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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• 5 established grassland hydrologically 
isolated field scale catchments 
monitored.

• 12 years of high temporal resolution 
NO3 and discharge data analysed.

• Flushing indexes mostly negative but a 
higher proportion positive in the 
summer.

• West European Pressure Anomaly and 
North Atlantic Oscillation investigated.

• NO3 export may potentially be predicted 
by measures of large-scale climate 
systems.
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A B S T R A C T

Nitrate losses to waterbodies is particularly associated with intensive agricultural and rainfall events are 
important periods of mobilisation, it is therefore important to understand the drivers for these transfers. In 
western Europe, weather is strongly influenced by large scale atmospheric systems in the North Atlantic. Here, 
we explore the link between such atmospheric systems and temporal changes in water quality using 12 years of 
high-frequency nitrate and discharge data.

The data was collected from 5 hydrologically-isolated field-scale grassland catchments. Rainfall driven 
discharge and associated flushing index (FI) for nitrate was calculated. Most events had a negative FI, but the 
proportion of events that were positive increased over the summer. Values of two large scale climate indices 
(NAOi and WEPAi) were obtained for each month of the study period and the corresponding monthly mean 
values for FI and soil moisture were compared considering differences between season and field-scale 
catchments.

The best model for explaining mean monthly FI was as a function of the WEPAi, allowing for differences 
between catchments and seasons with the differences between winter and summer being significant. For both 
seasons, a positive WEPAi had a negative response on FI; however, the divergence in slope between the two 
seasons was most likely due to a potentially greater range of soil moisture conditions in the summer compared to 
winter. Furthermore, nitrate export from grassland field-scale catchments could be predicted using the WEPAi, 
but prediction was slightly better with a more local measure of soil moisture.
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1. Introduction

While nutrients are critical to the functioning of waterbodies, 
excessive quantities often have unintended consequences, including 
eutrophication and subsequent harmful algal blooms in downstream 
systems (Turner and Rabalais, 2003; Conley et al., 2009). Nitrogen (N), 
primarily in the form of nitrate, is one such nutrient and is the pre
dominant form of inorganic N lost from soils to aquatic systems. Here, 
losses are particularly associated with intensive agricultural systems (e. 
g. Scholefield et al., 1993; Heaton et al., 2012), with diffuse nutrient 
transfers from agricultural land often constituting the bulk of annual 
loads in river catchments (Smith et al., 2005). The mechanisms of how 
nitrate moves from soil into aquatic systems are well understood and 
depend upon factors such as soil type, structure, moisture and rainfall 
intensity (Barraclough, 1989). Rainfall events can be important periods 
for nitrate mobilisation (e.g. Smith and Kellman, 2011; Vaughan et al., 
2017). Indeed, Royer et al. (2006) found that in three agricultural 
catchments in east-central Illinois, U.S.A., nearly all nitrate export 
occurred when drainage discharge was ≥ median discharge, and 
extreme discharges (≥90th percentile) were responsible for >50% of the 
nitrate export. Therefore, it is important to understand the drivers for 
nitrate transfers associated with discharge from land driven by rainfall 
events.

In the past, understanding the biogeochemical signature of storm 
events has been a challenge because grab samples of drainage cannot 
fully capture the temporal dynamics across an entire hydrograph 
(Granger et al., 2010; Bieroza et al., 2014). Furthermore, it is virtually 
impossible to collect a sufficiently representative range of differing 
drainage events given the true nature of each event cannot be known a 
priori. However, with improvements in real-time sensor technologies, it 
has been possible to collect data at ever finer temporal resolutions which 
allows for the capture of more detailed changes in water chemistries that 
occur during such events (e.g. Burns et al., 2019; Speir et al., 2021). For 
example, Zimmer et al. (2019) found that interannual riverine nitrate 
concentration-discharge relationships were different when using near 
continuous data compared to those using traditional discrete grab 
samples. Carey et al. (2014) found that, while annual flux estimates of 
nitrate in a catchment generated by continuous sensor deployment were 
like those generated by weekly and monthly grab samples, important 
differences in flux occurred at seasonal time scales which was missed by 
manual sampling. Such rich datasets can enable fundamental questions 
about the drivers for nutrient mobilisation and transport in the envi
ronment to be addressed.

