, empirical modelling 
(EM) was applied on 14 years of sub-hourly water quality and weather data from six hydrologically 
diverse agricultural catchments in Ireland to understand the climatic factors that trigger an increase 
in phosphorus (P) losses [manifested as increase of 0.01 mg L− 1 in total phosphorus (TP) and increase 
of 0.005 mg L− 1 in total reactive phosphorus (TRP) over one day]. Plausible future P-loss due to 
extreme weather events was then modelled using climate change scenarios (from 2010 to 2100) for 
medium and high emission pathways, i.e. Representative concentration pathways (RCP) 4.5 and 
RCP8.5, respectively. EM identified three climatic conditions that trigger TP and TRP losses across all 
study catchments, namely: (i) cumulative effective rainfall > 5 mm over five days followed by effective 
rainfall > 5 mm in one day; (ii) effective rainfall > 5 mm in one day, and; (iii) effective rainfall over ten 
mm in one day. Together, these criteria captured up to 80% of the events across all catchments despite 
their different characteristics. From the projected climate change scenarios, the frequency of triggering 
events and their associated discharge rates, increases significantly towards the end of the century 
in all catchments, especially under RCP8.5. The sensitivity of catchment response to the changing 
weather patterns and the monthly trend of precipitation throughout the century strongly depended 
on catchment characteristics. The hydrologically flashy catchments in the dataset tend to be most 
sensitive to climate driven changes, returning the highest percentage increase of annual P-loss events 
in both RCPs. Considering far-future scenario, there would be 10–66% increase in the number of P-loss 
events under RCP4.5, and 28–67% under RCP8.5, taking into account the potential underestimation 
of projected precipitation probability. Assuming no changes in P-inputs in the future scenarios, the 
projections also indicated average discharge of up to 8.5 mm per a single triggering event that would 
directly contribute to increases in P-concentrations and mass loads leaving the catchments. Changes 
in climate are likely to compound already significant challenges in improving/ maintaining good water 
quality. It is therefore critical to incorporate the influences of climate change on nutrient losses in 
developing mitigation/adaptation strategies that are tailored to catchment-specific characteristics.
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The delivery of excessive phosphorus (P) from agricultural catchments into streams, estuaries, and coastal 
waters1 is already putting pressure on maintaining good ecological status in water bodies. Climate change, though 
increasing rainfall extremes, flooding and drought is already compounding deterioration of water quality2. 
Extreme hydrological events (i.e., heavy precipitation, flooding, and drought) are happening at a global scale 
more frequently3,4, with higher intensity and longer duration5,6. Climate risk assessments have often overlooked 
water quality deteriorations under climate change despite its crucial role on ecosystem health and water security7. 
However, more recent studies are highlighting the need for prioritizing research under extreme weather events 
to challenge current conceptual models on water quality dynamics7, and for more comprehensive analysis of 
the complex link between the drivers of water quality and the controls related to changing weather patterns8. 
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In order to advance the knowledge and projection of water quality in future climate, rivers, groundwater, and 
land should be considered as interconnected systems as hydro-biogeochemical processes on land are regulated 
by the shifts in the weather events, being either persistent, progressive, episodic, or severe, but all distinct in 
magnitude, intensity and duration7. All components of the water cycle, i.e. precipitation, evapotranspiration, 
and water discharges, are influenced by extreme weather events, at regional and global scale9. Ongoing climate 
change is likely to result in further alterations in the amount and seasonality of precipitation10, changes in runoff 
(as the dominant regulator of nutrient losses)11, and the magnitude and timing of floods and droughts as well.

For example, runoff could peak earlier in the spring and river flows would decrease in summer12,13, with the 
consequence of decreased dilution of non-point as well as persistent point sources14 (i.e. increase in pollutant 
mobilization over pollutant dilution during floods15 and hence increased nutrient concentrations14. Such 
changes will synergistically influence nutrient source15, mobilisation and/or delivery (detachment/solubilisation 
and connectivity/retention), transport and transformation of all water quality constituents15 in catchments16,17. 
This multidecadal climate change consequences on water quality are caused by the complex interactions between 
hydrological alterations (impacting streambed remobilization, particle size selectivity, organic matter and 
lateral erosion18, rises in water and soil temperatures, land use and human-induced changes15. Forber et al.19 
recommended studying the impacts of climate change on each of the four tiers of the P transfer continuum, 
represented by the source–mobilization–transport-impact model originally conceptualized by Haygarth 
et al.20. High-flow events can increase the movement of P-enriched sediment (increased P detachment from 
soils) whereas very low-flow periods can reduce the natural attenuation capacity (dilution) of water bodies. In 
addition, new critical source areas might be created due to differences in the sensitivity of individual catchments 
to climate change21 and sediment delivery interventions should be adapted to changing rainfall patterns22.

