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A B S T R A C T   

Temporal fluctuations in nitrate in groundwater can result in concentrations temporarily exceeding drinking 
water standards. This can bring about the need for costly water treatment or blending. Despite this, the extent 
and potential controls on these fluctuations are poorly understood, particularly at regional to national scales. 
Applied to Southeast England (UK), here we develop the first application of cluster analysis and standardised 
hydrometeorological indices to evaluate nitrate fluctuations in groundwater at the regional scale. Hierarchical 
and K-means cluster analysis of 96 groundwater nitrate time series for the period 1995–2022 showed that nitrate 
time series can be divided into 4 clusters: (1) long term increasing trends (n = 23, mean trend = 0.26 mg NO3/l/ 
a), (2) long term decreasing trends (n = 19, mean trend = − 0.65 mg NO3/l/a), (3) long term increasing trends 
with seasonal fluctuations (n = 24, mean trend = 0.29 mg NO3/l/a) and (4) long term increasing trends 
superimposed on near-decadal scale fluctuations (n = 30, mean trend = 0.22 mg NO3/l/a). Boreholes in cluster 1 
appear to be deeper than boreholes in cluster 2. In comparison to shallower boreholes, deeper boreholes are 
likely to be intersecting longer groundwater flow systems where nitrate concentrations are affected by historic 
“legacy nitrate” leaching. There is weak spatial coherence in the clustering, with clusters 3 and 4 present in the 
South and North Downs respectively. Cross-correlation analysis between groundwater nitrate time series with 
precipitation and groundwater level indices showed that rapid seasonal fluctuations in nitrate concentrations in 
cluster 3 in the South Downs are associated with rapidly responding groundwater level fluctuation. This is likely 
due to the highly fractured and faulted nature of the Chalk aquifer in this area. This is in contrast with the slower 
near-decadal fluctuations in cluster 4 in the North Downs. The strongest correlations between groundwater levels 
and nitrate concentrations in cluster 3 occurred when cross-correlating at a lag of zero months, which would 
suggest that matrix diffusion is unlikely to be a significant control on nitrate seasonality. Seasonal fluctuations in 
nitrate concentrations are likely to be associated with a combination of piston displacement at the water table 
and changing groundwater flow paths to the borehole. Future climate change may change the magnitude and 
timing of seasonal fluctuations caused by these processes. The methodology developed here is generic and can be 
applied wherever there is a large body of groundwater nitrate time series data.   

1. Introduction 

Nitrate (NO3) is considered the most widespread pollutant in 
groundwater (Abascal et al., 2022). Elevated concentrations of nitrate in 
groundwater cost billions of dollars per year globally associated with 
impacts on surface water ecosystems and the need to treat high nitrate 
water for drinking (Dodds et al., 2009; House of Commons Environ-
mental Audit Committee, 2018; Pretty et al., 2000). Despite decades of 

effort to reduce NO3 losses from agricultural sources across many 
developed countries (e.g. the UK, USA, EU-27 countries), nitrate con-
centrations in groundwater are often still continuing to increase 
(Musacchio et al., 2020; Stuart and Lapworth, 2016; Van Meter et al., 
2018). This is due in part to the “legacy effect”, where time lags in the 
unsaturated zone and saturated zone mean it can take decades for the 
impacts of reductions in NO3 losses to be observed in groundwater 
(Ascott et al., 2017a; Ascott et al., 2016; Wang et al., 2016). 
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In addition to long term trends, fluctuations in nitrate concentrations 
in groundwater over seasonal to decadal scales are also important. 
Seasonal peaks in nitrate can be particularly problematic, as these can 
temporarily exceed drinking water standards resulting in the need for 
temporary treatment or water blending. These temporary exceedances 
can typically occur before exceedances associated with long term trends 
(Stuart et al., 2009). Moreover, seasonal variability itself can also 
obscure long term trajectories in nitrate related to changes in nitrate 
losses from soils (Rozemeijer et al., 2009). Seasonal peaks exhibit a first 
order hydrometeorological control (i.e. presence of winter rainfall and 
recharge), with a range of local processes (e.g. piston flow, bypass flow, 
changing saturated zone flow paths) controlling responses in individual 
boreholes (Stuart et al., 2009). Changes in seasonal variability in nitrate 
concentrations have also been postulated to occur in the future associ-
ated with climate change (Stuart et al., 2011). Previous work exploring 
the extent of, and controls upon, temporal fluctuations in nitrate in 
groundwater at the regional scale is scant. Most work has evaluated 
nitrate fluctuations over relatively small spatial scales. This includes 
assessments for individual boreholes (Sorensen et al., 2015; Stuart et al., 
2009), or for small numbers of boreholes and springs at the farm 
(Huebsch et al., 2014; Rozemeijer et al., 2009), city (Kawagoshi et al., 
2019; Li et al., 2015) or catchment (McAleer et al., 2022; Smith et al., 
2010) scale. At the national scale, Stuart et al. (2007) evaluated trends in 
groundwater nitrate concentration data in England (UK), and made an 
assessment of seasonality. However, Stuart et al. (2007) did not assess 
decadal scale variability, nor did they evaluate the controls on fluctua-
tions, nor did they assess the spatial distribution of the modes of fluc-
tuation. At the basin scale, Roy et al. (2007) evaluated nitrate trends and 
variability in six groundwater bodies in the Hampshire Basin, England. 
Roy et al. (2007) used the Grath et al. (2001) methodology, where 
monthly mean nitrate concentrations are calculated for each sampling 
point, and these are then averaged for all sampling points in a ground-
water body. This methodology has been reported to be sound, but will 
obscure any systematic variability within groundwater bodies and can 
be sensitive to missing data (Stuart et al., 2007). Recently, Jutglar et al. 
(2021) evaluated changes in nitrate concentrations in groundwater at 
the regional scale in southwest Germany following recovery from 
drought conditions. Jutglar et al. (2021) focussed on the 2003 drought 
in Europe, and argued that further work is required to understand ni-
trate flushes following droughts and their consequences. Whilst other 
workers have evaluated long term trends in nitrate in groundwater at 
national (Hansen et al., 2011; Rupert, 2008) and regional scales (César 
et al., 2014; Hudak, 2000), these have not considered fluctuations at 
seasonal and decadal time scales. To date, no work at the regional scale 
has characterised seasonal and decadal fluctuations and long term 
trends in nitrate concentrations using individual groundwater nitrate 
time series, and how these vary spatially. 