Using high temporal resolution data, the concentration-discharge (C- 
Q) response for individual discharge events can be described through the 
calculation of the hysteresis index (HI) and flushing index (FI). The HI 
can provide information on source proximity, while the FI can provide 
information on the mechanistic behaviour (Speir et al., 2021). Discharge 
event nitrate responses can be both flushing (FI > 1) and diluting (FI <
1) and these differences can allow for different interpretations of the 
mechanisms of nitrate mobilisation (e.g. Webb and Walling, 1985; Liu 
et al., 2022; Granger et al., 2023). At larger catchment scales, temporal 
variations in the HI/FI may be lost due to the amalgamation of different 
sources, as well as variations in their proximities and connectivity to 
stream networks (Creed et al., 2015; Marinos et al., 2020). At smaller 
scales however, these temporal variations can often be more clearly 
discerned (Speir et al., 2021; Granger et al., 2023).

In western Europe, weather is strongly influenced by large scale at
mospheric circulation over the North Atlantic, particularly during 
winter (Rodwell et al., 1999). Variations in pressure between the Azores 
High and Icelandic Low are known as the North Atlantic Oscillation 
(NAO) which has a strong influence on changes in the intensity of the jet 
stream (Woollings and Blackburn, 2012), which in turn affects the 
location and intensity of weather systems. The variability in the in
tensity between these large-scale pressure systems from the long-term 
mean can be expressed as an index (NAOi). In general, when the 

pressure difference is large the NAOi is positive, which leads to a strong 
jet stream and warmer, wetter, winters. When the pressure difference is 
small, the NAOi is negative, the jet stream is weak, and winters can be 
cooler and drier with more easterly air streams. However, the effects of 
the NAO do differ temporally and spatially (West et al., 2019). Recently, 
a new climate index has been developed by Castelle et al. (2017) which 
is based on the sea level pressure gradient between stations in Ireland 
and the Canary Islands. The Western European Pressure Anomaly 
(WEPA) when in positive phase reflects a southward-shifted, intensified, 
Icelandic Low and Azores High surface pressure dipole. Work by 
Jalón-Rojas and Castelle (2021) has shown that, while the NAOi was still 
relevant in explaining precipitation variability in western Europe, the 
WEPA index (WEPAi) increased correlations with winter precipitation 
by up to 0.8, particularly in the UK and France.

In attempts to link large scale climatic processes and temporal 
changes in water quality, Monteith et al. (2000) found that the variation 
in winter nitrate concentration in upland lakes and streams had a strong 
negative correlation with the NAOi. Mellander et al. (2018) and Ulén 
et al. (2019) both found that the NAO can influence nitrogen and 
phosphorus losses from agricultural catchments. More recently Granger 
et al. (2025) found that flow-weighted mean suspended sediment con
centrations in agricultural drainage were more strongly linked to the 
WEPAi than the NAOi and that link was present at multiple scales. Given 
the importance that storm events can have on the elevated nitrate fluxes 
from catchments, an understanding of how large-scale climatic systems 
influence these exports, and the intermediary controls, remains an 
extant evidence gap. The need to address this gap is also underscored by 
the increased stress on water regulating services delivered by agricul
tural land in the context of changing climate and extreme weather. To 
this end, we explore he link between nitrate mobilisation from agricul
tural land and large-scale climate systems as key drivers of water quality 
regulation. In this paper, we analyse a long-term (2012 – 2024), 
high-frequency dataset of field-scale nitrate concentration dynamics in 
rainfall driven drainage from a permanent grass pasture management 
system.