The EU Water Framework Directive (WFD) (2000/60/EC)23 requires Ireland to achieve good ecological 
status in all waters by 2027. Agriculture is the most common land use covering 70% of the country, and the 
most significant pressure impacting ~ 63% of waterbodies at risk24. In recent years, attention has been directed 
to understanding the linkage between climate extremes and water quality. It is now acknowledged that water 
quality requires increased integration into climate adaptation policy25, while improved insights into climate 
change impacts on water quality and possible responses are needed26. For Ireland, the recent climate change 
impact assessments for hydrology have simulated changes in seasonal and annual flows27, increases in floods 
and more severe summer droughts28. Studies have also suggested that the vulnerability of catchments to extreme 
weather events different by regions due to catchment characteristics29,30. Ezzati et al.21 identified increasing inter-
seasonal trends of nutrient losses to surface water and concluded that nutrient concentrations were driven by 
temperature, soil moisture deficit, and rainfall totals, and controlled by soil chemistry and drainage. In addition, 
recent studies have shown that geographically close catchments, but with different hydrological controls, respond 
differently to similar large-scale weather extremes8,31.

As a result, more targeted approaches are required to deliver catchment-specific targeted measures, which 
in turn, requires better understanding of underlying nutrient transfer processes at the catchment scale in a 
changing climate19,31 The knowledge gained from such studies would help develop appropriate adaptation plans 
for water quality (both surface and ground water and help improve understanding of the risks and opportunities 
for natural capital in Ireland’s National Risk Assessment of Impacts of Climate Change32,33 presented by climate 
change. However, large uncertainties and challenges persist for modelling water quality (including nutrient 
trends, legacies, delivery, and mobilization processes) responses to changing weather patterns16. Lack of long-
term water quality observations9, and appropriate data resolution34 have been a barrier to better understanding 
of the climate-water quality relationship17. Due to the different scales of studies, climate and water quality have 
been typically researched independently35 while it is difficult to disentangle the impacts of climate change 
versus anthropogenic activities36. Estimating future nutrient losses to water bodies is further challenged by the 
complexity of the processes involved, model uncertainties, and their calibration37. Despite these challenges, the 
availability of 14 years of continuous high temporal resolution [10-min basis] water quality [nutrient conc.] and 
weather data from six hydrologically diverse and agriculturally dominated catchments across Ireland [developed 
within Agricultural Catchments Programme (ACP)] enabled the present study to fill this knowledge gap and 
brought the two disciplines together to understand projected P losses due to climate change.

Considering the pervasive challenge of excessive P in freshwater systems38 from agriculture as a significant 
pressure in waterbodies at risk in Ireland39, the current paper seeks to leverage the high temporal resolution and 
diversity of the ACP datasets to identify precipitation characteristics that trigger P loss events (sudden increases 
in P-concentration in surface water leaving the catchment). An empirical modelling approach was hence used to 
avoid model uncertainties by using observations across catchments. Next, the frequency of occurrence of trigger 
events is assessed using downscaled future climate change projections extending to 2100 for each catchment. 
Understanding how changing precipitation results in flushing of P would enable policy makers to target and 
deliver better mitigation/adaptation strategies at the catchment scale. Such understanding of the impact of the 
changing climate on nutrient losses (i.e. water quality) would provide invaluable insight for better development of 
National Climate Change Risk Assessment as well as building up a solid ground for international extrapolation. 
Therefore, the objective of this study was to assess how a predictable and highly influential variable (effective 
rainfall (ER)) influence P loss in diverse catchments’ settings, based on the empirical relationships established by 
assessing a unique 14-year dataset of sub-hourly hydro-chemometrics in the catchment’s river outlets.

Results
Water quality data and criteria contributing to loss events
Over the 14-year high-temporal resolution monitoring-period, Dunleer, Ballycanew, and Timoleague had 
the highest TP concentrations (Table  1) whereas the discharge was highest in Corduff, Timoleague, and 
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Castledockerell, and lowest in Cregduff. Cregduff, a karst spring contribution zone, had the lowest TRP and TP 
concentrations among all study catchments.

The P-loss events triggered by extreme hydrological events were identified using the following criteria: (i) 
Criteria A, sum of ER > 5 mm within a 5 day window followed by ER > 5 mm in one day; (ii) Criteria B, ER > 5 
mm in one day, and; (iii) Criteria C, ER > 10 mm in one day (See “Method”, Empirical modelling to identifying 
triggering events). Criteria B had the highest number of events and Criteria C had the largest difference in 
number of events between the catchments (Table 2). The calculated criteria captured up to 80% of P-loss events 
in Corduff, and over 60% in Castledockerell. In comparison, 38% of P-loss events in Cregduff, which has 
intrinsic high P retention31,40 were captured and 35 to 43% of events in Dunleer, Ballycanew, and Timoleague, 
respectively. These criteria were manifested similarly for both TP and TRP events, although they were more 
representative of TP losses.

Considering the sum of all Criteria, the following catchments had the highest number of TRP events 
in a descending order: Timoleague > Ballycanew > Castledockerell > Dunleer > Corduff > Cregduff. 
The ranking of catchments based on the highest number of TP events was as follows: 
Timoleague > Castledockerell > Ballycanew > Dunleer > Corduff > Cregduff. In all catchments, except for Corduff 
and Cregduff, there were higher number of weather driven P-loss events for TP. However, Corduff and Cregduff 
were instead more “weather sensitive” to TRP loss. This observation is aligned with the current state of knowledge 
about these two catchments. Castledockerell had more TP loss events than TRP (a larger difference than in the 
other study catchments).