In order to characterise temporal fluctuations across many moni-
toring locations, methodologies to standardise hydrometeorological 
time series have been developed. These methods use a statistical dis-
tribution to transform raw hydrometeorological time series data to a 
“standardised” index, defined as having mean of zero and a standard 
deviation of 1. Methods have been applied to numerous variables related 
to water resources (standardised precipitation index (SPI) (McKee et al., 
1993), standardised precipitation-evapotranspiration index (Vicente- 
Serrano et al., 2010), standardised streamflow index (Svensson et al., 
2017)), and in the past decade, this approach has been also extended to 
groundwater resources (standardised groundwater level index (SGI) 
(Bloomfield and Marchant, 2013). The SGI has been used to assess 
groundwater drought in the UK (Bloomfield et al., 2015; Bloomfield and 
Marchant, 2013; Bloomfield et al., 2019) and internationally for 
resource assessments (Ascott et al., 2020; Sorensen et al., 2021). These 
studies used a deseasonalised SGI, where SGI represents the variation in 
groundwater levels relative to the seasonal norm. A variant of the SGI 
that includes seasonal component has also been used in assessments of 
groundwater flooding (Ascott et al., 2017b). For further information on 

the SGI methodology the reader is referred to Bloomfield and Marchant 
(2013). 

The SGI has typically been used in combination with cluster analysis. 
Whilst cluster analysis of groundwater quality data has been undertaken 
for decades (see recent reviews by Patel et al. (2023) and Muniz and 
Oliveira-Filho (2023)), previous studies have used cluster analysis as a 
tool to group multivariate groundwater quality data that are time 
invariant. Zanotti et al. (2023) recently reported the first application of 
time series clustering to groundwater quality data, which showed the 
method to be useful for mapping temporal patterns of chlorinated sol-
vent contamination at the city scale. To date, no study has combined the 
use of clustering of groundwater quality time series (including nitrate) 
with standardised hydrometeorological indices. Nitrate is one of the 
most widely monitored groundwater contaminants (Lapworth et al., 
2022), with concentrations regularly monitored by environmental reg-
ulators and water utilities for decades in many countries (Musacchio 
et al., 2020; Roy et al., 2007). Nitrate time series are a large body of data 
in which the combined use of cluster analysis and standardised indices 
affords significant potential to improve the understanding of temporal 
fluctuations in groundwater nitrate concentrations. 

The objective of this paper is to characterise the different modes of 
temporal fluctuations in nitrate concentrations in groundwater at the 
regional scale, and to explore potential controls on these fluctuations. To 
do this we develop the first application of standardised indices and 
cluster analysis to classify groundwater nitrate time series across 
southeast England (UK). We then evaluate relationships between the 
standardised nitrate time series and standardised hydrometeorological 
indices to explore controls on modes of fluctuation. The implications of 
this are then considered in light of future climate change. The cluster 
analysis is shown to be a useful tool in mapping different patterns in 
temporal nitrate fluctuations. The methodology developed is generic 
and can be applied wherever there is a large body of groundwater nitrate 
time series. 

2. Materials and methods 

2.1. Study area 

The study area for this research is southeast England (UK), as shown 
in Fig. 1. In the study area there are three principal bedrock aquifers; the 
Great Oolitic limestones, the Lower Greensands and the Chalk (Allen 
et al., 1997). The Chalk is also in hydraulic continuity with a locally 
important minor aquifer, the Upper Greensands and they are usually 
considered together as a single aquifer unit (Jones et al., 2000). These 
aquifers provide a substantial component of public water supply in the 
region (Ascott, 2017) and support baseflow to groundwater dependent 
terrestrial ecosystems and rivers (Rangeley-Wilson, 2021). 

