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Abstract:

This study presents a versatile index for the quantification of hysteretic loops between hydrological variables at the runoff event
timescale. The conceptual development of the index is based on a normalization of the input data and the computation of definite
integrals at fixed intervals of the independent variable. The sum, the minimum and the maximum of the differences between
integrals computed for the rising and the falling curves provide information on the direction, the shape and the extent of the loop.
The index was tested with synthetic data and field data from experimental catchments in Northern Italy. Hysteretic relations
between streamflow (the independent variable) and soil moisture, depth to water table, isotopic composition and electrical
conductivity of stream water (dependent variables) were correctly identified and quantified by the index. The objective
quantification of hysteresis by the index allows for the automatic classification of hysteretic loops and thus the determination of
differences in hydrological responses during different events. The index was also used to examine the seasonal dynamics in the
relation between streamflow and soil moisture and captured the switch in the direction of the loop with changes in event size and
antecedent wetness conditions. The sensitivity of the index to the temporal resolution of the measurements and measurement
errors was also tested. The index can successfully quantify hysteresis, except for very noisy data or when the temporal resolution
of the measurements is not well suited to study hysteresis between the variables. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Hysteresis is a non-linear loop-like behaviour that is
common in natural systems. Phillips (2003) defined
hysteresis in geomorphic systems as a phenomenon
where two or more values of a dependent variable are
associated with a single value of an independent variable.
Similarly, O’Kane (2005) suggested that hysteretic loops
in hydrological systems could be seen as rate-dependent
behaviours that do not show affine similarity with respect
to time. In other words, when the time-argument of an
input function is stretched or compressed, the corre-
sponding output function is not stretched in the same way
(O’Kane, 2005). Typically, this occurs when a time lag
exists between the two variables (Prowse, 1984).
Hysteresis can thus be thought of as the dependence of
a response variable not only on the value of a driving
variable but also on its past history (Camporese et al.,
2014; Norbiato and Borga, 2008; Visintin, 2006).
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Hysteretic relations are common in hydrology. Hyster-
esis occurs in the relation between soil water content
and pressure head (soil water retention curve) and
between stream stage and streamflow during unsteady
flow conditions. Hysteresis has also been identified in
the relation between streamflow and a number of
other hydrologic variables: precipitation (e.g. Andermann
et al., 2012), groundwater level (e.g. Fovet et al.,
2015; Camporese et al., 2014; Allen et al., 2010; Frei
et al., 2010), soil moisture content (e.g. Penna et al.,
2011; Parajka et al., 2006), extent of the saturated area
(e.g. Shook and Pomeroy, 2011; Niedzialek and Ogden,
2004), storage (e.g. Davies and Beven, 2015), hillslope
flow (e.g. McGuire and McDonnell, 2010), sediment
concentrations (both bedload and suspended sediment,
e.g. Mao et al., 2014; Landers and Sturm, 2013), solute
concentrations (e.g. Burt et al., 2015; Cartwright et al.,
2014; Outram et al., 2014; Aubert et al., 2013; Hornberger
et al., 2001; Evans and Davies, 1998) and stream water
temperature (e.g. Blaen et al., 2013; Subehi et al., 2010).
Hysteretic relations were also found between the diurnal
variation in evapotranspiration and vapour pressure deficit
(e.g. Zhang et al., 2014; Zheng et al., 2014), spatial mean
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soil moisture and coefficient of variation (e.g. Fatichi
et al., 2015; Ivanov et al., 2010), bulk and fluid electrical
conductivity (e.g. Briggs et al., 2014), air and river water
temperature (e.g. Wilby et al., 2014) and surface water
cover and water storage (e.g. Kuppel et al., 2015).

Analysis of hysteretic relations has led to a better
understanding of the nonlinear mechanisms underlying
runoff generation at various scales (Spence, 2010). The
changing direction of the hysteretic relation between
hillslope flow and streamflow (McGuire and McDonnell,
2010) and between hillslope soil moisture and streamflow
(Penna et al., 2011) highlighted the effect of antecedent
soil moisture conditions on the timing of hillslope
contributions to streamflow. Similarly, changes in the
relation between streamflow and solute concentrations
have been related to the different degrees of connectivity
of hillslopes and stream tributaries (Murphy et al., 2014)
or different solute sources in the catchment (Shanley
et al., 2015). Differences in hysteresis in the relation
between sediment concentrations and streamflow for
different events or different catchments have been
interpreted with respect to differences in the source area
of the suspended sediment. Generally, clockwise hyster-
etic loops are related to a quick flushing of sediment close
to the measuring station (e.g. Mano et al., 2009). Aich
et al. (2014) showed differences in hysteresis for a series
of runoff events for a hillslope and the catchment outlet,
providing valuable information about the differences in
exhaustion of sediment sources, and seasonal changes in
sediment detachment and transport. Numerical simula-
tions showed that the hysteretic relation between sediment
concentrations and flow depends on the particle size
distribution of the soil and the presence of a deposited
layer that protects the soil below (Sander et al., 2011).
Studying hysteretic relations for different events or
differences in hysteretic patterns between different sites
can thus reveal important information about the underly-
ing hydrological processes.

Analysis of hysteretic patterns is typically carried out
via a bivariate plot to highlight the relation between the
response of one parameter to variations in another
parameter. Hysteretic relations can also be described
and analysed with indices or metrics that quantify the
three main characteristics of hysteretic relations: (i) the
shape (circular, eight-shaped or linear), (ii) the direction
(clockwise or anticlockwise) and (iii) the extent of the
loop. Quantitative indices are valuable tools to compare
hysteretic loops at various space and time-scales, to
develop a classification of hysteretic patterns, to detect
changes in hysteretic loops or to test the ability of models
to reproduce the observed hysteretic behaviour (Fovet
etal., 2015; Zhang et al., 2014; Zheng et al., 2014). In the
past decade, several researchers have developed indices to
quantify the shape, size and direction of hysteretic loops.