Scenarios of near and far-future precipitation and inter seasonal trends
The median precipitation over near and mid-future scenarios was relatively stable for Castledockerell and Corduff 
in RCP4.5 (Fig. 1). However, there was a stepwise increase in precipitation in the far-future climate projection 
under RCP8.5. This emission pathway would also contribute to the occurrence of outliers in Castledockrell, 
Corduff, Cregduff, and Timoleague. Timoleague would, however, experience the highest increase and widest 
range of precipitation among the catchments throughout the century under both RCPs.

There was a considerable difference between the spread of precipitation during different time periods in 
Ballycanew and Castledockrell (despite their close proximity). However, this is not unexpected as during the 
previous years, localised rainfall has occurred more often and Castledockrell experienced some exceptionally 
heavy rainfall events.

Using the non-parametric rank-based Mann-Kendall trend test showed that the monthly trend and seasonality 
of precipitation events across different catchments were varied (Fig. 2). Trend analysis showed changes in the 
probability distribution of our continuously collected high-temporal resolution data over, hence, it provided a 
valuable statistical test to evaluate extend of nutrient losses and discover any hidden inter-annual trends. The 
increases in monthly trend were, however, similar for both emission scenarios and over different time periods 
indicating increase in the precipitation amount, and hence more frequent extreme events during the last three 
decades of the century. The seasonal monthly trend analysis on the mean values of climate-model ensemble 

Catchments

Number of events 2010–2023

Criteria A Criteria B Criteria C Sum of criteria

TRP-increase TP-increase TRP-increase TP-increase TRP-increase TP-increase TRP-increase TP-increase

Ballycanew 262 273 479 479 212 222 953 974

Castledockrell 202 268 392 468 226 254 820 990

Corduff 146 66 175 93 109 59 430 218

Cregduff 45 26 54 27 31 16 130 69

Dunleer 214 230 399 425 184 194 979 849

Timoleague 300 311 504 523 263 272 1067 1106

Table 2.  Number of weather-driven TP and TRP increasing events based on criteria A, B, and C using the 
monitored data spanning 2010–2023.

 

Catchments

TRP TP Q
mm

Temperature
℃

Precipitation
mmmg L− 1

Ballycanew 0.07 0.1 526 10.1 1037.4

Castledockerell 0.02 0.04 535 10.2 983.6

Corduff 0.03 0.05 671 9 1005.6

Cregduff 0.01 0.02 167 10.2 1037.2

Dunleer 0.13 0.2 420 9.9 873.2

Timoleague 0.07 0.1 642 10.4 1091.5

Table 1.  Average daily concentrations and annual average discharge (Q), precipitation, and average air 
temperature (2010–2023).
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showed that the frequency and magnitude of precipitation events would be more distinct during summer (June, 
July, August) in which a significant or highly significant decreasing trend of total precipitation in every month 
is projected. A positive (increasing) trend is projected for winter (December, January, February) and spring 
(March, April, May). Dunleer is the only catchment with a consistent increasing monthly trend in autumn 
(November) but it showed a decreasing trend in September. While most of the catchments will experience 
an increase in precipitation in January during the near-future (2010–2040) under RCP 4.5, all catchments 
experience a significant increase in May during the last time period in the extreme emission pathway (RCP 
8.5). All catchments would experience a decrease in precipitations in June and July with the decrease highly 
significant in the far-future. Ballycanew would experience a highly significant decrease in August of the last three 
decades of the century while this change would be moderately significant in the near-future scenario.

Number of weather-triggered phosphorus loss events and associated discharge rates under 
future climates
The study catchments displayed different responses, both in terms of nutrient losses, and in sensitivity to climate 
change. Assuming a lack of changes in farm management (i.e., no changes in P inputs), the number of P loss 
events in all catchments increases in the projected future climates with significant differences between the RCPs. 
Yet, the number of events in both RCP 4.5 and RCP8.5 are projected to change similarly for the mid-future 
(2040–2069). The values of projected average discharge per extreme events vary to be lowest of 0.7  mm in 
Castledockrell to highest of 8.5 mm in Ballycanew (Table 3).

In both RCP 4.5 and RCP8.5, the increase in the number of precipitation triggered P loss events in Ballycanew 
was higher (almost double) than in Castledockerell. Castledockerell was predicted to have the lowest number of 
events among all the other catchments considering all criteria at all time periods under both emission pathways 
(Fig. 3). The only exception here is that the number of events in Dunleer is projected to be the lowest during the 
near-future under RCP4.5. Dunleer is also the only study catchment with a substantial difference between the 
RCPs during the near-future (2010–2039) (i.e. 174 events in RCP4.5 versus 750 events in RCP 8.5. Timoleague, 
Ballycanew, and Cregduff would experience more extreme rainfall events (Criteria C, effective rainfall exceeding 
10 mm over a day), from the highest to the lowest order. Cregduff and Corduff would experience more extreme 
hydrological events (and hence P-concentration increasing events) during the last three decades of the century. 
In general, Timoleague would experience the highest number of increasing P loss events (Criteria A, B, and C) 
across the different RCPs and during the different future time-periods. Meanwhile, the average discharge per 
extreme events based on Criteria C revealed to be highest for Ballycanew followed by Corduff, during all time 

Fig. 1.  The spread of projected mean daily precipitation (mm) for three modelled 30-year periods using 
emission scenarios RCP4.5 and RCP8.5.
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periods and for both emission pathways. Castledockerell and Cregduff had the lowest discharge rates per events 
consistently through all criteria during all time periods (Table 3).