Nitrate contamination of groundwater is a significant issue in En-
gland. Based on 191 time series of variable record length (5 to 43 years), 
Stuart et al. (2007) estimated a median annual average trend in nitrate 
concentrations in groundwater in England of 0.34 mg NO3/l/a. In 2000 
over a third of sites exceeded the 50 mg NO3/l drinking water standard. 
Within England, the southeast is particularly affected associated with 
large areas of agricultural land and unconfined aquifer systems (Ascott 
et al., 2019), resulting in the majority of the study area being designated 
a nitrate vulnerable zone (Environment Agency, 2019). 

2.2. Data collation, pre-processing and filtering groundwater nitrate time 
series 

Groundwater nitrate time series from boreholes and springs in the 
study area were extracted from the English environmental regulator’s 
Water Information Management System (WIMS) database. Only data 
collected for the purposes of long term environmental monitoring by the 
environmental regulator and by water supply companies were selected 
to avoid extracting data collected during short term pollution 
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investigations. Data were extracted for nitrate as NO3 (n = 93,164) and 
as N (n = 126,535). Where there were samples with only nitrate as NO3 
present, these were converted to nitrate as N. Data from sampling points 
containing the strings “TREATED” (19 sample points) or “FINAL” 
(indicating water samples taken after final treatment, 9 sample points) 
in the sampling point name were removed. 

To characterise both short term nitrate fluctuations and long term 
trends, time series that are relatively regularly sampled and covering at 
least 2 decades were required. We therefore subsetted the nitrate data 
using a set of bespoke criteria building existing work on nitrate time 
series trends (Stuart et al., 2007) and guidance on time series charac-
terisation of natural variability in hydroclimate (World Meteorological 
Organization, 2017). Stuart et al. (2007) used a minimum of 5 years of 
data for each time series and a regularity index R (the ratio of the mean 
to the standard deviation of the gap between measurements) of 0.5, and 
a minimum of 20 measurements for each time series. These are too short 
to evaluate decadal scale variability. World Meteorological Organiza-
tion (2017) guidelines recommend that at least 30 years of data should 
be used for characterisation of natural variability at decadal time scales. 
Application of this threshold along with R = 0.5 and on average 1 sample 
per month resulted in only 19 time series meeting the criteria. We 
therefore relaxed the criteria to the following: 20 years of data with R =
0.5 and on average, 1 sample per month. This resulted in 96 time series 
meeting the criteria. The locations of these time series are shown in 
Fig. 1 and Table S1. This represents a balance between use of only long 
time series and an acceptable spatial coverage of time series across the 
study area. Of the 96 time series, 84 are from boreholes and wells and 12 
are from springs. All are located at outcrop in unconfined aquifers where 
denitrification has been shown to be insignificant (Rivett et al., 2008). 
83 time series are from samples taken from the Chalk (2 of which are 
also from the Upper Greensands), 3 are from the Lower Greensands and 

10 are from the Oolitic Limestones. 

2.3. Standardisation and clustering of groundwater nitrate time series 

Measurements in the groundwater nitrate time series where con-
centrations were below the limit of detection were set to half of the limit 
of detection (0.196 mg N/L). Across all 96 time series this applied to 
0.62 % of the data in total. For each of the 96 time series we resampled 
nitrate concentration values to monthly means to avoid biases in the 
number of samples per unit time. Across all 96 time series the first 
measurement was in January 1989, and the most recent measurement 
was in June 2022. We then plotted a “missingness” heatmap to evaluate 
the extent of missing data across all the time series (Fig. S1). This 
showed that there was missing data between 1989 and 1995 for many of 
the time series, and so we further sub-sampled the data by truncating the 
start and end of all the time series to 1995 to 2021 respectively, to ensure 
most sites had regularly sampled data (Fig. 2). Data outside of this 
period were not considered further. Across all the time series, there are 
c. 74 % data present. Missing values were imputed by linear interpola-
tion. We then standardised the data for each time series such that mean 
= 0 and standard deviation = 1. This means that the cluster analysis was 
unaffected by differences in the absolute magnitude of nitrate concen-
trations between the sites. As characterisation of seasonal changes in 
nitrate are an aim of this research, in contrast to the SGI (Bloomfield and 
Marchant, 2013), our approach intentionally does not remove season-
ality nor do we force the standardised time series to a normal 
distribution. 

We used a cluster analysis approach to assess how standardised ni-
trate time series vary spatially across the study area. To determine the 
most appropriate number of clusters, we first undertook hierarchical 
clustering using Euclidean distance and the complete linkage method 

