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• Hysteretic storm behaviour was
analysed in 3 water quality parameters
at 2 sites

• Storms were analysed within an obser-
vational uncertainty framework

• Range of metrics were used, including a
new index, to quantify storm hysteresis

• Differences in transport mechanisms
shown between nitrate and TP in chalk
system.

• Behaviour was complex but provides
insight into catchment processes in
landscapes.

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

a b s t r a c ta r t i c l e i n f o

Article history:
Received 14 September 2015
Received in revised form 5 November 2015
Accepted 5 November 2015
Available online 18 November 2015

Editor: D. Barcelo

Keywords:
Nutrient transport
Storm behaviour
Turbidity
Rivers
Uncertainty
Catchment processes

A large proportion of nutrients and sediment is mobilised in catchments during storm events. Therefore under-
standing a catchment's hydrological behaviour during storms and how this acts to mobilise and transport nutri-
ents and sediment to nearby watercourses is extremely important for effective catchment management. The
expansion of available in-situ sensors is allowing a wider range of water quality parameters to be monitored
and at higher temporal resolution, meaning that the investigation of hydrochemical behaviours during storms
is increasingly feasible. Studying the relationship between discharge and water quality parameters in storm
events can provide a valuable research tool to infer the likely source areas and flow pathways contributing to nu-
trient and sediment transport. Therefore, this paper uses 2 years of high temporal resolution (15/30 min) dis-
charge and water quality (nitrate-N, total phosphorus (TP) and turbidity) data to examine hysteretic
behaviour during storm events in two contrasting catchments, in the Hampshire Avon catchment, UK. This
paper provides one of the first examples of a study which comprehensively examines storm behaviours for up
to 76 storm events and three water quality parameters. It also examines the observational uncertainties using
a non-parametric approach. A range of metrics was used, such as loop direction, loop area and a hysteresis
index (HI) to characterise and quantify the storm behaviour. With two years of high resolution information it
was possible to see how transport mechanisms varied between parameters and through time. This study has
also clearly shown thedifferent transport regimes operating between a groundwater dominated chalk catchment
versus a surface-water dominated clay catchment. This information, setwithin an uncertainty framework,means
that confidence can be derived that the patterns and relationships thus identified are statistically robust. These
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insights can thus be used to provide information regarding transport processes and biogeochemical processing
within river catchments.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Storm events generate significant transport of nutrient fractions and
sediment in catchments. A range of publications report that a large pro-
portion of a catchment's annual total phosphorus (TP) load can be
transported by a small number of large storm events (Bowes et al.,
2003; Evans and Johnes, 2004; Jarvie et al., 2002; Jordan et al., 2007;
Verhoff et al., 1979). These are key transport events inwhich both nutri-
ent and sediment sources are mobilised, releasing pollutants which are
transported along flow pathways (surface and subsurface) and deliv-
ered to adjacent waters (Beschta, 1987; Evans et al., 2003; Meade and
Parker, 1985; Walling and Webb, 1987). Therefore, understanding the
role of hydrological activity in storms as a mechanism for the delivery
of contaminants to streams is essential for producing effective agricul-
tural land management strategies to support compliance with water
quality legislation such as the Water Framework Directive (WFD)
(European Parliament, 2000).

The recent expansion of the use of in-situ sensors to monitor nutri-
ent parameters routinely at high temporal resolution is making detailed
analysis of catchment behaviours in response to storm flow activation
more feasible. Traditionally, parameters such as turbidity have been
used to investigate storm behaviours as it can be measured at high fre-
quency and has been shown to be a reasonable surrogate for the trans-
port of sediment and sediment-associated contaminants such as
phosphorus (as particulate P), ammonium and particulate organic ni-
trogen fractions which cannot be measured directly with existing sen-
sor technologies (Grayson et al., 1996; Kronvang et al., 1997;
Stubblefield et al., 2007). Themore recent introduction of novel sensors
systems and bankside automated photometers means that parameters
such as nitrate-N and total phosphorus can be investigated at higher
temporal resolutions than previously possible.

Understanding of the catchment transport pathways activated dur-
ing storm events can be enhanced by studying the changing relation-
ship between discharge and water quality parameters during an
individual storm event. The relationship often exhibits a cyclical form
known as hysteresis. Hysteresis between discharge and suspended sed-
iment or dissolved solids during storm events was first observed by
Hendrickson and Krieger (1964) and Toler and Ocala (1965) and since
has been noted in many other water quality parameters such as turbid-
ity, nitrate, TP, Total Reactive P (TRP) and conductivity (e.g. Bowes et al.,
2009; Carey et al., 2014; House andWarwick, 1998; Lawler et al., 2006).