Copyright © 2015 John Wiley & Sons, Ltd.
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For instance, Poggi-Varaldo and Rinderknecht-Seijas
(2003) analysed the hysteretic behaviour in adsorption—
desorption and derived the hysteresis coefficient, defined
as the ratio of the derivatives of the adsorption and
desorption isotherms at a given point. Butturini er al.
(2006) examined the temporal variation in hysteresis
between streamflow and dissolved organic carbon and
nitrate concentrations. Their index, AR, integrated
information about the area and the direction of the
hysteretic loop and was obtained by standardizing
streamflow and solute concentrations and multiplying
the extent of the loop by the term R (R=1 for clockwise
loops, R=—1 for anticlockwise loops and R=0 for
unclear patterns or a linear relation between streamflow
and solute concentration) and then by 100. Therefore, AR
varied between —100 (for large anticlockwise loops) and
100 (for large clockwise loops). Bieroza and Heathwaite
(2015) successfully used this index to study the seasonal
variation in hysteresis between streamflow and phospho-
rus concentrations. Several other methods for the
quantification of hysteretic relations were based on
measurements of suspended sediment concentrations
and streamflow. Langlois et al. (2005) analysed
suspended sediment transport dynamics during a snow-
melt period in a small forested catchment in Nevada,
USA. They plotted suspended sediment concentrations
against streamflow and computed regression lines for the
rising and falling limbs of the hydrograph. The area under
the curve for the two regression equations was estimated
by integration using the lowest streamflow and the
maximum streamflow observed during the event as the
lower and upper limits, respectively. The hysteresis index,
H, was computed as the ratio of these two areas, where
H=1 indicated weak hysteresis, H>1 a clockwise
hysteretic loop and H <1 an anticlockwise hysteretic
loop. Lawler et al. (2006) studied turbidity during spring
storm events in an urban catchment in the UK and also
developed a dimensionless index to quantify the magni-
tude and direction of hysteresis in the relationship
between streamflow and turbidity. Their index was based
on the extent of the hysteretic loop at the mid-point of
streamflow during the event (i.e. halfway between
baseflow prior to the event and peak streamflow).
Interpolation was used to find the two turbidity values
at the mid-point streamflow. The direction of hysteresis
was expressed by the index HI,,, and based on a
conditional statement: if turbidity on the rising limb was
higher than on the falling limb, the loop was clockwise;
otherwise, it was anticlockwise. Lawler er al. (2006) state
that HI can also be computed for multiple streamflow
points and then averaged (HI, .., Lawler et al., 2006).
Smith and Dragovich (2009) developed a dimensionless
similarity function based on individual line lengths and
angles between the suspended sediment concentration and
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streamflow for each sampling time. They used this index
to study the similarity in the hysteretic patterns between
suspended sediment concentrations and streamflow at the
outlet of two nested catchments in South-Eastern
Australia and showed that quantitative measures of
hysteretic patterns at the event timescale provided a
mechanism for linking the timing and magnitude of
responses across spatial scales (Smith and Dragovich,
2009). Landers and Sturm (2013) used turbidity mea-
surements to estimate suspended sediment concentrations
in a mesoscale catchment in Georgia, USA. They
quantified hysteresis between suspended sediment con-
centrations and streamflow and between suspended
sediment concentrations and turbidity at the runoff event
timescale by computing the range and coefficient of
variation of the ratios of streamflow and turbidity to
suspended sediment concentration. They based these
calculations on the observation that, where hysteresis
occurred, the magnitude of hysteresis (i.e. the nonlinearity
in the bivariate plot) increased with increasing range and
coefficient of variation of those ratios. Finally, Aich et al.
(2014) normalized streamflow and sediment concentra-
tions and computed the hysteresis index (HI) as the sum
of the maximum distances between the rising and the
falling limbs of the hysteretic loop and the line that links
the streamflow peak to the last sediment concentration
data point. HI was positive for clockwise hysteresis and
negative for anticlockwise loops. They used this index to
compare hysteresis in the relation between streamflow
and suspended sediment concentrations at the catchment
outlet and a hillslope.

The use of these previously developed indices provided
detailed understanding of the processes investigated and
proved to be useful for the specific cases for which they
were developed. However, these indices also have some
limitations. Some of them require a certain degree of
subjectivity and personal interpretation during their
application, which limits their robustness and their use
for identifying changes in hysteretic patterns in long data
series (e.g. Langlois et al, 2005). They were also not
developed to take into account more complex hysteretic
patterns, such as eight-shaped loops that combine
both clockwise and anticlockwise hysteresis (e.g. Aich
et al., 2014; Langlois et al, 2005). In addition, some
indices (e.g. Lawler er al., 2006; Langlois et al., 2005)
cannot be used with negative data (e.g. delta values that
describe the isotopic composition of streamflow). Finally,
none of these studies provided a sensitivity analysis to
verify the results of the index. Knowledge of the
sensitivity of the index is needed when the index is used
for long data series with many events to study seasonal
changes in hysteresis, to compare hysteretic responses in
different catchments or at different scales or to compare
observed and modelled hysteretic relations, particularly

Copyright © 2015 John Wiley & Sons, Ltd.
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when noisy input data or different time intervals
(temporal resolution) are used. Therefore, the objective
of this paper is to introduce a versatile index for the
quantification of a wide range of hysteretic loops at the
runoff event timescale. Specifically, we (i) present an index
that is able to predict the eight main hysteretic loop types,
(ii) test the robustness and usefulness of the index using
synthetic data and field data from experimental catchments
in Northern Italy and (iii) assess the sensitivity of the index
to noisy data and data with different temporal resolutions.

DEVELOPMENT OF THE HYSTERESIS INDEX

The index is developed for hysteretic loops where the
independent variable (x(f)) increases from its initial value,
reaches a peak and then decreases. In hydrological
applications, this is typically the case of streamflow,
groundwater levels or soil moisture content, which increase
during rainfall, snowmelt or glacier melt events and then
decline. The dependent variable (y(f)) can increase or
decrease during the event. We assume that the evolution of
the dependent variable is related to that of the independent
variable. In the examples we report in the section on
Application to Field Data, we investigate the relation
between streamflow and other hydrological variables at the
runoff event timescale, so that x is streamflow.

The index is based on the computation of definite
integrals on the increasing and decreasing curve of the
independent variable. We define the rising curve as the part
of the curve of the independent variable that goes from the
initial value to its highest value, and the falling curve as the
part of the curve of the independent variable that goes from
the peak to the last observed value. We use the last
observed value as loops do not always close (i.e. the
variables do not always return to their initial state). We
define eight main hysteresis classes: clockwise (classes: I
and V), anticlockwise (classes: IV and VIII) or eight-
shaped (or more complex), where the main direction is
clockwise (classes: II and VI) or anticlockwise (classes: 11T
and VII) (Table I). Class I to IV describe the situation
where the dependent variable mainly increases during the
rising curve of the independent variable, while classes
V-VIII describe the situation where the dependent variable
mainly decreases during the rising curve of the indepen-
dent variable. If the dependent variable remains constant
during the rising curve of the independent variable, then the
classification of the loops is based on whether the
dependent variable mainly increases or decreases during
the falling curve. The hysteresis index is structured so that
it can classify hysteretic loops into these eight classes. The
computation of the hysteresis index involves four steps,
which were implemented in MATLAB scripts
(MathWorks, Inc., Natick, MA, USA) and a stand-alone
tool in Java and are available upon request:

Hydrol. Process. 30, 1449-1466 (2016)
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Table I. The eight main hysteresis classes for independent variables that increase from the initial state, reach a peak and then decrease,
with the corresponding minimum (AA,;,) and maximum (AA,,,,) values of the difference between the integrals AA; ; (Equation 5) and

their sum, A

Hysteresis class Loop Dependent variable AAmin AALax h
I O Increases from the initial state >0 >0 >0
II Z Increases from the initial state <0 >0 >0
111 p Increases from the initial state <0 >0 <0
v 0 Increases from the initial state <0 <0 <0
v Q Decreases from the initial state >0 >0 >0
VI 3 Decreases from the initial state <0 >0 >0
vl E Decreases from the initial state <0 >0 <0
VIII b Decreases from the initial state <0 <0 <0

1. Normalization of the two variables (columns a and b in
Figure 1), as

u(t) = X(t) = Xmin (1

Xmax — Xmin

V(l) — y(t) — Ymin (2)

Ymax — Ymin

where x(f) and y(f) are the two variables at time #; X,in, Xmaxs
Ymin and Y.« are the minimum and maximum values of the
independent and dependent variables, respectively; and
u(t) and v(r) are the normalized values of x(f) and y(¢),
respectively. The two normalized variables range between
0 and 1. Typically, x,,;, should be the independent variable
at its initial state, so that normally u(0)=0.

2. Computation of the definite integrals, Ay;j; and Ag; j)
of the functions v,(u) and vg(u) on intervals [i,j] for
the rising (r) and the falling (f) curve, as

Ar[i,j] = Iijvr(u)du (3)

Afiig) = [ve(u)du @

where i and j represent the lower and upper limits of
integration, respectively, and can assume all the values
from u=0 to u=1. The integrals can be computed on
intervals of different widths delimited by selected points,

Copyright © 2015 John Wiley & Sons, Ltd.

i and j, of the independent variable u (column c and d in
Figure 1). The choice of the intervals of integrations should
depend on the quality and resolution of the data and the rate
at which the dependent variable changes with respect to the
independent variable. In the examples in the section on
Application to Field Data, we computed the integrals by
subdividing the range from #=0.15 to u =1 into equal steps
of 0.05 and using a linear interpolation. The definite
integrals for the rising and the falling curves can be plotted
as a function of u (column d in Figure 1). For clockwise
loops, the integrals of the rising curve are always larger
than the integrals of the falling curve (Figure 1 column d,
hysteresis class I); for anticlockwise loops, the integrals of
the falling curve are always larger than those of the rising
curve (Figure 1 column d, hysteresis class IV), while for
eight-shaped or other complex hysteretic loops, the
integrals of the two curves cross (i.e. some integrals of
the rising curve are larger than those on the falling curve,
while others are smaller than those of the falling curve;
Figure 1 column d, hysteresis classes II and III).

3. Determination of the differences between the definite
integrals on the rising and the falling curves computed
for the same interval, [i,]], as

AAjij = Arjij) — Afli )
Clockwise loops have all AA[;;;>0, and anticlockwise

loops have all AA}; ;; <0, linear relations (no hysteresis)

Hydrol. Process. 30, 1449-1466 (2016)
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Figure 1. Examples of hysteretic relations between streamflow and soil moisture representing the four main hysteresis classes (column a) and the main

steps in the computation of the hysteresis index (columns b—e). The circles and diamonds in column c represent the selected points () delimiting the

intervals of integration on the rising and the falling limbs, respectively. The symbol colours change from yellow to dark red to cyan during the runoff
event. The horizontal black line in column e represents AA =0

have all AA[; ;=0, while eight-shaped hysteretic patterns
are characterized by AA,i, <0 and AA,.x > 0 (column e
in Figure 1 and Table I), where AA,,;, and AA,,.x are the
minimum and maximum values of AAj; ;;, respectively.

3. Quantification of the h index, as

h= YA (0)
k=1

where 7 is the number of intervals (n=17 in the examples
in the section on Application to Field Data). Clockwise
hysteresis is characterized by /# >0, and anticlockwise
loops have i <0, while 2~ 0 indicates no hysteresis or a
symmetrical eight-shaped or complex loop (Table I). For
complex eight-shaped loops, the dominant direction is
defined by the relative size of the two (or more) loops.
The value of the index is also a measure of the size of the
hysteretic loop: the larger the hysteretic loop, the further
h is from 0.

Copyright © 2015 John Wiley & Sons, Ltd.

APPLICATION TO SYNTHETIC DATA

We used synthetic loops to test the ability of the
hysteresis index h, AAn, and AA,.« to quantify
the direction and the size of the loops. We also compared
the index to (i) the H index developed by Langlois et al.
(2005), (i) Hl,;q computed according to Lawler et al.
(2006) and (iii) its modified version, HI,.,,, where
instead of using the ratio of the dependent variable at the
mid-point of x, the ratio is averaged for multiple pairs,
and (iv) the HI index developed by Aich ef al. (2014)
(Tables II and III). We set equal-width intervals of 0.05,
from u=0 to u=1, for the computation of /. The selected
independent variable points for the computation of HI,can
were similarly set from 0.05 to 0.95 in equal intervals of
0.05. The results show that the 4 index, the H index
developed by Langlois et al. (2005), the HI index developed
by Aich et al. (2014) and HI,,;q developed by Lawler et al.
(2006) were able to detect the direction of the loops correctly
(clockwise or anticlockwise) (Table II). h, HI;q (Lawler

Hydrol. Process. 30, 1449-1466 (2016)
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Table II. Synthetic loops with a different area (A, B, C) and direction (clockwise: black solid line, subscript 1; anticlockwise: red dashed
line, subscript 2) used for testing the hysteresis indices and the corresponding values of & (Equation 6), the H index developed by Langlois
et al. (2005), the Hl;q and Hl ., indices of Lawler et al. (2006) and the HI index of Aich et al. (2014)

h H

HImid Hlmean HI

This study Langlois et al. (2005) Lawler et al. (2006) Lawler et al. (2006) Aich et al. (2014)

1.0
°° ) A, 009 1.20
~06
;0.4
0.2
ANy
o ) A —0.09 0.83
0.0 02 04 06 08 1.0 ™ ===
x (<)
1.0
o ) B, 0.18 1.44
—~ 06
>04
0.2 p—
00 A"\ B, 0.8 0.69
00 02 04 06 08 1.0 mm=?
x (<)
1.0
°° > C, 0.34 2.03
~06
> 04
0.2
N
80 ) G 034 0.49

00 02 04 06 08 1.0 ===
x(-)

0.22 0.47 0.07
—0.22 —0.47 —0.07
0.50 * 0.14
—0.50 * —0.14
1.33 * 0.28
—1.33 * —0.28

*The index was affected by a division that included a zero (either in the numerator or in the denominator).

et al., 2006) and HI (Aich et al, 2014) also provided
symmetry across the range of clockwise and anticlock-
wise hysteretic loops. Hlean (Lawler et al., 2006) was
also able to detect the direction correctly, but the index
was affected by the presence of at least one value of zero
in the ratio (either in the numerator or denominator)
(Table II). In hydrological applications, the dependent
variable can be equal to zero (e.g. water table, isotopic
composition or tracer concentration) or not change from
its initial value; therefore, methods that are not sensitive
to this are preferable.