Fig. 1. (a) Location of groundwater nitrate time series and observation boreholes (OBHs) overlain on 1:625,000 scale bedrock geology for principal aquifers in the 
study area, and (b) location of study area in Great Britain. Contains OS data © Crown copyright and database rights 2023. 
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(Webster and Oliver, 1990) to produce an ordered heatmap and cluster 
dendrogram. We also undertook k means clustering for k = 1 to 15 to 
and estimated the within clusters sum of squares to produce the k means 
“elbow” plot. The choice of the number of clusters can be somewhat 
subjective. In the clustering of groundwater level hydrographs, Bloom-
field et al. (2015) used a rule-based approach to identify the smallest 
number of clusters that resolve the spatial distribution of hydro-
geological characteristics across a region. A similar approach was also 
used in the clustering of groundwater flooding indices by Ascott et al., 
(2017b). In this study, we build on the approaches of Bloomfield et al. 
(2015) and Ascott et al., (2017b) to develop a set of criteria for clus-
tering groundwater nitrate time series. Using expert hydrogeological 
judgement, we identified the smallest number of clusters that resolved 
the following characteristics of groundwater nitrate time series: (1) the 
overall trajectory of time series (increasing or decreasing trends), (2) the 
presence of seasonal and decadal scale variability, (3) the presence of 
any spatial coherence in the cluster membership (how time series are 
split between different clusters). Use of these criteria in conjunction with 
evaluation of the ordered heatmap, cluster dendrogram and “elbow” 
plot (Fig. S4) showed a suitable number of clusters was k = 4. We then 
repeated the k means cluster analysis with k = 4, and initialising using 
10,000 random sets as starting centres and then picking the best starting 
set. We plotted the individual time series by cluster and the cluster 
centres, and mapped the cluster membership across southeast England. 
To ensure the clustering was not unduly affected by missing data, we 
also repeated the hierarchical cluster analysis for a smaller subset of data 
over 2000–2020 (see Fig. S2). This produced the same overall cluster 
membership (Fig. S3) as when clustering using data for 1995 to 2020 
(Fig. 3). 

2.4. Evaluation of temporal variability and trends between nitrate time 
series clusters 

For each nitrate time series we calculated recent trends using a linear 
model using the decimal year of sampling as the independent variable. 

In comparison to non-linear methods (e.g. Mann-Kendall, Generalised 
Additive Models), this method simplifies and aids interpretation of long 
term trends by separating the linear component. The approach has 
previously been applied to groundwater nitrate time series (Stuart et al., 
2007) and is also advantageous as missing data can be accommodated in 
the method. Visual inspection of the cluster centroids (Fig. 4) showed 
that trends over 1995–2000 are anomalous in comparison to recent 
behaviour, potentially associated with the larger number of sites with 
missing data over this period (Fig. 2). We therefore calculated trends for 
2000–2020. Five potential controls on temporal variability between 
nitrate time series clusters were then evaluated related to borehole 
construction and hydrometeorological setting; borehole depth, monthly 
precipitation totals, the standardised precipitation index (SPI), monthly 
mean groundwater levels and the standardised groundwater level index 
(SGI). For each of the nitrate time series we extracted borehole depth 
from a separate database of borehole, well and spring metadata held by 
the English environmental regulator. These potential controls were 
selected as (1) the focus of this study is the relationships between hy-
drometeorological variability and change and seasonal/decadal re-
sponses in groundwater nitrate time series, (2) there is very limited 
variation in aquifer type (see section 2.2 and Fig. 1) across the sites, (3) 
detailed information regarding borehole construction apart from bore-
hole depth (see above) were not available (e.g. depth of casing, casing 
diameter) and (4) historical land use change associated with each 
borehole’s catchment area were not available. 

For each time series we extracted monthly precipitation totals in 
mm/month from the 1 km gridded HadUK-Grid dataset (Hollis et al., 
2023). Bilinear interpolation was used so that for each site, values were 
interpolated from the four nearest raster cells. We calculated cross- 
correlations between the detrended standardised monthly nitrate time 
series with the monthly precipitation totals for each site. Detrending was 
undertaken by calculating a least-squares fit of a straight line to the data 
and subtracting the resulting function from the data. Cross correlations 
were calculated by forward shifting the nitrate time series (known 
herein as lag) by 0 to 10 months, and we recorded the maximum value of 

Fig. 2. “Missingness” plot for all nitrate time series that met the filtering criteria for 1995–2020. Each column represents a nitrate time series, and each row 
(observation) is a month from March 1995 - March 2020. Columns are ordered from left to right from least to most complete. 
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the Pearson’s correlation coefficient and the accompanying lag. For the 
monthly precipitation totals extracted from HadUK-Grid, we then 
calculated SPI summing precipitation totals for accumulation periods of 
1 to 48 months (McKee et al., 1993). For each site, we cross-correlated 
the detrended standardised monthly nitrate time series with SPI-1 to 
SPI-48. The maximum correlation between nitrate and SPI was recorded 
with the associated SPI accumulation period (in months) and lag. 

To correlate nitrate time series with groundwater level time series, 
each site had to be related to an observation borehole. Groundwater 
level time series for sampled boreholes were not available. Conse-
quently, each site was linked to an observation borehole used in monthly 
hydrological reporting (Mackay et al., 2015). The locations of the nitrate 
time series and the corresponding observation boreholes are shown in 
Fig. 1 and Table S1. These boreholes are known to have minimal in-
fluence from groundwater abstraction (Prudhomme et al., 2017) and 
therefore represent a reasonable proxy for the groundwater level status 
across regions of the Chalk, Lower Greensands and Oolitic limestone 
aquifers of southeast England. We extracted monthly mean groundwater 
level time series for each observation borehole, and cross correlated 
detrended standardised monthly nitrate concentrations with stand-
ardised groundwater levels (mean = 0, standard deviation 1, note this is 
not the same as the SGI as developed by Bloomfield and Marchant 
(2013), which is deseasonalized), and recorded the maximum value of 
the Pearson’s correlation coefficient and the accompanying lag. The 
same methodology was then repeated for correlations between detren-
ded standardised monthly nitrate concentrations with SGI (using 
1995–2022 as a reference period). 