2. Methods

2.1. Field site

The North Wyke Farm Platform (NWFP) is described in detail by Orr 
et al. (2016). In short, this experimental platform was established in 
2010 in the southwest of England (Fig. 1a). The climate in the region is 
described as temperate with a mean annual precipitation at North Wyke 
of 1040 mm (1984-2013) with the majority falling in the winter (Dec – 
Feb). The NWFP comprises three 21 ha farmlets, each consisting of 5 
hydrologically isolated field-scale catchments ranging in size from 1.6 to 
8.1 ha. The soil belongs predominantly to two similar series; Hallsworth 
and Halstow (Harrod and Hogan, 2008) with the topsoil a slightly stony 
clay loam that overlies a mottled stony clay subsoil which is imperme
able to water and is therefore seasonally waterlogged. Drainage water 
moves by surface and sub-surface lateral flow across the clay layer and is 
intercepted by a bounding drainage system at the plot edge. This water is 
then channelled to an outlet where Q and various physio-chemical 
properties are measured on a 15-min timestep. One of the farmlet 
treatments is ‘permanent pasture’ and has remained an untilled grass
land for over 30 years. This is currently managed through cattle and 
sheep grazing and silage production. The pasture typically receives up to 
200 kg ha− 1 of inorganic N and farmyard manure which is returned after 
winter housing. Phosphorus, potassium, and pH are all managed to 
grassland recommended indices (Agriculture and Horticulture Devel
opment Board, 2025). This study utilised the data collected from 
2012-2024 from the 5 field-scale catchments of the permanent pasture 
treatment referred to hereafter as catchments FP4, FP5, FP6, FP12, and 
FP13 (Fig. 1b; Table S1).
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2.2. Hydrology and water chemistry measurements

Discharge (Q) from each of the field-scale catchments is currently 
measured using H type flumes which are engineered structures such that 
discharge can be determined through them by a known relationship 
between the height of the liquid within it at a known point. Until 2015 
the depth of the water was determined using bubble meters (4230, 
Teledyne ISCO, U.S.A.). In 2015 these were replaced with pressure level 
sensors (OTT Hydrometry, U.K.). As the Q exported from agricultural 
land at this scale can be discontinuous, drainage water is collected and 
analysed by sensors in a flow cell to prevent sensors drying out. When Q 
> 0.2 l s− 1 water is pumped from a drainage sump to the flow cell where 
sensors collect various water physicochemical properties. However, 
when Q is low (Q < 0.2 l s− 1) water is not pumped into the flow cell, and 

returned sensor measurements are discarded. Combined nitrate-N and 
nitrite-N (referred to as NO3–N hereafter) concentrations are measured 
by a dedicated, self-cleaning, optical UV absorption sensor (NITRATAX 
Plus SC, Loveland, Colorado, USA). Dissolved NO3–N absorbs UV light at 
wavelengths below 250 nm. The NO3–N concentration is then calculated 
by passing UV light through the water in the by-pass flow cell and 
measuring the absorption using a 2-beam turbidity compensated 
photometer. The Nitratax UV absorption sensors remain in situ and are 
calibrated monthly in the field using a 2-point calibration. Sensor drift 
that may be due to lens contamination is checked prior to cleaning the 
instrument lenses and wiper blades. The instruments are serviced 
annually including a 3-point factory calibration.

Fig. 1. The North Wyke Farm Platform (a) location within the United Kingdom, and (b) the field-scale catchments (FP4, FP5, FP6, FP12, and FP13) used within 
this study.
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2.3. Soil moisture measurements

A soil moisture sensor was sited in each of the field-scale catchments, 
consisting of an A723 addIT Series 4 telemetry unit and a SM1 combi
nation soil moisture and temperature probe (Adcon, OTT HydroMet 
GmbH, Vienna, Austria) which measures soil moisture every 15 min 
using capacitance at a depth of 10 cm.

2.4. Calculation of flushing index

Rainfall event driven Q (hereafter described as ‘storm event/s’) were 
extracted from the 15-min resolution Q data using the method described 
by Musolff et al. (2021), in R (Ver 4.4.3), which facilitates automated 
separation of storm events. Briefly, a storm event was defined as starting 
when the Q increased by 20% within 1 h and ending when the Q 
decreased and stabilized with a variation of <10%. Storm events defined 
by this process were then analysed and visually assessed, with previ
ously defined separate events being reclassified if it was deemed that 
they were in fact one event with more than one peak Q.