We also tested the indices for synthetic eight-shaped
loops (Table III). The methods for the computation of H
(Langlois et al., 2005), HI,,;q (Lawler et al., 2006) and HI
(Aich et al., 2014) do not give information about complex
loops, but the indices were able to detect the perfect
symmetry (H=1, HI,;4=0 and HI=0) for the symmetric
loops (B; and B, in Table III). The index /# and the
associated values of AA;, and AA,,.x can characterize the
direction correctly for the eight-shaped loops with an
identifiable main direction (A, A,, Cy, C,, Dy, D», E; and
E, in Table IIl) and identify the symmetry of the shape
(B; and B,). The values of HI,,.., were different for B,
and B, because the computation is based on ratios, which

Copyright © 2015 John Wiley & Sons, Ltd.

do not perfectly identify the symmetry of the shape. The
comparison of the loops with the same area and main
direction but with a different location of the largest loop
(i.e. A; and C,, and A, and C;) shows that the value of
HI .., depends on the position of the largest portion of
the loop (i.e. close or far from the peak of x) and the
skewness of the distribution of the ratios (D; and D, in
Table III). The values of h, H, HI,;;4 and HI,.,, reflected
the different areas of the loops (e.g. C,, D, and E, and Cy,
D, and E; in Table III) and thus the differences in the
extent of hysteresis. On the contrary, HI (Aich et al.,
2014) did not detect differences in the shape or the extent
of the loops.

APPLICATION TO FIELD DATA

Instrumentation and datasets used to test the hysteresis
index

We tested the hysteresis index with hydrological data
from three experimental catchments in Italy (Figure S1).
We applied the index to the hysteretic relation between
streamflow and four typical runoff response variables:
soil moisture, depth to water table, isotopic composition

Hydrol. Process. 30, 1449-1466 (2016)



A HYSTERESIS INDEX FOR VARIABLES AT THE RUNOFF EVENT TIMESCALE 1455

Table III. The synthetic eight-shaped loops used for testing the hysteresis indices with the values of 4, the H index developed by Langlois

etal. (2005), the HI,,;q and HI, ..., indices developed by Lawler et al. (2006) and the HI index of Aich ez al. (2014). The arrows indicate the

starting points of the loops: for values of x close to 0 on the rising limb, the black solid loops (subscript 1) have larger values of y compared
with the red dashed loops (subscript 2).

h H
This study  Langlois et al. (2005)

HImid
Lawler et al. (2006)

Hlyean HI
Lawler et al. (2006)  Aich et al. (2014)

A, 0.10 1.22%%
A, —0.10 0.82%*
B, 0.00 1.00%*
B, 0.00 1.00%*
C, ~0.10 0.82%*
C, 0.10 1.22%%
D, -005 0.90%*
D, 0.05 1L11%%
E, —0.15 0.74%*
E, 0.15 1.35%

0.00%* * 0.28%%*
0.00%* * —0.28%**
0.00%* 0.32 0.00%*
0.00%* —0.32 0.00%*
0.00%* 0.13 —0.28**
0.00%* —0.13 0.28%%*
0.22%* 0.24 —0.28**
—0.22%% —0.24 0.28%%*
—0.75%%* —0.03 —0.28**
0.75%%* 0.03 0.28%%*

*The index was affected by a division that included a zero (either in the numerator or in the denominator).

**The index did not identify the eight-shaped loop.

of stream water (3°H) and electrical conductivity (EC) of
stream water (Figure 2). These variables were chosen
because (i) they show different responses during rainfall
and snowmelt events (soil moisture and groundwater
level typically increase during the event, EC usually
decreases, while the stream water isotopic composition
can increase or decrease depending on the isotopic
signature of the rain or snowmelt); (ii) they have
different signs (soil moisture and EC are positive,
whereas isotopic composition is generally a negative
number, and groundwater level can be positive, water

Copyright © 2015 John Wiley & Sons, Ltd.

level above the bottom of the well, or negative, distance
from the surface); and (iii) previous studies have shown a
hysteretic relation between these variables and streamflow
(Penna et al., 2011; McGlynn et al., 2004; Wetzel, 2003).

In order to apply the hysteresis index to the field data
(Figure 2), we selected equal intervals of 0.05 from
u=0.15 to u=1 on the rising and the falling curves. The
number of selected intervals represents a reasonable
frequency for the applications, leaving out possible noise
for low flow observations (1 < 0.15). The use of different
intervals did not change the results. Linear interpolation

Hydrol. Process. 30, 1449-1466 (2016)
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between two observations was used to determine the
corresponding values of the dependent variable, v(u)
when data for the dependent variable at the selected times
of h were missing in the dataset (i.e. the time stamp of the
two datasets was not exactly the same).

Ressi catchment. Soil moisture and streamflow data
were collected in the Ressi catchment (45°47'11.79”N,
11°15'54.12"E; Italian pre-Alps) for 30 rainfall-runoff
events (event total precipitation larger than 10mm)
between August 2012 and July 2013 (Penna er al.,
2015b). Precipitation amount ranged between 11.8 and

Copyright © 2015 John Wiley & Sons, Ltd.