The first 14-years of climate model ensembles overlap with the beginning of ACP data-collection (observation 
records); therefore, direct validation of predicted rainfall against observed condition was not possible. Therefore, 
we compared the range of data across observations, ensembles, as well as individual climate models, considering 
the two emission pathways for 2010–2023 (Supplementary Fig. 1, SF1).

The 14-year range of observed data and ensembles in all catchments were similar and the distribution 
patterns have been captured by the ensembles. However, the ensembles did not capture extreme values (outliers) 

Near-future Mid-future Far-future Near-future Mid-future Far-future Near-Future Mid-future Far-future

RCP

Criteria A Criteria B Criteria C

Projected discharge per extreme event (mm)

Ballycanew
3.8 3.7 3.9 3.4 3.3 3.5 6.2 7.6 7.5 4.5

3.7 3.9 4.1 3.3 3.5 3.7 7.8 8.0 8.5 8.5

Castledockrell
1.3 1.2 1.2 1.1 1.0 1.0 0.8 0.9 0.7 4.5

1.7 1.9 2.0 1.4 1.5 1.7 1.4 1.4 1.6 8.5

Corduff
4.8 4.8 4.9 4.4 4.4 4.5 5.1 5.0 5.3 4.5

4.8 5.0 5.4 4.4 4.6 4.9 5.2 5.4 5.7 8.5

Cregduff
1.5 1.6 1.6 1.4 1.5 1.5 1.3 1.4 1.4 4.5

1.5 1.7 1.9 1.4 1.6 1.8 1.4 1.5 1.6 8.5

Dunleer
3.5 3.4 3.6 3.2 3.0 3.2 4.5 4.3 4.3 4.5

3.5 3.6 3.7 3.1 3.2 3.4 4.1 4.7 4.5 8.5

Timoleague
3.4 3.5 3.7 3.1 3.1 3.3 3.5 3.6 3.8 4.5

3.4 3.6 4.0 3.1 3.2 3.6 3.6 3.7 4.1 8.5

Table 3.  Projected average discharge (mm) per each extreme event during the three climate change projection 
periods based on the Criteria A, B, and C.

 

Fig. 2.  Monthly trend analysis for projected precipitation under emission scenario pathways RCP 4.5 and 
RCP8.5. The numberings of 1, 2, and 3 refer to the three future-time periods of 2010–2039, 2040–2069, and 
2070–2100 respectively. The abbreviations to catchments are as follows: Ba = Ballycanew, Ca = Castledockrell, 
Co = Corduff, Cr = Cregduff, Du = Dunleer, Ti = Timoleague.
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in observed data. This could imply that the number of triggering events may even be higher than what has been 
modelled here.

The annual number of P-loss events varied substantially between the study catchments and the modelled 
periods (Table 4). These amounted to 10– 42 (RCP4.5) and 12– 43 (RCP8.5) events in the near-future scenario, 
15– 46 (RCP4.5) and 11– 49 (RCP8.5) events in the mid-future scenario and 11– 49 (RCP4.5) and 20– 55 
(RCP8.5) events in the far-future scenario. The increase in the annual number of P-loss events, between near-
future and far-future, also varied between the catchments and ranged between 10% and 66% under RCP4.5 and 
20% to 67% under RCP8.5. While the highest increases were mostly in RCP8.5, the Dunleer catchment had 
its largest increase under RCP4.5. The arable and groundwater-fed Castledockerell catchment had the lowest 
increase of far-future P loss events (10%) under RCP4.5 and the highest (67%) under RCP8.5. Cregduff showed 
the highest percentage increase in the number of average annual P-loss events based on the sum of all criteria. 
Castledockerell and Corduff showed no increases in the mid-future RCP4.5 scenario, while Timoleague and 
Ballycanew exhibited the lowest increases (2.4% and 4%, respectively).

Timoleage and Corduff exhibited the lowest increases under RCP4.5 during the mid-future scenario. 
Timoleague, which exhibited the highest number of near-future P-loss events among all the catchments under 
both RCP4.5 and RCP8.5 was assumed to be the most hydrologic-sensitive, but was, nonetheless, one of the 
catchments with the lowest percentage increase of mid- and far-future annual events under both emissions 
scenarios. However, Corduff, which has the lowest base-flow index among all the study catchments (Table 5, 
see “Methods”) and just over half of near-future P-loss events compared to Timoleague, was predicted to have a 
greater percentage increase under RCP8.5 in both the mid- and far-future climates. This observation is critical as 
it underscored the high weather-sensitivity of this catchment, especially considering the recent increasing trend 

Fig. 3.  Number of projected P loss events based on Criteria A, B, and C during the three climate projection 
periods representing the near-future (2010–2039), mid-future (2040–2069) and far-future (2070–2100). The 
solid colours show RCP4.5 and the crosshatch bars represent RCP8.5.
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in nutrient losses in Corduff. Ballycanew, which had one of the highest annual number of events in 2010–2023 
(Table 2) and a high flashiness index (Table 5), was predicted to experience a middle range percentage increase 
compared to the other study catchments.