Only storm events lasting ≥3 h were used for the calculation of storm 
event FI. As this calculation only requires NO3–N concentration data for 
the start of the defined storm event and at peak Q, storm events missing 
either value were identified and, where possible, missing values were 
manually infilled. This was done either through a simple interpolation 
using surrounding data, or by assuming the nearest existing value was 
the same as the missing value if that value was temporally close to the 
missing value and where NO3–N did not appear to be in flux.

For each storm event which had ≥70% NO3–N data available for its 
defined duration, the NO3–N data was first normalised: 

CiN =
Ci − Cmin

Cmax − Cmin 

where CiN is the normalised NO3–N concentrations corresponding to the 
ith measured data and Cmin and Cmax are the event minimum and 
maximum NO3–N concentrations, respectively. The FI was calculated 
using the following equation (Butturini et al., 2008): 

FI=CQpeak − CQstart 

Here, CQstart and CQpeak refer to normalised concentrations of NO3–N at 
the beginning of the defined storm event and at the peak Q of the rising 
limb. The FI ranges from − 1 to +1, with a negative FI value indicative of 
a dilution of NO3–N concentrations on the rising limb, whereas a posi
tive FI indicates a flushing effect with an increase in NO3–N concen
trations on the rising limb.

2.5. Climate data

Climate index data calculated as a monthly value were used. Time 
series of the station based North Atlantic Oscillation index (NAOi) 
extracted from the NSF National Centre for Atmospheric Research, 
Climate Analysis Section (https://ncar.ucar.edu/). The WEPAi data was 
calculated and provided by Castelle (personal communication).

2.6. Statistical analysis

Values of the two climate indices were obtained for each month from 
October 2012 to February 2024 inclusive. For each of the five field-scale 
catchments, corresponding arithmetic mean values for FI and % soil 
moisture were calculated. Months where there were no FI values ob
tained or no data available for soil moisture, were omitted from the 
modelled dataset. Months were additionally classified into four meteo
rological seasons (Winter: December-February, Spring: March-May, 
Summer: June-August, Autumn: September-November). A general 
linear regression modelling framework was used to explore possible 
models to explain the observed variability in the mean monthly FI and 

soil moisture (%) responses, as functions of the climate indices, soil 
moisture (when not the response), season, and catchment, the frame
work allowing the effect of explanatory variables to vary between sea
sons and between catchments. Our aim was to find parsimonious models 
that added insights. Initially simple regression models were fitted, but 
the most complex fitted models included a single quantitative explana
tory variable (either climate index or soil moisture) and allowed both for 
separate intercept parameters for each catchment, and for separate 
intercept and slope parameters for each season. Models for mean 
monthly FI were also fitted that considered the impact of including both 
a climate index and soil moisture. The general linear regression 
modelling framework allows the comparison of related models through 
the additional sums of squares principle, identifying whether additional 
model complexity improves the model fit. All linear regression analyses 
were fitted using Genstat (VSN International, 2022). F-tests were used to 
assess the importance of adding model complexity, with t-tests used to 
assess for differences in parameter values. The overall goodness-of-fit for 
each model was assessed using the adjusted coefficient of determination 
(percentage variance accounted for).

3. Results and discussion

In western Europe, the weather effects of the NAO differ seasonally 
and spatially (e.g. West et al., 2019). However, in general, it presents 
itself in the winter as milder, wetter conditions when the NAOi is posi
tive, and cooler, drier conditions when the NAOi is negative. Conversely, 
a positive NAOi in the summer tends to be associated with warmer, drier 
conditions, whereas a negative NAOi tends to bring wetter conditions 
(Hall and Hanna, 2018). The WEPA, however, does not have this sea
sonal variation, with a positive WEPAi being associated with warmer, 
wetter weather in both winter and summer (Castelle et al., 2017). The 
effect of large-scale climate patterns on the weather at the study site 
have already been examined by Granger et al. (2025) who have already 
shown that long-term monthly precipitation totals are strongly linked to 
the NAOi and WEPAi. Given the potential differences in the seasonal 
precipitation response of the NAOi, monthly rainfall totals were exam
ined for winter months and summer months separately. The NAOi was 
found to be positively related to monthly winter precipitation totals 
(r(160) = 0.23, p < 0.01), but there was no relationship to summer 
rainfall totals. The WEPAi however, was found to be more strongly 
positively related to winter rainfall (r(160) = 0.77, p < 0.001) and also 
related to summer totals (r(163) – 0.64, p < 0.001).