266.2 mm, while event-average rainfall intensity varied
between 2.0 and 11.1 mm/h. Soil moisture was measured
at 0-30cm depth by four time domain reflectometres
installed at different positions along a transect: SM1 was
positioned in the riparian zone, SM2 at the transition
between the riparian zone and the hillslope, SM3 in the
middle part of the hillslope and SM4 in the upper part of
the hillslope (for details, see Penna et al., 2015b). Soil
moisture was measured at a 5-min interval from mid-
August 2012 until the end of November 2012, when the
resolution was changed to 10min. Stream stage was
measured at a 5-min resolution by a pressure transducer

Hydrol. Process. 30, 1449-1466 (2016)
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behind a V-notch weir. Streamflow was determined by
the weir equation, which was checked by manual
discharge measurements. The increase in streamflow
(i.e. the difference between the minimum and maximum
streamflow during an event) varied between 0.4 and
63.11/s for the 30 rainfall-runoff events. Because of the
fast streamflow response, we analysed the rainfall-runoff
events using a 5-min resolution data for both streamflow
and soil moisture. Therefore, we used linear interpolation
to estimate soil moisture at 5-min intervals from
December 2012 to July 2013, when 5-min time resolution
data were not available (17 out of the 30 events). We used
the streamflow—soil moisture relation (Figure 2a, b) to
evaluate the temporal variability of h, as well as the
classification of the hysteretic loops, and their relation to
event characteristics (e.g. average and maximum rainfall
intensity, rainfall depth and runoff coefficient) and the
antecedent soil moisture index (ASI):

ASI = 0xD )

where 6 is the volumetric soil moisture content (m3/m?®)
measured by each probe and D is the installation depth
(0.3m) (Haga et al., 2005; Detty and McGuire, 2010a, b).
The correlation between the hysteresis index and the
rainfall event characteristics was assessed using Spearman
rank correlation analysis (p;).

In addition to the soil moisture data, we also tested the
index for the hysteretic relation between streamflow and
the isotopic composition of stream water during a 50-mm
rainfall event on 5 May 2013 (Figure 2e). Additional
information on water sampling and determination of the
isotopic composition can be found in the study by Penna
et al. (2015b).

Bridge Creek catchment. Figures 2c shows the hyster-
etic relation between streamflow and depth to water table
measured with a pressure transducer in a piezometer on a
hillslope during a 49-mm rain-on-snow event on 4
November 2012 at the Bridge Creek catchment (BCC,
46°29'32.34"N, 11°50'38.66"E; Eastern Italian Alps).
Figure 2d shows the hysteretic relation between
streamflow and depth to water table in a different

1457

piezometer (125m away) measured with a capacitance
sensor during a 20-mm rainfall event on 5 August 2011.
Stream stage at BCC was measured behind a V-notch
weir with a pressure transducer. Streamflow was obtained
by the weir equation, which was checked with bucket
measurements. All data were collected at a 15-min
interval. Information on the catchment and a detailed
description of the groundwater responses can be found in
Penna et al. (2011; 2015a).

Alta Val de La Mare catchment. Figure 2f shows the
hysteretic relation between streamflow and stream water
EC for a snowmelt event in the Noce Nero, a stream fed
by snowmelt and spring water (Alta Val de La Mare
catchment, 46°24’'51.30"N, 10°40’50.90”E; Eastern
Italian Alps, Carturan et al., 2012). Stream stage and
EC were measured at a 15-min interval by a Dipper-
PTEC (SEBA Hydrometrie GmbH & Co., Germany)
multi-parameter sensor. Streamflow was measured during
different flow conditions using the salt dilution method.

Identification of the different hysteretic relations

The hysteresis index correctly represented the type of
hysteretic loop: the clockwise loop (Figure 2a) had 4 >0,
and the anticlockwise loops (Figure 2b, d and f) had 7 <0
(Table IV). The range of AA(;; confirmed that the
clockwise loop had all AAj; ;> 0, the anticlockwise loops
had all AAj;;<0 and the eight-shaped hysteretic patterns
were characterized by AA i, <0 and AA .« > 0 (Table IV).
In particular, the values of AA;, and AA,,x were useful
to identify the eight-shaped loops (Figure 2c and e),
where a small change in the hysteretic pattern occurred
near the streamflow peak.

We also computed the indices developed by Langlois
et al. (2005), Lawler er al. (2006) and Aich et al. (2014)
for the six examples (Table V). The three indices captured
the direction of the loops correctly when the dependent
variables were expressed by positive signs. The direction
of the loops with dependent variables with a negative sign
(Figure 2c—e) was not correctly identified without any
additional normalization or conditional statements: H,
Hl;q and HI,..,, gave a wrong interpretation of

Table IV. Independent and dependent variables, sign of the dependent variable, hysteresis classes (Table I) and values of AA i, AAmax
and # for the examples shown in Figure 2

Examples in Figure 2 Variables (x; y)

Sign of dependent variable Hysteresis class

AAmin (_) AAmax (_) h (_)

-0 Q0 o

Streamflow; soil moisture +
Streamflow; soil moisture +
Streamflow; water table —
Streamflow; water table —
Streamflow; 8°H —
Streamflow; EC +

I 0.001 0.018 0.128
v —0.049 —0.003  —0.634
II —0.015 0.009 0.021
v —0.044 —0.006  —0.567
II —0.003 0.038 0.383

VIII —0.026 —0.004  —0.360

Copyright © 2015 John Wiley & Sons, Ltd.
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Table V. Values for H (Langlois et al., 2005), HI ;g (Lawler et al. (2006) and HI (Aich et al., 2014) with notes about the interpretation
of the direction of the hysteretic loops for the examples shown in Figure 2. The indices were applied without additional conditional
statements or normalizations of the data. The values for AA,;,, AAnax and & are shown in Table IV

Examples H
in Figure 2 Hysteresis class Langlois et al. (2005)

Hlmid
Lawler et al. (2006)

HI
Aich et al. (2014)

a I 1.040 (correct)

v 0.843 (correct)
1.011 (theoretically
incorrect because of the
negative sign of the
dependent variable;
difficult interpretation
because it is an eight-
shaped loop)
1.475 (incorrect because of
the negative sign of the
dependent variable)

0.900 (incorrect because of
the negative sign of the
dependent variable; the
correlation coefficient <0.90;
difficult interpretation
because it is an eight-shaped
loop)

f VIII 0.983 (correct)

0.050 (correct)

—0.277 (correct)

—0.101 (theoretically
incorrect because of the
negative sign of the
dependent variable; no
information about the eight
shape)

0.407 (incorrect because of
the negative sign of the
dependent variable)

—0.111 (incorrect because
of the negative sign of the
dependent variable;

no information about

the eight shape)

—0.026 (correct)

0.051 (correct)

—0.227 (correct)

—0.136 (correct for the
normalized loop, but the
normalization reverses the
original loop; no
information about the eight
shape)

0.734 (correct for the
normalized loop, but the
normalization reverses the
direction of the original loop)
—0.269 (correct for the
normalized loop, but the
normalization reverses the
direction of the original
loop; no information about
the eight shape)

—0.029 (correct)

thedirection, while HI,,.,, gave a correct interpretation of
the direction, but the normalization procedure reversed
the loop. Eight-shaped hysteretic loops (Figure 2¢ and e)
could not be correctly detected by any of these previous
indices.