For each groundwater nitrate time series, the methodology above 
produces a number of metrics describing the time series (trend) and 
relationships to borehole construction (borehole depth), precipitation 
(precipitation correlation, precipitation lag, SPI correlation, SPI accu-
mulation period, SPI lag) and groundwater level (groundwater level 
correlation, groundwater level lag, SGI correlation, SGI lag). To assess 
how these metrics vary between clusters, we calculated mean values for 
each cluster. Five of the 11 metrics were non-normally distributed (p <
0.05, Shapiro-Wilk test, see Table 1). We therefore assessed if there are 
significant differences in means of the metrics between the clusters using 

the non-parametric Kruskal Wallace test. Where there were significant 
differences, we determined which pairs of clusters were significantly 
different using a Wilcoxon rank sum test with continuity correction. We 
plotted boxplots of borehole depth by cluster, and scatter plots of pre-
cipitation, groundwater level and SGI lags and correlation coefficients as 
a function of cluster membership. Boxplots and scatterplots were also 
used to visualise differences between the clusters related to SPI-Nitrate 
correlations, SPI accumulation periods and SPI lags. All analysis of 
data was undertaken using the statistical computing environment R (R 
Core Team, 2022). The packages “stats”, “pracma” and “spei” were used 
for the cluster analysis, detrending and calculation of SPI for the cor-
relation analysis respectively. 

3. Results 

3.1. Cluster analysis 

Fig. 3 shows the heatmap and dendrogram derived by hierarchical 
cluster analysis of the standardised nitrate time series. A first order 
control on cluster partition (i.e. k = 2) appears to be whether sites show 
an overall positive or negative trend over time. Broken down further, 
visually the time series can be grouped as follows: sites that show near- 
linear increases through time; sites that show near-linear decreases 
through time; sites with seasonal behaviour superimposed on a long- 
term increasing trend; and sites with decadal behaviour superimposed 
on a long-term increasing trend. Fig. 4 shows the centroids and indi-
vidual standardised nitrate time series for each cluster when applying 
the k-means method for k = 4. The cluster centroids show the same 
overall pattern as the hierarchical cluster analysis results. For the rest of 
this analysis, the clusters will be referred to as follows based on Fig. 4:  

• Cluster 1 – a long term increasing trend (mean trend (2000–2020) =
0.26 mg NO3/l/a)  

• Cluster 2 – a long term decreasing trend (mean trend (2000–2020) =
-0.38 mg NO3/l/a)  

• Cluster 3 – seasonal variability and increasing trend (mean trend 
(2000–2020) = 0.29 mg NO3/l/a) 

Fig. 3. Heatmap and dendrogram for standardised groundwater nitrate time series for 1995–2020. Red and blue colours indicate higher and lower concentrations 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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• Cluster 4 – decadal-scale variability and increasing trend (mean 
trend (2000–2020) = 0.22 mg NO3/l/a) 

Whilst there is considerable spread, the overall pattern within each 
cluster is the same as the centroid (e.g. all the time series in cluster 3 
show seasonal behaviour, all the time series in cluster 2 show decreases). 
The trend in cluster 2 is significantly different (p < 0.05, Wilcoxon rank 
sum test, see Table 1) than the other clusters. 

Fig. 5 shows the spatial distribution of the cluster membership in the 
context of 1:625,000 scale bedrock aquifers of southeast England. There 
is no strong spatial coherence to the cluster membership, although 
visually it appears that cluster 3 may be predominantly in the South 
Downs and cluster 4 in the North Downs. Of all the sites in cluster 3, 75 
% are with the South Downs. Of all the sites in cluster 4, 57 % are in the 
North Downs. All 10 Oolitic Limestone sites are in cluster 2, with the 83 
Chalk and 3 Lower Greensands sites spread across all 4 clusters. 

3.2. Relationships between clusters, borehole depth, precipitation and 
groundwater level indices 

Table 1 shows mean values for nitrate time series metrics for each 
cluster. Whether the metrics are normally distributed is indicated by the 
Shapiro-Wilk p-value. Whether there are significant differences between 
the clusters for each metric is indicated by the Kruskal Wallace Test p- 
value. If there are significant differences, the pairs of clusters are shown 
(based on Wilcoxon rank sum test with continuity correction). 

Fig. 6 shows the relationship between borehole depth and the four 
clusters. Whilst the mean borehole depth for cluster 2 (64 m) is smaller 
than clusters 1, 3 and 4 (80–95 m), there is substantial overlap in the 
distribution and no significant differences between the clusters 
(Table 1). Of the nitrate time series for springs (n = 12), 75 % (n = 9) are 

in cluster 2, with the remainder (n = 3) in cluster 3. 
Fig. 7 shows the correlation coefficients and lags for cross- 

correlations between detrended standardised monthly nitrate concen-
trations and monthly precipitation totals (left), groundwater levels 
(centre) and SGI (right), as split by cluster. Cluster 3 has significantly 
stronger correlations with precipitation, GWL and SGI than the other 
clusters (Table 1), with the next strongest correlations in cluster 4. 
Clusters 1 and 2 are generally poorly correlated (r < 0.2, p > 0.05) with 
precipitation, GWL and SGI, with a wide range of lags for maximum 
correlation. These clusters are not considered further in these results. 
For clusters 3 and 4, correlations between detrended standardised ni-
trate concentrations and GWLs (mean r = 0.63 and 0.33 respectively) 
are greater than for correlations with precipitation (mean r = 0.39 and 
0.17) or SGI (mean r = 0.40 and 0.30), see Table 1. For cluster 3, cor-
relations with GWLs and SGI are less lagged (mean lag = 0 months) in 
comparison to correlations with precipitation (mean lag = 3 months). 
There is also less difference in the magnitude of the correlation co-
efficients between cluster 3 and cluster 4 when correlating with SGI 
(difference in mean r = 0.1) in comparison to correlating with GWLs 
(difference in mean r = 0.30). 