The hydrological dataset used from the NWFP spanned 125 months, 
from Oct 2012 to Feb 2024 inclusive, from which 3137 storm events 
were delineated across the 5 ‘permanent pasture’ field-scale catchments. 
From the delineated storm events, 2809 were ≥3 h in duration and had 
≥70% NO3–N data coverage and were selected for calculation of their FI 
(Table S1). Due to the seasonal, ephemeral, nature of the drainage in the 
study catchments, 59% of the storm events occur in winter (n = 1668) 
with the highest median peak Q occurred in either winter or spring. Only 
2% of the selected events occurred in the summer (n = 54) which also 
had the lowest median peak Q.

All catchments produced a wide range of FI values which spanned 
diluting to flushing storm events. The mean FI from all catchments were 
all negative and ranged between − 0.78 and − 0.49 although these values 
are heavily skewed to winter storm event FI values (Fig. 2). The FI range 
from all catchments had a minimum FI of − 1.0 to a maximum of be
tween +0.55 and + 1.0 (Table S2). The months with the most negative 
mean FI values from the 5 catchments over the study period were 
typically December, January and February (i.e. winter), while the 
months which had the least negative FI were May, June and August. The 
month of June also had the least available storm event data such that no 
recorded storm events were available from either catchments FP12 or 
FP13, the two smallest field-scale catchments, and only one storm event 
was recorded in FP6. Dilution responses accounted for >92% of the 
storm event NO3–N behaviours during the study period; however, as 
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indicated above, there was a clear seasonal distribution in the diluting 
and flushing responses similar to that reported elsewhere (e.g. Webb and 
Walling, 1985; Granger et al., 2023). While dilution responses were 
always the dominant response, the prevalence of flushing responses 
increases noticeably from April, was highest over the summer months, 
and declined through the autumn (Fig. 2). So, while the number of 
measured events dropped markedly over the summer, the proportion of 
those events which demonstrated a flushing response noticeably 
increased. It is possible that changes in agricultural management be
tween the summer and winter are, in part, responsible for this increase 
in flushing responses. For example, animals are present on the land and 
nitrogen amendments are applied during the summer while both are 
absent during the winter however while interactions of nitrogen 
amendments and rainfall cannot be discounted, they are considered 
minimal. As stated previously within section 2.1, the timing of inorganic 
N amendments is done strategically such that ‘incidental’ losses (Preedy 
et al., 2001) are minimised. The main difference between summer and 
winter is simply that the soil inorganic N pool is larger, but also uptake 
of inorganic N is increased. For each of the 125 months of the study 
period for each of the 5 catchments, a mean FI was calculated based on 

the events that started within that month. The monthly mean FI could 
then be related to the monthly climate index, providing a realistic 
temporal scale to detect variation. Furthermore, this approach reduces 
the influence of any potential singular storm event that might contain an 
incidental NO3–N loss, hence accounting for the finer temporal vari
ability that the systems are likely to exhibit. Flushing index values were 
not available for all months due to various reasons, such as a lack of 
rainfall, or equipment downtime, such that the combined dataset across 
all catchments contained 388 values.

Simple linear regressions of monthly mean FI against either climate 
index (Fig. 3) indicated a significant relationship for both the NAOi (t386 
= 3.84, p < 0.001, 3.4% variance accounted for) and the WEPAi (t386 =

2.04, p = 0.009, 1.5% variance accounted for) with the NAOi being most 
significantly related but still only accounting for a small percentage of 
the total variance indicating other factors may be involved. However, 
given that FI can also differ seasonally (e.g. Liu et al., 2022; Granger 
et al., 2023), and that the expression of the NAOi in weather is known to 
vary seasonally (West et al., 2019), it is reasonable to examine the re
lationships in terms of seasonal variation and it is also important to 
allow for differences in the relationships between the 5 catchments.

Fig. 2. The number of storm events during each calendar month measured over the period of the study and the percentage of which that were classified as either 
diluting or flushing.