Discussion
Phosphorus concentration dynamics, related to changes in the climate patterns (historical extreme hydrological 
events and projected precipitation), were identified for several of the catchments, indicating a significant increase 
in the number of P-loss events. However, there were considerable differences between the projected responses 
among the individual catchments. The three identified climatic criteria (see “Method”, Empirical modelling to 
identifying triggering events) that would contribute to a concentration-increase event across all catchments 
captured up to 80% of the events, despite the different characteristics of the study catchments. Our results showed 
that the number of events would increase significantly towards the end of the century (far-future) and a stepwise 
increase in precipitation is expected under RCP8.5. The use of EM is particularly useful in studying complex 
environments41 where the interaction between variables is nonlinear, dynamic, and state-dependant42 such as 
the ACP catchments with their diverse hydrological characteristics (see “Method”). In view of the availability of 
high temporal resolution data in the ongoing monitoring, the validation and recalibration processes in the EM 
provided accurate and relevant analysis based on real observations.

The results clearly reflected the differences between the physical/chemical settings and land uses of the study 
catchments and indicated the “sensitivity to the changing precipitation patterns”. The sensitivity of the response 
variables to P losses depended on the catchment-specific characteristics (see “Method”, Table  5), such as 
dominating soil and bedrock permeability and hydrological characteristics. The base-flow index and flashiness 
of catchments were critical factors in dictating the response of catchments to extreme events. With the exception 
of Cregduff, which is a karst-spring contribution zone with soil chemistry that retains P40 and the highest BFI 
among all, Corduff (with lowest BFi) was identified as a highly weather-sensitive catchment in which P-loss 
events were triggered by extreme hydrological events, despite it having the lowest number of P-events during 
2010–2023 (Table 2). The spread of projected precipitation was highest in Timoleague across all three climate 
projections (near-, mid-, and far-future) and for both emission pathways. However, there were only five months 
in total where a trend would be expected. In contrast, the spread of the projected precipitation in Castledockerell 
was the lowest across all time periods compared to the other catchments (Fig. 1), and a significant monthly 
increasing trend was predicted for eight months using the two RCPs (Fig. 2).

Catchments
Area
(km2) Soil texture Geology

Dominant land use and 
drainage

Elevation 
(MASL*) Bfi

Flashiness 
index

Ballycanew 11.9 Gley soils (74%)
Cambisols (26%) Rhyolite, slate Grassland; Poorly drained 19–230 0.63 126

Castledockrell 11.2 Cambisols (80%)
Gley soils (20%) Slate, siltstone Arable; Well drained 18–215 0.78 31

Corduff 3.3 Drumlin including Lough Namachree Greywacke Grassland; Poorly drained 110–221 0.57 111

Cregduff 31.2 Shallow soils over karstified limestone Limestone Grassland; Well drained 27–62 0.82 22

Dunleer 9.5 Gleyic soils (43%)
Earth brown (22%)

Greywacke, 
mudstone Arable; Moderately drained 26–223 0.66 61

Timoleague 7.6
Cambisols (87%)
Gley soils, alluvials
and peat soils (13%)

Sandstone, 
siltstone, 
mudstone

Grassland; Well drained 2-122 0.73 34

Table 5.  Study catchment characteristics, Base-flow (Bfi), and Flashiness index (Q5/Q95)45. * MASL: meters 
above sea level

 

Catchments

Average annual number of P loss events based on the sum of all 
criteria (percentage increase to observed data 2010–2023)

Uncertainty in Ensembles of climate models
in number of days

Near-future Mid-future Far-future Near-future Mid-future Far-future

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Ballycanew 26 25 27(+ 4%) 30(+ 20%) 31(+ 19%) 36(+ 44%) 14 14 20.3 17 13 16