Fig. 8 shows SPI-standardised nitrate correlation coefficients (left), 
SPI accumulation period (middle), and SPI lag (left) split across the four 
clusters. Cluster 3 has significantly stronger correlations (mean r = 0.47) 
between SPI and standardised nitrate than cluster 4 (mean r = 0.36). 
Cluster 3 (mean SPI accumulation period = 15 months, mean SPI lag = 0 
months) has a significantly smaller magnitude of SPI accumulation pe-
riods and lags than cluster 4 (mean SPI accumulation period = 23 
months, mean SPI lag = 2 months). 

Fig. 4. Standardised nitrate time series for cluster centroids (black) and individual time series within each cluster (grey), for k = 4.  
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4. Discussion 

4.1. Controls on historic groundwater nitrate fluctuations 

The results in section 3.2 provide insights into the overarching 
controls on historic temporal changes in groundwater nitrate fluctua-
tions and the role of climate variability at the regional scale. Clusters 1 
and 2 show long term increasing and decreasing nitrate trends respec-
tively. Boreholes in cluster 1 appear to be deeper than in cluster 2 
(Fig. 6). In southern England nitrate leaching peaked in c. 1980 (Wang 
et al., 2016) and subsequently declined. However, Stuart et al. (2007) 
showed long term increasing trends in nitrate in groundwater. This 
discrepancy is due to the multidecadal scale time lags between nitrate 
leaching at the base of the soil zone and concentrations in groundwater 

due to long travel times in the unsaturated and saturated zones. Deep 
boreholes in cluster 1 are likely to have long unsaturated and saturated 
zone travel times, resulting in increasing nitrate trends reflecting the 
historic “legacy nitrate peak”. In contrast, shallow boreholes in cluster 2 
may be intercepting groundwater flow with more rapid travel times due 
to thinner unsaturated zones and shorter saturated zone pathways. This 
is further supported by the nitrate time series for springs present in 
cluster 2 (75 % of the spring time series in the data), where these springs 
may be sourcing water from shallower groundwater flow systems. In 
these shallower systems, borehole and spring flows are likely to be 
sourced from more recently recharged groundwater with lower nitrate 
concentrations in comparison to deeper boreholes. 

Superimposed on a long-term increasing trend, clusters 3 and 4 show 
seasonal and decadal variability respectively. The timing of seasonal and 

Fig. 5. (a) Spatial distribution of nitrate clusters overlain on 1:625,000 scale bedrock geology for principal aquifers in the study area and (b) location of study area in 
Great Britain. Contains OS data © Crown copyright and database rights 2023. 

Table 1 
Mean values for nitrate time series metrics for each cluster, Shapiro-Wilk normality test p-values, Kruskal Wallace Test p-values and significant (p < 0.05) pairwise 
differences between clusters (Wilcoxon rank sum test with continuity correction).  

Metric Unit Cluster mean Shapiro-Wilk Test p- 
value 

Kruskal Wallace Test p- 
value 

Significant pairwise 
differences 

1 2 3 4 

Trend mg NO3/l/ 
a  

0.26  − 0.38  0.29  0.22  <0.05  <0.05 2–1, 2–3, 2–4 

Borehole depth (m)  94.99  63.96  79.16  85.63  0.36  0.19 NA 
Precipitation 

correlation 
(-)  0.07  0.14  0.39  0.17  0.25  <0.05 1–2, 1–3, 2–3,2–4, 3–4 

Precipitation lag Months  4.22  6.00  2.71  5.43  0.18  <0.05 2–3, 3–4 
SPI correlation (-)  0.15  0.21  0.48  0.36  0.51  <0.05 1–3, 1–4, 2–3, 2–4, 3–4 
SPI accumulation 

period 
Months  18.09  14.10  15.33  23.20  <0.05  <0.05 2–4,3–4 

SPI lag Months  3.70  4.00  0.14  1.87  <0.05  <0.05 1–3, 2–3, 3–4 
GWL correlation (-)  0.05  0.19  0.63  0.33  0.86  <0.05 1–2, 1–3, 1–4, 2–3, 2–4, 3–4 
GWL lag Months  4.09  2.70  0.19  1.83  <0.05  <0.05 1–3, 2–3, 3–4 
SGI correlation (-)  0.01  0.11  0.40  0.30  0.50  <0.05 1–2, 1–3, 1–4, 2–3, 2–4, 3–4 
SGI lag Months  3.61  4.00  0.29  3.30  <0.05  <0.05 1–3,2–3, 3–4  
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decadal changes in nitrate concentrations is correlated to seasonal and 
decadal changes in groundwater levels. There also appears to be some 
weak spatial coherence of the clusters with the majority of cluster 3 and 
4 boreholes in the South and North Downs respectively (Fig. 5). Dif-
ferences in correlations with driving variables highlight the differences 
between clusters. Cluster 3 correlates strongest with groundwater levels, 
with notably weaker correlations for cluster 4. However, when corre-
lating with the deseasonalised SGI the differences in correlation strength 
between cluster 3 and 4 are small. When correlating detrended 