Temporal variability in the hysteretic relation between soil
moisture and streamflow

The application of the hysteresis index to soil moisture
and streamflow data for 30 events in the Ressi catchment
showed that hysteretic loops between streamflow and
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h(-)
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= SM4
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Figure 3. Values of the hysteresis index (k) computed for the streamflow—soil moisture relations at four different locations (SM1: riparian zone; SM2:
footslope; SM3: midslope; SM4: upper hillslope) in the Ressi catchment. The horizontal black line represents the threshold between mainly clockwise
(>0) and anticlockwise (<0) loops. Shaded bars indicate eight-shaped or complex loops

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 4. The hysteresis classes for the 30 rainfall-runoff events for the relation between streamflow and soil moisture at four different locations along
the riparian-hillslope transect in Ressi (SM1: riparian zone; SM2: footslope; SM3: midslope; SM4: upper hillslope; I =clockwise loop; II = eight-shaped
or complex loop with a predominant clockwise loop; III = eight-shaped or complex loop with a predominant anticlockwise loop; IV = anticlockwise loop)

riparian soil moisture (SM1 and SM2, Figure 3) were
generally clockwise, with a few anticlockwise loops for
events in May and June 2013. Conversely, hysteretic
relations between streamflow and hillslope soil moisture
(SM3 and SM4, Figure 3) followed a seasonal pattern,
with clockwise loops during large events in autumn and
anticlockwise loops occurring more commonly in spring
and summer. Differences in the type of hysteretic loop for
the hillslope and the riparian zone were most pronounced
in late summer and late spring and smaller during wet
periods (autumn 2012 and early spring 2013) and at the

start of the dry season (end of May 2013) (Figure 4).
Because previous studies showed a threshold relation
between streamflow and the sum of antecedent soil
moisture and total rainfall (ASI+P) at the Ressi
catchment (Penna et al., 2015b), we investigated the
relation between ASI+P and & for the four soil moisture
measurement locations. The hysteresis index h for the
hillslope sites was significantly correlated with ASI+P
(ps=0.69 and 0.73 for SM3 and SM4, respectively,
p<0.01, n=30) and also with event rainfall amount
(ps=0.72 and 0.73 for SM3 and SM4, respectively,
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Figure 5. Relation between the value of the hysteresis index (/) for the relation between streamflow and soil moisture and the antecedent soil moisture
index plus precipitation (ASI+P) for the different locations along the riparian-hillslope transect at the Ressi catchment. The horizontal black line
represents the threshold between the mainly clockwise (>0) and anticlockwise (<0) loops

Copyright © 2015 John Wiley & Sons, Ltd.
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Table VI. Frequency of the 30 rainfall-runoff events belonging to the four hysteresis classes (I-IV) for the observed data and for data with a 10- (a),
15- (b), 20- (c) and 30-min (d) temporal resolution, as well as the percentage of loops from a certain class that were reclassified to that class when the
temporal resolution of the data was changed (italic font in inner square). For instance, 83.3% of the type III loops based on the original 5-min data
were still characterized as a type III loop when using 10-, 15- or 20-min data (panel a, b and ¢, respectively), while 16.7% of the type III loops were
reclassified as a type II loop using 10-, 15- or 20-min data (panel a, b and c, respectively). See Table I for the definition of the hysteresis classes.

Frequency 5 min data (%) Frequency 5 min data(%)
a b
| 1 1] \ | 1l 1l \%
Frequency 10 Frequency 15
min data (%) 23.3 133 20.0 433 min data (%) 23.3 13.3 20.0 433
I 23.3 | 100.0 0.0 0.0 0.0 I 23.3 | 100.0 0.0 0.0 0.0
1l 13.3 0.0 75.0 16.7 0.0 1 13.3 0.0 75.0 16.7 0.0
1] 233 0.0 25.0 83.3 7.7 1 233 0.0 25.0 83.3 7.7
v 40.0 0.0 0.0 0.0 92.3 \% 40.0 0.0 0.0 0.0 92.3
Frequency 5 min data (%) Frequency 5 min data (%)
C d
| 1l 1] \ | 1l 1 \%
Frequency 20 Frequency 30
23. 13. 20. . 23. 13. 20. .
min data (%) 33 33 0.0 43.3 min data (%) * 33 3.3 0.0 433
I 23.3 | 100.0 0.0 0.0 0.0 I 26.7 | 100.0 0.0 16.7 0.0
Il 133 0.0 75.0 16.7 0.0 Il 10.0 0.0 75.0 0.0 0.0
I 20.0 0.0 0.0 83.3 7.7 I} 16.7 0.0 25.0 66.7 0.0
v 43.3 0.0 25.0 0.0 92.3 I\ 40.0 0.0 0.0 16.7 84.6

*The hysteresis index & was computed for 28 instead of 30 rainfall-runoff events because the application of the different temporal resolution data
resulted in the removal of the data point on the falling limb that corresponded to u=0.15.

p <0.01, n=30). The hysteretic relation between hillslope
soil moisture and streamflow tended to be clockwise for
high values of ASI+ P and anticlockwise hysteresis for dry
conditions and small events (Figure 5). These seasonal
changes in the direction of hysteresis suggest that
streamflow generally peaked before hillslope soil moisture
during dry periods and small rainfall events, while hillslope
soil moisture peaked earlier than streamflow during the wet
period. Runoff coefficients were also positively corre-
lated with &, with stronger correlations for the hillslope
than the riparian zone [p,=0.50, 0.33, 0.67 and 0.86 for
SM1 (p<0.01), SM2 (p<0.10), SM3 (p <0.01) and
SM4 (p <0.01), respectively, n=30].

Copyright © 2015 John Wiley & Sons, Ltd.

The relation between 2 and ASI+P for the
riparian sites was more scattered than for the hillslope
sites [p,=0.43 and 0.16 for SM1 (p <0.05) and SM2
(p > 0.10), respectively, n=30], suggesting that hysteresis
between streamflow and riparian soil moisture was not
predominantly related to antecedent wetness conditions
and rainfall amount. Instead, the hysteresis index
for the relation between streamflow and riparian
soil moisture at SM1 was negatively correlated with the
average (p,=—0.52, p<0.01, n=30) and maximum
rainfall intensity (p,=—0.55, p <0.01, n=30), implying
that the time lag between streamflow and soil moisture
decreased during high rainfall intensity events.