Castledockerell 10 12 10 15(+ 25%) 11(+ 10%) 20(+ 67%) 11 9 12.9 12 10 20

Corduff 26 25 26 28(+ 12%) 29(+ 12%) 34(+ 36%) 12 11 11.4 11 12 13

Cregduff 27 27 29(+ 7.5%) 33(+ 22%) 31(+ 15%) 41(+ 52%) 14 12 17.2 15 14 17

Dunleer 14 20 21(+ 50%) 23(+ 15%) 23(+ 66%) 27(+ 35%) 14 13 10.8 13 12 20

Timoleague 42 43 43(+ 2.4%) 46(+ 7%) 49(+ 16%) 55(+ 28%) 17 24 15.1 29 17 18

Table 4.  Left: annual average number of P-loss events during the three climate change projection periods 
based on the sum of criteria A, B, and C. the percentage increase compared to the observed data (2010–2023) 
is mentioned in brackets, if applicable. Right: the uncertainty in ensembles of climate models.
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The monthly trend analysis of projected precipitation revealed seasonality, with increasing trends during 
winter and spring, and decreasing trends throughout summer, for most of the study catchments, although with 
varying levels of significance. The trends were more significant for RCP8.5. All catchments would experience a 
trend in daily mean projected precipitation during certain months in RCP 8.5; i.e. May, June, and July. However, 
a significant decreasing trend is projected in all catchments during summer (June and July) regardless of the 
emission pathway. The highest number of P-loss events are expected in Timoleague across all criteria within 
all time periods; however, this is not the same as highest percentage increases which belonged to Dunleer in 
the mid- and far-future RCP4.5 scenarios and to Castledockerell in the far-future RCP8.5 scenario. The values 
of projected average discharge per extreme events was relatively close for Dunleer, Timoleague, Corduff, and 
Ballycanew. The lowest average discharge per event was 0.7 mm in Castledockrell and the highest was 8.5 mm 
in Ballycanew, both occurring in the far-future scenario. Considering the geographic proximity of these two 
catchments, this observation highlights the importance of catchment characteristics, including the geographical 
location, in defining the impact of extreme weather events on catchments’ behaviour. This can also indicate 
localized-level impact of an extreme event that may affect a large area with different intensity. The second highest 
discharge per event values occurred in Corduff while all catchments would experience more intense events 
during last three decades of the century.

Ezzati et al.21 conducted a thorough analysis of the impacts of the changing weather patterns (and climatic 
factors) on regulating nutrient losses in the ACP catchments. While the nutrient losses are controlled by nutrient 
source, soil chemistry, soil temperature, and drainage status, there are three weather drivers contributing to 
nutrient losses: temperature, precipitation, and PET. Management practices also have an interplaying role with 
the potential to drive or control nutrient losses. Mellander et al.31 looked at the impact of the same on P-transfer 
and concluded that while mobilisation processes are expected to be relatively stable, delivery processes are 
expected to increase; more so in hydrological flashy catchments (Ballycanew, Dunleer, Corduff), with the largest 
increase in groundwater-fed catchments under RCP8.5 (Timoleague, Cregduff, Castledockrell, ).

In view of the results from this paper, efficient mitigation strategies need to be tailored to the projected future 
responses. For example, the contrasting responses projected for Ballycanew and Castledockerell, both in terms of 
nutrient losses, and in sensitivity to climate change, underscores the need to be catchment-specific since they are 
geographically close. The larger difference between TP losses and TRP losses in Castledockerell can be explained 
by the fact that this catchment loses more particulate phosphorus (PP) due to large proportions of bare soils 
in winter. A key challenge is to understand to what extent mitigation strategies can buffer different catchments 
against the projected increased occurrence of P-loss events under future climates, and to what extent, adaptation 
and more structural change will need be required of farms to improve resilience. Whilst the work described 
in this paper illustrates a generic approach for application beyond the case study catchments, it is important 
to acknowledge that although climate models may not work well (and tend to underestimate precipitation) in 
small catchments due to poorer calibration and validation24,43 those areas are most likely to experience the most 
extreme impacts of climate change44.

Conclusions
Understanding the impact of the changing weather patterns (i.e. precipitation and temperature trends) on water 
quality is critical for informing robust decision-making as a lack of resilience in catchments to future climates 
will affect economic/social welfare as well as ecosystems and biodiversity. The current study used 14 years of 
sub-hourly water quality and weather data from six catchments and employed empirical modelling to identify 
three climatic criteria that contribute to P-concentration increasing events. The data analysis was indicative of 
the occurrence of up to 1067 and 1106 TRP and TP-losses events, respectively, from 2010 to 2023, based on 
sum of the criteria. The results indicated up to 8.5 mm of discharge per event which would have considerable 
impact on nutrient fluxes leaving the catchment. Further on, the possibility of occurrence of such events based 
on projected climate change scenarios for two emission pathways, RCP4.5 and RCP 8.5, in three different time 
periods during 2010–2100 was investigated.

The results suggest an increase in extreme hydrological events as we move towards the end of the century 
which would, in turn, contribute to serious (further) deterioration of water quality in the absence of any resilient 
mitigation/adaptation strategies. Considering far-future scenario (i.e. 2070–2099), there would be 10–66% 
increase in the number of P-loss events (in Castledockerell and Dunleer respectively) under RCP4.5, and 28–
67% under RCP8.5 (in Timoleague and Castledockerell respectably). In Ballycanew (which would experience 
the most intense discharge per event), the projected average discharge for a single extreme event would be up to 
1.6% of average annual discharge during the monitoring period (14 ears), indicating the massive scale of extreme 
hydrological event on a poorly drained grassland catchment. This is in view of the potential underestimation 
of projected precipitation between the modelled data and observed daily precipitation during 2010–2023. The 
Kendall-trend analysis revealed that the more frequently occurring extreme events with significant monthly 
increasing and decreasing trends are mostly during winter and summer, respectively. However, the impact 
on P-transfer indices (mobilisation or delivery31 would be highly site-specific depending on catchment 
characteristics (i.e. hydrogeology, climate, farming practices, etc.) since we have observed major differences 
between catchment sensitivity to climatic conditions21.