standardised nitrate concentrations with SPI, the strongest correlations 
for cluster 4 seem to be for longer accumulation periods and lags than for 
cluster 3. Marchant and Bloomfield (2018) showed that groundwater 
levels in the South Downs Chalk are notably flashier than in other re-
gions (including the North Downs), associated with the high degree of 
faulting and fracturing (Jones and Robins, 1999). We suggest that the 
greater flashiness of groundwater level fluctuations in the South Downs 
is associated with the seasonality in nitrate concentrations in compari-
son to the slower responding North Downs. 

This poses the question, what processes are driving the seasonal 
fluctuations in cluster 3 and the decadal variability in cluster 4? Stuart 
et al. (2009) identified 4 mechanisms that could control nitrate fluctu-
ations in groundwater: (1) winter piston flow through the unsaturated 
zone matrix, (2) winter bypass flow bringing high nitrate water from the 
base of the soil zone directly to the water table, (3) water table rise from 
water entering elsewhere in the catchment flushing out porewater by 
matrix diffusion and (4) change in flow path giving access to a greater 
percentage of shallow high nitrate water. It was concluded that pore-
water flushing by matrix diffusion could potentially result in a lag be-
tween water table rises and nitrate concentration rises. As the strongest 
nitrate-groundwater level correlations for cluster 3 are for a lag of close 
to zero months (Fig. 7 middle), it seems likely that mechanism (3) can be 
ruled out. However, Stuart et al. (2009) also noted that without infor-
mation such as unsaturated zone porewater concentrations, dis-
tinguishing between the other mechanisms is unlikely to be possible. 
Existing research in the Chalk (Hampshire (UK) (Sorensen et al., 2015), 
Northern France (Chen et al., 2019)) has generally shown bypass flow to 
be a relatively small or insignificant component of total nitrate transport 
in the unsaturated zone. If the same is true of the time series used in this 
research, it seems plausible that mechanism (2) can also be ruled out. 
Further, the requirement in this research to resample nitrate concen-
trations to monthly mean values means that short term, sub-monthly 

Fig. 6. Boxplot of borehole depths for the different clusters.  

Fig. 7. Maximum correlations and lags between standardised detrended monthly nitrate concentrations and monthly precipitation totals (left), monthly mean 
groundwater levels (centre), and standardised groundwater level index (SGI, right), split by cluster. Contains data from Hollis et al. (2023) licensed under the Open 
Government Licence v3.0. 

Fig. 8. Boxplots of the maximum correlation coefficients (left), corresponding accumulation period (middle), and lag (right) for Standardised Precipitation Index 
(SPI)-standardised detrended monthly nitrate concentration correlations. Contains data from Hollis et al. (2023) licensed under the Open Government Licence v3.0. 
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changes in nitrate that may be associated with bypass flow events may 
be “smoothed out”. The remaining mechanisms (piston flow and a 
changing flow path) controlling cluster 3 and 4 behaviour are likely to 
be linked. 

4.2. Implications for nitrate fluctuations in groundwater under future 
climate and land use change 

Climate change projections for the UK show wetter winters and drier 
summers (Met Office, 2018) and consequently greater seasonal range in 
groundwater levels (Hannaford et al., 2023). The differences between 
cluster 3 and 4 and the potential hydrogeological controls on this vari-
ability have important implications for how climate change may affect 
future nitrate fluctuations in groundwater. Piston flow represents a 
transfer of energy from the land surface to water table. Any impacts of 
climate change on precipitation and recharge will be near-instantly 
transferred to the water table. Nitrate fluctuations in groundwater will 
therefore be principally controlled by legacy N in the unsaturated zone 
immediately above the water table. Land use change impacts on N 
leaching will have a lagged impact on nitrate at the water table asso-
ciated with travel times in the unsaturated zone. In contrast, bypass flow 
represents the transfer of mass (of nitrate) from the land surface to the 
water table. In this mechanism, nitrate fluctuations may be due to cur-
rent land use, and land use change impacts on leaching may affect ni-
trate at the water table near instantaneously. 

Assuming piston flow and changing flow-paths are the dominant 
mechanisms controlling nitrate fluctuations, a greater seasonal range in 
precipitation, groundwater recharge and levels would be expected to 
result in a greater range in nitrate concentrations. For a given series of 
precipitation events, groundwater levels and nitrate concentrations in 
cluster 3 may respond more rapidly than cluster 4. In contrast, recovery 
back to lower nitrate concentrations may be slower in cluster 4 than in 
cluster 3 as groundwater levels are less flashy in the former. 