Hydrol. Process. 30, 1449-1466 (2016)
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Figure 6. Simulated and observed values of 4 for the relation between streamflow and soil moisture at the midslope location (SM3) in Ressi catchment
for the 30 studied rainfall-runoff events. Random instrumental noise was simulated 1000 times with a scaling factor of 1% (left) and 5% (right). The dots

represent the median of the 1000 simulations, and the error bars represent the interquartile range

Table VII. The hysteresis class assigned using the measured data and the frequency of the hysteresis classes (I-1V) for the 1000
simulations with noisy data for each rainfall event with a 1% and 5% scaling factor. Bold values indicate the most frequently
assigned hysteresis class with the noisy data for each rainfall event. See Table I for the definition of the hysteresis classes

Class 1% scaling factor 5% scaling factor
Rainfall original Frequency (%) Frequency (%)
event data I I moow | noomw
01/09/12 \% 0.0 0.0 0.0 100.0 | 0.0 0.1 357 e64.2
03/09/12 \% 0.0 0.0 0.0 100.0 | 0.0 0.0 139 86.1
04/09/12 1 0.0 0.1 99.8 0.1 0.0 333 66.5 0.2
12/09/12 \% 0.0 0.0 0.7 99.3 0.0 0.0 514 486
24/09/12 \% 0.0 0.0 0.0 100.0 | 0.0 0.0 45 95,5
26/09/12 1 0.0 3.2 96.8 0.0 0.1 440 559 0.0
01/10/12 \% 0.0 0.0 0.0 100.0 | 0.0 0.3 51.2 485
14/10/12 | 91.4 8.6 0.0 0.0 9.6 89.7 0.7 0.0
26/10/12 | 74.7 25.3 0.0 0.0 10.0 89.8 0.2 0.0
31/10/12 | 100.0 0.0 0.0 0.0 529 471 0.0 0.0
03/11/12 | 99.8 0.2 0.0 0.0 46.8 53.2 0.0 0.0
10/11/12 | 95.5 4.5 0.0 0.0 522 478 0.0 0.0
27/11/12 1l 5.9 94.1 0.0 0.0 16.7 833 0.0 0.0
30/03/13 | 75.4 24.6 0.0 0.0 3.0 94.7 2.3 0.0
04/04/13 1 0.0 2.5 96.5 1.0 0.0 418 582 0.0
11/04/13 1 0.0 1.6 97.1 1.3 0.0 40.8 59.1 0.1
20/04/13 | 70.0 30.0 0.0 0.0 52 947 0.1 0.0
27/04/13 1 0.0 21.0 79.0 0.0 0.1 48.2 51.7 0.0
03/05/13 [\ 0.0 4.0 53.7 42.3 2.8 329 515 128
05/05/13 \% 0.0 0.0 0.0 100.0 | 0.0 0.0 23.7 76.3
07/05/13 \% 0.0 0.0 384 61.6 0.0 129 85.1 2.0
10/05/13 \% 0.0 0.0 46.9 53.1 0.0 0.3 80.2 195
15/05/13 1l 6.2 93.8 0.0 0.0 10.3 89.7 0.0 0.0
19/05/13 \% 0.0 0.0 34.2 65.8 0.0 5.7 888 55
23/05/13 1l 0.0 100.0 0.0 0.0 0.7 973 2.0 0.0
29/05/13 \% 0.0 0.3 85.0 14.7 0.0 21.0 747 43
09/06/13 \% 0.0 0.0 222 778 0.0 0.1 673 326
23/06/13 1 0.0 44,4  55.5 0.1 0.8 47.1 517 04
27/06/13 \% 0.0 0.0 82.7 17.3 0.0 0.9 925 6.6
07/07/13 1l 134 35,5 347 16.4 14.0 36.7 34.8 145

Copyright © 2015 John Wiley & Sons, Ltd.
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SENSITIVITY ANALYSIS

Sensitivity to the temporal resolution of the data

The sensitivity of the hysteresis index / and the
determination of the hysteresis classes based on 4 and the
associated values of AA.;, and AA.« to the temporal
resolution of the data were analysed for the hysteretic
relation between streamflow and soil moisture at the mid-
hillslope (SM3) location at Ressi. To determine the
sensitivity of the hysteresis index to the temporal
resolution of the data, data points from the streamflow
and soil moisture datasets were systematically removed to
simulate measurement intervals of 10, 15, 20 and 30 min,
and h, AA,;, and AA,,x were computed for the events
with both the original data (5-min) and the simulated
lower temporal resolution data. Cohen’s kappa, x (Cohen,
1960), was used to assess the agreement between the
classifications of the hysteretic loops with the original and
the simulated data:

K= Po ~ Pe ®)

1 — Pe

where p, is the relative observed agreement among the
classifications with the original and the simulated data
and p, is the relative agreement due to chance. Cohen’s
kappa varies between O (there is no agreement other than
what would be expected by chance) and 1 (perfect
agreement between the classifications).

Overall, the analysis reveals a very good agreement
between the classification with the original and
the simulated data with a different temporal resolution
(x=0.86, 0.86, 0.86 and 0.85 for the agreement between
the classification with the original 5-min data and the
10-, 15-, 20- and 30-min interval data, respectively).
Most loops were classified similarly as for the original
data (66.7% to 100% of loops identified using 10-, 15-,
20- or 30-min data were classified similar as the loops
based on the original data; Table VI). Only four
hysteretic loops were classified differently after decreas-
ing the temporal resolution of the data (i.e. the rainfall-
runoff events on 26 September 2012, 5 May 2013, 23
June 2013 and 7 July 2013). Two of these events (23
June 2013 and 07 July 2013) were characterized by a
small change in soil moisture (only 0.25% and 0.29%
for 23 June 2013 and 07 July 2013, respectively); one
had a very steep rising limb (05 May 2013) with few
data points on the rising limb, while the fourth event (26
September 2012) had a loop with a very complex shape.
Decreasing the temporal resolution of the data for these
events significantly influenced the number of data points
on the rising limb and, not surprisingly, significantly
affected the shape of the hysteretic loops and the
calculated values of h, AA.;, and AA,,.. Therefore,
caution should be used when applying the index to

Copyright © 2015 John Wiley & Sons, Ltd.
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events with only a few measurements on the rising (or
the falling) limb.

Sensitivity to noise in the data

We also studied the sensitivity of the hysteresis index to
instrumental error or noise in the input data. Gaussian noise
was simulated independently for streamflow and soil
moisture by generating arrays of pseudo-random numbers
whose elements were normally distributed (mean =~ 0 and
variance =~ 1). The random numbers were scaled by 1% and
5%, multiplied by the original data and then added to the
original values to generate a disturbed (noisy) signal. We
iterated the process 1000 times for each event and
determined the hysteresis class and the value of h. The
median and the interquartile ranges of & were compared
with the values calculated for the original data.