Fig. 3. The relationship of the monthly mean NO3–N FI data of storm events from 5 permanent grassland field-scale catchments and the NAOi or the WEPAi.
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Firstly, allowing only for separate intercept parameters for each 
season, but constraining the slopes to be common across seasons, 
significantly improved the model fit and increased the variance 
accounted for. This was more so for the WEPAi (F3383 = 23.82, p <
0.001, 16.4% variance accounted for) than for the NAOi (F3383 = 18.71, 
p < 0.001, 15.1% variance accounted for). However, it is unreasonable 
to constrain the slope of the models for season given the variability of 
the expression of the NAOi in weather during summer and winter. Also, 
allowing for separate slopes for each season gave a further significant 
improvement for the WEPAi (F3380 = 3.45, p = 0.017, 17.9% variance 
accounted for) but not for the NAOi (F3380 = 0.35, p = 0.786, 14.7% 
variance accounted for). Secondly, because the data was obtained from 5 
separate catchments, albeit under the same management regime, we 
anticipated that there will be some variation in the response between 
them and allowing for that variation may improve the model. This 
model allowed for variation between catchments but was constrained to 
have a common slope, because there was no logical reason why the 

underlying relationships for monthly mean FI with either climate indices 
should vary between catchments. Allowing different intercepts for each 
catchment means that the magnitude of the response could vary be
tween the 5 field-scale catchments as they were not all identical, and 
real-world environmental differences between the catchments, such as 
size, slope, presence or absence of livestock, etc, could lead to different 
outcomes. Comparing this model with the initial single line model 
(Fig. 3) gave a highly significant improvement in model fit for both the 
NAOi (F4382 = 11.58, p < 0.001, 13.0% variance accounted for) and the 
WEPAi (F4382 = 11.00, p < 0.001, 10.8% variance accounted for). 
Thirdly, combining these two factors, and allowing both separate 
intercept and separate slope parameters for each season gave similar 
patterns of improvements in model fit, as described previously where 
models did not allow for differences between catchments. Therefore, the 
best model for explaining mean monthly FI was as a function of the 
WEPAi, allowing for additive differences between catchments (separate 
intercepts) and both separate intercepts and separate slopes for each 

Fig. 4. Best statistical model for (a) mean monthly FI, as a function of the WEPAi; (b) monthly mean soil moisture (%) as a function of the WEPAi; (c) monthly mean 
FI, as a function of the monthly mean soil moisture (%). All seasonal differences in parameter values have been adjusted for differences between the 5 field- 
scale catchments.
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season (Fig. 4a). The differences in both the intercepts and slopes be
tween winter and summer were significant (intercept: t376 = 7.86, p <
0.001; slope: t376 = 2.38, p = 0.018), with the relationships for spring 
and autumn being intermediate between the two seasonal extremes.

The seasonal differentiation of summer and winter FI, with summer 
FI elevated compared to that of winter, and with spring and autumn 
intermediate to these endmembers was the same as previously reported 
at this site for NO3–N (Granger et al., 2023). This pattern has also been 
reported at other sites (Heathwaite and Bieroza, 2020) although not at 
others (Vaughan et al., 2017; Kincaid et al., 2020) and the catchment 
scale can be a relevant factor (Granger et al., 2023). In this study, while 
the actual slopes and intercepts of the models, fitted for the different 
seasons, are not particularly revealing as they simply reflect the condi
tions of this specific site over the study period, the significant difference 
in slope between winter and summer season is interesting. While for 
both seasons, a strongly positive WEPAi had a similarly strongly nega
tive FI (≈-0.75), the divergence between the seasons increases with an 
increasingly more negative WEPAi such that with a WEPAi of − 2 the 
difference between summer and winter is ≈ 1, with a winter FI of ≈ -0.5 
and a summer FI of ≈+0.5. This seems likely due to the range of soil 
moisture conditions that each season may experience. In the winter, it is 
likely that the soil is at, or near, saturation all the time due to higher 
rainfall volumes and little or no evapotranspiration. This would mean 
that nearly all storm events would lead to a diluting FI response with low 
NO3–N concentration rainwater having minimal interactions with what 
NO3–N there was present in soil water. This low NO3–N rainwater would 
then move rapidly over the saturated land surface and directly into 
drainage pathways causing a drop in NO3–N concentrations. Even in 
months where the WEPAi was more positive, and rainfall was reduced, 
the overarching mechanism would not change dramatically as the soils 
would remain wet. In the summer, the ground conditions have more 
scope to vary, from very wet to very dry and so storm events could have 
very different FI responses as soils either wet up or dry within the same 
month, as different mechanisms for NO3–N mobilisation predominate. 
Therefore, changes in the WEPAi potentially present themselves more 
dramatically in summer mean monthly FI. When very wet, the same 
dilution responses as occur in the winter should dominate, while drier 
soils would see storm event water move through the soil more, inter
acting with soil water and soil NO3–N leading to flushing responses.