Under such climate change scenarios, a key factor is the relationship 
between the change in water level fluctuation and any legacy nitrate 
peak in the unsaturated zone. Where there is a legacy peak in the un-
saturated zone with higher nitrate concentrations in the unsaturated 
zone porewater than in groundwater, increased seasonality in ground-
water levels may result in increased seasonality in groundwater nitrate 
due to piston flow and changing flow-paths. Conversely, if nitrate con-
centrations in the unsaturated zone are lower than in groundwater, 
increased seasonality in groundwater levels may result in shift in phase 
in the seasonality of nitrate in groundwater (i.e. decreases in nitrate 
when groundwater levels are higher). 

4.3. Limitations and recommendations for further work 

There are a number of limitations to the research presented here. Due 
to a dearth of data for each borehole’s catchment, the potential role of 
changing land use and nitrate leaching on short term nitrate fluctuations 
has not been evaluated in this research. This should be considered in 
future work. It would be beneficial to upscale the approach to the na-
tional scale (where groundwater nitrate data are also reported as total 
oxidised nitrogen (TON)) and potentially internationally. The method-
ological framework developed could be tested to assess modes of fluc-
tuation in nitrate time series across a wider range of hydrogeological (e. 
g. different aquifers, unconfined/confined) and hydroclimatic settings. 
Within our research, the locations of the time series analysed are biased 
to the Chalk aquifer, and within the Chalk are further biased to public 
water supply abstractions which are typically located in river valleys. 
The cluster analysis approach adopted requires monthly data, with 
missing values imputed by linear interpolation. As such, the methodol-
ogy cannot reveal processes at a sub-monthly level, such as short term 
spikes which may be associated with bypass recharge events. 

We correlated standardised nitrate time series with groundwater 
level and SGI time series from observation boreholes which are known to 

have minimal abstraction influence that are used in hydrological status 
reporting (Mackay et al., 2015). This approach has benefits as these 
observation boreholes are likely to be reasonable indicators of ground-
water resource status across the aquifers in the study area. However, as 
well as regional groundwater level status, nitrate time series at pumping 
boreholes are also likely to be affected by localised pumping-affected 
groundwater levels. Comparing correlations between groundwater ni-
trate time series with groundwater levels recorded from regional and 
local (i.e. affected by pumping) observation boreholes and pumping 
boreholes may reveal further insights into the processes controlling ni-
trate fluctuations. Use of a multi-variate statistical modelling approach 
to explore evidence for interactions between the driving variables used 
here would also be beneficial. 

In this research it has not been possible to infer the exact balance of 
the different nitrate transport mechanisms for each site. Based on 
existing literature (Chen et al., 2019; Sorensen et al., 2015), we have had 
to make assumptions about the dominant processes controlling fluctu-
ations (piston flow and changing flow-paths). Detailed information on 
porewater nitrate concentrations would be needed on a site-by-site basis 
to differentiate which processes are most important. Comparing the 
timescales for changes in precipitation, recharge, and groundwater level 
seasonality with the time for the legacy nitrate peak in the unsaturated 
zone to reach the water table would be a useful area to target further 
work. Another alternative approach to collection of porewater data 
would be to combine the analysis of nitrate data with a determinand that 
is non-conservative in the unsaturated zone, such as microbial con-
taminants using flow cytometry or other methods. Concurrent increases 
in a non-conservative determinand and nitrate in groundwater may 
indicate that transport through the unsaturated zone is via rapid bypass 
flow rather than slower piston flow. 

5. Conclusions 

This research has analysed a large dataset of time series of nitrate 
concentrations in groundwater at the regional scale using a combination 
of cluster analyses and standardised indices for the first time. The 
following conclusions can be drawn: 

• Cluster analysis has revealed different modes of temporal fluctua-
tions in nitrate concentrations. Two clusters show long term 
increasing and decreasing trends. These may be associated with 
depth of groundwater flow system intercepted by the boreholes and 
springs in each cluster.  

• Decadal and seasonal changes associated with hydrometeorological 
variability are present in two clusters, which are weakly spatially 
coherent across the North and South Downs. Cross-correlation of 
nitrate time series with groundwater level and precipitation indices 
show that the extent of nitrate fluctuation appears to be controlled by 
precipitation and groundwater level fluctuation. This may be due to 
a combination of piston flow and changing groundwater flow-paths. 

• Under future climate change, nitrate fluctuations may change asso-
ciated with the changing intersection of the water table and the 
legacy nitrate peak in the unsaturated zone.  

• The timescales for land use change impacts on nitrate at the water 
table will vary substantially depending on the dominant process 
controlling nitrate fluctuations. Processes which represent a transfer 
of mass (bypass flow) will impact concentrations much more rapidly 
than processes representing a transfer of energy (piston flow). 

6. Data availability statement 

Groundwater nitrate and groundwater level time series are available 
from the Environment Agency on request and at Open WIMS data (htt 
ps://environment.data.gov.uk/water-quality/view/landing) and Hy-
drology Data Explorer – Explore (https://environment.data.gov.uk/h 
ydrology/explore). Precipitation data from HadUK-Grid (Hollis et al., 
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2023) are available from https://catalogue.ceda.ac.uk/uuid/b39898e 
76ab7434a9a20a6dc4ab721f0. All figures contain Environment 
Agency data licensed under the Open Government Licence v3.0. 
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