Generation of this new critical knowledge can provide much needed insights into future nutrient dynamics 
and enable provision of climate smart strategies that are catchment-specific, resilient to the changing weather 
patterns, and easily transferable across different geographical regions. Such analysis could also be extended to 
other areas where similar high quality monitoring data exist. In addition, knowledge gained on sensitivity of 
different catchment typologies to extreme hydrological events can be extrapolated to areas with less or no high 
temporal resolution monitoring data.
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Methods
Catchment descriptions
Six catchments (ranging in size from 3 to 31 km2) from the Irish Agricultural Catchments Programme (ACP) 
were assessed16,45. These include five river catchments and one karst spring. All catchments are intensively 
managed as either grassland or arable land (Fig. 4). Catchment characteristics are summarised in Table 5 and 
are further detailed next.

Ballycanew (12 km2, Co. Wexford) is the mostly poorly drained catchment located in the southeast. The 
dominant hydrological pathway in this catchment is surface/near surface and flashy44. 77% of the catchment 
is dominated by grassland, with dairy cows the dominant livestock. Grazing intensity is highest in May while 
December and January are assumed to be closed periods (i.e., no grazing, no spreading of fertilisers). Slurry 
tanks therefore fill up in this period, with spreading at the end of March. There has been a 30% increase in 
stocking rates during 2010–2018.

Castledockerell (11.2 km2, Co. Wexford), also located in southeast Ireland, is well-drained with 72% of 
the catchment arable (2/3 of the total area is under tillage) with the dominant hydrological pathways below-
ground40. Corduff (3.3 km2, Co. Monaghan) is a poorly drained catchment located in northeast Ireland. This 
catchment has no tillage and is dominated by grassland for sheep and suckler cows with only one farm operating 
as intensive dairy. Chemical fertiliser applications rates are very low. The hydrology is mostly flashy with surface/
near surface pathways dominating. Cregduff (31 km2, Co. Mayo) is a karst spring catchment in west Ireland. 
Similar to Corduff, the soil is well drained and relatively thin with sheep as the primary livestock. The principal 
hydrological pathways are below-ground40. Dunleer (9.5 km2, Co. Louth) is located in northeast Ireland with 
the area under tillage exceeding that in any other catchment within the ACP. The farming practice is very mixed 
with about 40% grassland, 20% dairy and 20% beef and sheep. This catchment is moderately drained with 
flashy hydrology dominated by surface/near surface pathways47. The available P from the soil has been notably 
increasing during the recent years. Timoleague (7.6 km2, Co. Cork) is in southwest Ireland. This catchment 
is well-drained, dominated by grassland, and has below-ground hydrological pathways46. There has been an 
increase in livestock intensity and the P-index (soil fertility) is also increasing more than expected. Timoleague 
also has the highest discharge among all the study catchments.

Observed data collection
All catchments have been continuously monitored since 2010. Rainfall, air temperature, soil temperature, relative 
air humidity, solar radiation, wind speed and wind direction are measured every 10 min by a weather station 
(BWS200, Campbell Scientific, www.acpmet.ie) in each catchment. The effective rainfall (ER) was calculated by 
subtracting potential evapotranspiration (PET) from measured rainfall (derived from the Penman-Monteith 
equation48). A stage-discharge curve on a Corbett flat-v non-standard weir has been developed at the catchment 
outlets, using the velocity-area method with an OTT Acoustic Doppler Current meter (in KISTERS WISKI-
SKED software-Version 7). The water level is recorded every 10 min by an OTT Orpheus Mini vented pressure 

Fig. 4.  Locations of the study catchments. The graphs represent annual average total flow, precipitation, and 
average air temperature during 2010–2023.
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instrument installed in a stilling well adjacent to the weir and conversion of the water level gives river discharge. 
An ultrasonic sensor (Thermo-Fisher time-of-flight area velocity) placed in an engineered uniform cross-
section is used in Cregduff to calculate the discharge. Bankside P analysers (Hach-Lange Sigmatax-Phosphax)47 
are positioned at the catchments outlets for measuring total digested P (TP) and total reactive phosphorus (TRP) 
concentrations three times every hour on unfiltered samples. The measurement range and detection limit are 
0.010 mg l− 1 to 5.000 mg l− 1, and 0.010 mg l− 1, respectively.

Climate projections
Nolan and Flanagan49 applied the regional climate model COSMO-CLIM Version 5 to downscale five CMIP5 
Global Climate Models (HadGEM2, EC-Earth, CNRM-CM5, MIROC5, MPI-ESM-LR) to develop a high 
resolution (4 km horizontal resolution) ensemble of climate scenarios for Ireland. The ability of the models 
to simulate the magnitude and spatial variability of observed precipitation and temperature across Ireland has 
already been evaluated and confirmed49,50. Nolan and Flanagan49 used the Penman–Monteith FAO-56 method 
to compute daily potential evapotranspiration (PET in mm) for historical and future simulations (see51 for full 
methods and evaluation). Ensemble simulations for two Representative Concentration Pathways (RCPs) are 
employed to examine sensitivity of results to different future greenhouse gas emissions pathways. RCP4.5 is an 
intermediate pathway in which the global emissions peak around 2040 then decline, while RCP8.5 is a fossil 
fuel intensive future. Here, gridded simulations of daily precipitation, temperature and PET were extracted and 
averaged for each catchment. Following Morrisey et al.52 and Murphy et al.44 we do not further bias correct the 
ensemble before application as daily gridded (1 km × 1 km) catchment averaged for the reference period 1976–
2005 were already used as a reference series for bias correcting raw climate model output. Ensemble climate 
change projections for time-slices representing the near-future (2010–2039), mid-future (2040–2069) and far-
future (2070–2099) for both RCP4.5 and RCP8.5 emission pathways are evaluated.