A paper by Williams (1989) was one of the first studies which de-
scribed themost common shapes of hysteresis loops and provided pos-
sible explanations for why they occur, with respect to suspended
sediment concentrations during storm events. Williams (1989) classi-
fied hysteresis loops into five classes. Class I was described as a single-
valued line, where the increase and decrease in discharge and sediment
concentrations are synchronised and suggests this can occur when sed-
iment is plentiful. Class II was a clockwise loop, where the suspended
sediment peak concentration occurs early in the discharge event. This
is suggested to be caused by quick flushing of sediment which may be-
come exhausted by the end of the storm event. On the other hand, anti-
clockwise loops (class III) are also common, signifying the sediment
peak lagging the discharge. This could provide evidence of differing
transit times of water and sediment. Class IV was classified as a mixture
of classes I and II, a single-line plus a loop and is described as resulting
from a change in the form of the relationship during a storm event, pos-
sibly due to sediment availability, storage and transportability. The final
class (V) was a figure-of-eight configuration, which combines classes II

and III, again caused by a shift in the form of the relationship between
discharge and suspended sediment concentration during a single
event. It is important to note that many hysteresis loops maybe difficult
to classify easily into these classes, and care should be taken with inter-
pretation as the same type of loop could occur for different reasons.
Nevertheless, the study of discharge-water quality hysteresis in storm
events can provide a valuable research tool to infer the likely contribut-
ing source areas and flow pathways contributing to nutrient and sedi-
ment transport in catchments.

The examination of hysteresis loops can provide information regard-
ing the time-lags between discharge and contaminants (Drewry et al.,
2009; Langlois et al., 2005; Littlewood, 1992). The technique has been
widely used over the past two decades in an attempt to increase under-
standing of how catchments are functioning, for example, Bowes et al.
(2005) used the size of hysteresis loops to investigate the TP storage
and mobilisation capability of storm events across a reach in the River
Swale, Yorkshire during a succession of 10 storms. In addition, Chen
et al. (2012) examined hysteresis in inorganic N fraction transport (am-
monium, NH4

+ and nitrate, NO3
−) for two storms and showed that the

transport mechanisms were different between the two parameters.
These papers illustrate how catchment responses to storm events are
complex and vary between andwithin catchments, as well as being pa-
rameter dependent.

To date, research has generally focussed on a small number of storm
events for a particular catchment andoften on just onewater quality pa-
rameter. Against that background, this study is one of thefirst investiga-
tions to examine the storm responses of a range of water quality
parameters over a two year period (up to 75 storms), allowing the com-
parison of storms between catchments with contrasting environmental
characteristics, and between differing antecedent conditions and water
years. Outram et al. (2014) used hysteresis as a tool to compare one
country-wide storm event across three contrasting UK catchments
monitored as part of the Demonstration Test Catchment project
(McGonigle et al., 2014). The analysis showed interesting differences
between catchment behaviours even during similar storm conditions
and highlighted the need for a study which directly compares catch-
ments over a broader range of storm events. The second novel aspect
of this work is that it examines storm hysteresis accounting for the ob-
servational uncertainties in the data records. Krueger et al. (2009) ex-
amined uncertainty of storm hysteresis from a modelling perspective
and considered four storm events. This study develops this research fur-
ther and provides a non-parametric approach to quantifying observa-
tional uncertainties in both the discharge and water quality
parameters and the storm analysis is completed within this uncertainty
framework. Previous research has shown that observational uncer-
tainties in these types of data can have implications for routine data
analyses to produce data products to underpin catchmentmanagement
and policy, such as load estimation, evenwhenhigh temporal resolution
data is used (Lloyd et al., 2015b). As a result, using anuncertainty frame-
work in such analyses allowsmore robust conclusions to be drawn from
these complex data sets particularly for when hysteresis behaviour be-
tween storms is non-overlapping across uncertainty limits.

This paper uses data from two field sites with contrasting hydroge-
ology, land use and management in the Hampshire Avon catchment,
UK. The Wylye at Brixton Deverill has a groundwater dominated chalk
catchment, while the Semat Prior's Farmhas a surfacewater dominated
clay catchment. The catchments liewithin 20kmof each other, and both
form part of the wider drainage network of the Hampshire Avon catch-
ment. The data were collected as part of the Defra funded
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