Given the importance of soil moisture in the mechanisms of NO3–N 
delivery in our interpretation of the differences in seasonal response, it is 
prudent to examine this variable as a potential mediating factor in the 
relationships between the WEPAi and monthly mean FI. Monthly mean 
% soil moisture values were produced from soil moisture stations situ
ated within each field-scale catchment. Over the study period, monthly 
means ranged from 40.1% in February (FP4) to 26.5% in June (FP13). A 
clear seasonal pattern of the highest soil moisture values occurring in the 
winter months, and the lowest in the summer months within all catch
ments can be clearly observed (Table S3). Simple linear regressions 
examining the mean monthly % soil moisture as a function of climate 
indices indicated a significant relationship; stronger for the WEPAi than 
for the NAOi, but again only explaining a relatively small percentage of 
the total variance (NAOi: t608 = 3.11, p = 0.002, 1.4% variance 
accounted for; WEPAi: t608 = 7.21, p < 0.001, 7.7% variance accounted 
for). There was no evidence for differences in intercepts between 
catchments (NAOi: F4604 = 1.63, p = 0.165; WEPAi: F4604 = 1.74, p =
0.140), but highly significant effects of allowing separate intercepts for 
each season (NAOi: F3605 = 145.37, p < 0.001, 42.4% variance 
accounted for: WEPAi: F3605 = 148.92, p < 0.001, 46.7% variance 
accounted for) and additionally for allowing separate slopes for each 
season (NAOi: F3602 = 10.89, p < 0.001, 45.1% variance accounted for; 
WEPAi: F3602 = 4.65, p = 0.003, 47.6% variance accounted for). 
Therefore, once again, the best fitting model for mean monthly % soil 
moisture was as a function of the WEPAi allowing for (non-significant) 
additive differences between catchments, and both separate intercepts 
and separate slopes for each season (Fig. 4b).

The differences in both the intercepts and slopes between winter and 
summer were significant (intercept: t598 = 20.76, p < 0.001; slope: t598 
= 3.14, p = 0.002), with the relationships for spring and autumn again 
being intermediate. This finding, that the WEPAi strongly and positively 
affects monthly mean soil moisture is not surprising given that a more 
positive WEPAi has been strongly linked to increased monthly rainfall 
totals (Granger et al., 2025). Also, the seasonal separation between 
winter and summer soil moisture is unsurprising given the differing 
rainfall totals in winter and summer. That the slopes between winter and 
summer differ significantly further indicates that the capacity for 
monthly mean soil moisture variability is greater in the summer than the 
winter when the ground conditions will nearly always be at or near 
saturation regardless of changes in the WEPAi. When the relationship 
between monthly mean soil moisture and monthly mean FI was exam
ined, a highly significant relationship was found (t343 = 7.71, p < 0.001, 
14.5% variance accounted for), far stronger than that seen for either the 
WEPAi or the NAOi as explanatory variables. There was significant ev
idence for differences in the intercepts between catchments (F4336 =

6.09, p < 0.001), and significant evidence for additional differences in 
intercept between seasons (F3336 = 6.75, p < 0.001), but no evidence for 
differences in slopes between seasons (F3333 = 1.27, p = 0.283). The best 
model accounted for 23.2% of the variance of the monthly mean FI 
(Fig. 4c) and again, the difference between summer and winter was 
significant (intercept: t336 = 3.94, p < 0.001) with summer having the 
highest intercept and winter the lowest.