Data analysis
Trend analysis to evaluate precipitation-dynamics
The monthly trend of the projected precipitation and the seasonality that may be hidden in inter-annual trends 
were calculated by studying the overall temporal trends of average daily values across an average of different 
models using the non-parametric rank-based Mann-Kendall test53. Mann-Kendall is a non-parametric test 
which accounts for non-normality in climatological data54 and is applicable to datasets under realistic stochastic 
processes such as seasonality, hence it is more robust than parametric alternatives55. Here, the mean values of 
variables in each particular month is provided to enable comparison of any increasing or decreasing trends 
until end of the century. The null hypothesis assumes there is no monotonic trend in the monthly time series, 
so the data consist of n independent and identically distributed random variables (x1, …, xn) which represent 
observations collected at times 1, 2,…, n. P < 0.05 was considered as a significant trend in conjunction with the 
slopes of the time series (Sen, 1968). The Mann-Kendall test is calculated as follows:

	
S =

∑
n−1
k−1

∑
n
j−k+1sgn(xj − xk) � (1)

 
where sgn (xj-xk) is an indicator function that takes a value of 1 if xj-xk > 0, a value of 0 if xj-xk = 0, and a value 

of -1 if xj-xk <0 while the observation at time j, denoted by xj, is greater than the observation at time k.
It is important to note that the results of trend analysis should be approached with caution due to high 

autoregressive correlation in hydro-meteorological data, especially in short term data (< 30 measurements)56. 
Such issue can be resolved by applying adjusted seasonality (periodicity) after prewhitening the monthly time 
series to make the data both homogeneous and free of autoregressive correlation56. The current study though 
observed inter-seasonal variability in the long-term continuously collected data in the monitored catchments 
(2010–2023), and 30-year periods in climate projection modelling were used as reference period.

Empirical modelling to identifying triggering events
To benefit from the long-term and high temporal resolution monitoring data, empirical dynamic modelling 
approach was applied to better understand (quantify and monitor) the causal relationships among variables 
(nutrient concentrations and weather data), and to obtain precise and meaningful estimates of the probability of 
events under future climates. EM takes an observation-oriented (data-driven) approach which is continuously 
open for the modeller to be re-programmed (experience-based) according to the perceived dependency of 
variables53. Therefore, it is a practical framework for examining examine complex non-linear nonstationary 
systems from time series observations57,58. The R-Programming Language was used for this purpose.

In the initial step, climatic conditions (the characteristics of precipitation as the major climatic factor 
explaining the magnitude of P-loss (see18 were identified that have acted as triggering events causing flushes 
of P losses across all catchments (i.e. the amount of precipitation). Based on observed P concentration ranges 
monitored in the six study catchments, and the monitoring detection limits, an increase of 0.005 mg L− 1 in TRP 
and 0.01 mg L− 1 in TP over one day, was used as an indication of a concentration-increase event. Here, effective 
rainfall (Precipitation-potential evapotranspiration) was used as an index for a concentration-increase event as 
it elaborates the inflow getting into the stream water. The precipitation and effective rainfall were then inferred 
around the time of concentration-increase events to provide insightful information about triggering climatic 
criteria. The final criteria to be further projected in future scenarios were selected based on improving EM’ 
performance in optimizing model validation using historical data (monitoring data 2010–2023).
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The derivation of the criteria was consistent with other climatology studies in Ireland. Dunn et al.59 provided 
gridded land-based precipitation extremes indices based on 1, 5, 10, and 20 mm day− 1 precipitation (wet days, 
very wet days, heavy precipitation, very heavy precipitation, respectively) and the 95th and 99th percentiles of 
daily precipitation and showed increased intensity of heavy precipitation events during the previous century. 
Similar indices for daily precipitation were used by Ryan et al.60 to understand the spatial and temporal trends in 
the frequency and intensity of precipitation in Ireland in an historical context (from 1910) which consequently 
results in an increased contribution to annual total precipitation. Effective rainfall was then derived from the data 
as it enhances better predictive performance (coefficient of determination) with regard to P losses than using 
total rainfall only8,61,62. In the second step, using the same criteria causing P triggering events, the possibility of 
having similar events in the three different time periods and under the different emission pathways (RCP 4.5 and 
RCP 8.5) (see ”Methods”, Climate projections) was calculated using EM.

Finally, the average discharge per each event was calculated based on different criteria across the three time 
periods and two emission pathways. The projected values were normalised to each catchment size.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due confidentiality 
and sensitivity issues but are available from the corresponding author on reasonable request.
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