Adding a potential effect of the WEPAi to this model gave no addi
tional effect (F1335 = 0.69, p = 0.408), with the percentage variance 
accounted for reducing slightly to 23.1%. In contrast, adding a potential 
effect of monthly mean soil moisture to the best model identified above 
for the effect of WEPAi, did produce a significant improvement in the fit 
(F1335 = 16.80, p < 0.001), increasing the percentage variance 
accounted for to 23.1%, as indicated for the above combined model. 
Therefore, the WEPAi has more effect on the monthly mean % soil 
moisture, which in turn exerts a greater effect on monthly mean FI than 
the WEPAi itself.

4. Conclusions

Nitrate losses from agricultural land remain a concern globally in the 
context of both private (loss of expensive nutrient additions) and public 
(water quality degradation and clean-up costs) goods. Most storm events 
measured from the grassland field-scale catchments occurred in the 
months between September to February, with the majority of these 
events exhibiting a negative, diluting, FI response. Over the March to 
August period, due to the decrease in rainfall totals over this period, far 
fewer storm events were recorded. The FI response of these events also 
changed with an increase in the proportion of storm events that 
exhibited a positive, flushing, FI although diluting events remained the 
common response.

Simple linear regression analysis found that the WEPAi appears to 
affect monthly mean NO3–N FI more strongly than the NAOi. When 
differences between the 5 catchments and seasons were considered, it 
was found that there was a significantly different relationship between 
the summer FI response to the WEPAi and the winter response. Both 
seasons exhibited a negative response, with an increased WEPAi leading 
to a decreased, more diluting, FI. The main difference presented as a 
much steeper slope in the summer when compared to the winter indi
cating that the same positive change in WEPAi in the summer leads to a 
greater change in FI, towards a diluting response, than in the winter. 
When soil moisture was examined as a potential mediating factor in the 
relationship between climate indices and FI it was found that the WEPAi 
provided a better prediction of monthly mean soil moisture than the 
NAOi, allowing for differences between both catchments and season. 
There were significant differences in intercept and slope between winter 
and summer responses with the slope of the summer response being 
steeper. This again indicates that the same positive change in the WEPAi 
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leads to a greater increase in soil moisture content in the summer than in 
the winter. When examining the relationship between monthly mean 
soil moisture and monthly mean FI, this was found to be the best model 
for explaining variation in FI. The inclusion of the WEPAi did not 
improve the model and therefore could not be considered as mediating 
the effect of the WEPAi. The effects on FI present themselves most 
strongly in the summer rather than the winter, as soil moisture vari
ability is much smaller in the winter than the summer, but most storm 
events in any given month are still likely to be negative FI, diluting 
events. Therefore, whilst NO3–N export from the grassland field-scale 
catchments were best predicted using a more local measure of soil 
moisture, this was only slightly better than models using the WEPAi, a 
measure calculated at a near global-scale. Where using the WEPAi over 
the slightly better measure of soil moisture is advantageous is when soil 
moisture data is not widely available at the field-scale and that the cost 
and maintenance of installing soil moisture monitoring networks would 
be prohibitive. Considerable variability remains around both relation
ships, indicating that other factors are involved which were not captured 
in our study. Furthermore, this study only examines one geographically 
localised dataset. To establish the predictive capabilities of the WEPAi 
on NO3–N FI more widely, other datasets in different regions with 
differing environmental variables would need to be examined such that 
other environmental factors influencing NO3–N export could be identi
fied. The challenge here is to build a dataset from a sufficiently diverse 
set of locations to be able to identify the key environmental variables 
influencing the responses. That said, given changing weather patterns 
and the need to build improved resilience for the water regulating ser
vices delivered by agricultural land, the work herein indicates that the 
WEPAi can provide a level of predictive capability for NO3–N export at 
the field-scale. This work points to the challenge encapsulated in man
aging prolonged or changing periods of seasonal elevated soil moisture 
given its key role in linking climate patterns and NO3–N export.
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