Cohen’s kappa results suggest that there was a good
(x=0.72) and a fair (x=0.29) agreement between the
classifications with the original and the 1%-scaled and 5%-
scaled noisy data, respectively. The medians of / for the 1%-
scaled noisy data were similar to / for the original data, but
the interquartile ranges were large for some rainfall-runoff
events (Figure 6). For 27 out of the 30 events, the most
common hysteresis class for the simulations with 1% noise
was similar to the hysteresis class obtained for the original
data (79.6% of agreement between the classifications)
(Table VII). Conversely, the medians of % for the 5%-scaled
noisy data and the value computed for the original data were
similar for some events but different for other events
(Figure 6). The agreement of the classification of the
hysteretic loops was also poorer than for the 1%-scaled
noisy loops: the majority of the simulated loops
corresponded to the classification obtained using the
original data for only 16 events (44.4% of agreement
between the classifications) (Table VII). The interquartile
ranges of h were particularly large for rainfall-runoff events
with small changes in streamflow and soil moisture and
short events. These results suggest that the hysteresis index
can be considered quite robust when measurement errors
occur for large and long rainfall events but that the index
should be used with caution when noise or errors affect the
measurements during small events.

DISCUSSION

Comparison with previous indices

Several quantitative indices have been developed to
characterize hysteresis in the past. Most of these indices
were tested for the relation between streamflow and
suspended sediment concentrations (e.g. Aich et al,
2014; Lawler et al., 2006; Langlois et al., 2005) or
streamflow and solute concentrations (e.g. Butturini et al.,
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2006). The hysteresis index presented in this study can be
used for a wide range of (hydrological) variables, making
it more versatile than most of the previously developed
indices. The hysteresis index is consistent with the
theoretical interpretation of the direction of the loops
when using dependent variables that have positive
(e.g. soil moisture, water level and EC) and negative
values (e.g. isotopic composition and depth to water
table) that increase (e.g. soil moisture or water table
level) or decrease (e.g. EC and depth to water table)
during a runoff event. There are a few similarities and
substantial differences between the new index and the
previous indices. The & index shares a common
background with H (Langlois et al., 2005) because both
methods are based on the computation of definite
integrals. However, our method is more robust because
it does not rely on the fitted regression lines for the
rising and the falling limbs of the hydrograph in the
hysteretic plot (Langlois et al., 2005). Noise in the data
and some loop shapes (e.g. Figure 2e) can result in a
poor fit of the best regression equation to the observed
data, influencing the value of H. Conversely, the
application of the /& index is less constrained by noise
in the data and can be applied to complex hysteretic
loops. The interpretation of the new versatile index is
also similar to the index developed by Lawler et al.
(2006). Both indices are positive for mainly clockwise
loops and negative for anticlockwise loops, providing
symmetry across the range of clockwise and anticlock-
wise hysteretic loops. Compared with the HI,;q and
HI ., (Lawler et al., 2006), h solves the possible issue
of initially non-changing dependent variables and is not
affected by values that are equal to zero.

The first step for the computation of the HI index of
Aich et al. (2014) is a normalization of the data series,
which is similar to the computation of our index.
However, we use a minimum—maximum normalization
that allows us to narrow the range of values to [0, 1],
even for variables with a negative sign. Furthermore, the
HI index of Aich et al. (2014) relies on data at the end of
the runoff event, implying a degree of subjectivity
because the length and the slope of the line connecting
the last point to the peak of the independent variable
changes depending on when the last data point is
collected. This is particularly important when hysteretic
relations are examined for non-continuous data, such as
water quality samples, or a new event occurs shortly after
the previous event. Because multiple values of 4A; ;; are
used for the calculation of A (i.e. h is a metric that
summarizes the shape of the loops), the computation
does not depend on only two observed values, especially
the last sample or the end of the event.

The AR index developed by Butturini et al. (2006) has
been demonstrated to be efficient in its applications (e.g.
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Bieroza and Heathwaite, 2015; Butturini et al., 2006)
because it relies on the direct measurement of the extent of
the loops (i.e. the computation of the area) and on the
rotational parameter, R, which describes the direction of
the hysteresis. However, R has to be determined by visual
inspection of each loop (Bieroza and Heathwaite, 2015),
which limits the automatic application of the index for
large datasets. Conversely, the new hysteresis index and
the indices developed by Langlois et al. (2005), Lawler
et al. (2006) and Aich et al. (2014) can easily be
implemented to automatically detect the direction of
hysteresis and can thus be used to analyse large datasets
or to compare measurements and model results.

The tests with synthetic data (Tables II and III) were
useful to compare the index we presented here to the
indices developed by Langlois et al. (2005), Lawler et al.
(2006) and Aich et al. (2014). Although the indices are
based on different methods to assess the ‘fatness’ of the
loops (i.e. h and H on integrals computed for the rising and
the falling limbs, Hl;q and Hl,.,, on ratios, HI on the
maximum distance between the rising and the falling limbs
of the hysteretic loop and the line that links the maximum
value of the independent variable to the last data point), all
of them captured the change in the extent of hysteresis for
simple loops (Table IT). The comparison of the synthetic
eight-shaped loops (Table III) showed that HI,;,u and HI
are less useful to detect differences in the shape and the
extent of eight-shaped loops because they characterize
hysteresis at only one point of the independent variable
(HI yiq) or by just two distances (HI).

The application of the different indices to different
datasets from experimental catchments (Figure 2) showed
that unlike the previously developed indices, our index, £,
and the associated values of AA,;, and AA,,. can
correctly identify all major hysteresis classes, including
the eight-shaped loops, and is applicable to negative data
and datasets where the dependent variable decreases
during an event. It can even be applied when the
dependent variable remains constant at the start of the
event or has a value of zero. Additional conditional
statements for HI ;g and Hl .., (Lawler et al., 2006) and
H (Langlois et al., 2005), and a different normalization
for HI (Aich et al., 2014) could allow these indices to also
correctly identify the direction of the hysteresis for
dependent variables with negative values. However, the
additional conditional statements would make the out-
come of the indices less intuitive.

Potential use and limits of the hysteresis index

The hysteresis index presented in this study provides
objective and concise information on the direction and the
shape of the hysteretic loops. Clockwise, anticlockwise
and eight-shaped loops are easily determined by
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fourcomputational steps. The normalization of the two
variables (step 1) is needed to compare different
hysteretic loops and allows for the correct interpretation
of the direction of the hysteresis for different dependent
variables. The computation of the definite integrals for the
rising and the falling curves (step 2) and the differences
between them (AA(; ;; step 3) enables the determination of
the direction and the shape of the loops, while the sum of
the differences (step 4) summarizes the hysteretic loop
and ensures that the index is not significantly influenced
by outliers. The metrics introduced in steps 3 and 4 (AA(;
and h) can easily be related to the characteristics of the
runoff event, providing insight into the factors that lead to
different hysteretic loops. These metrics can thus be used
to assess changes in hysteresis in long data series with
multiple events or to assess model performance. The
computation of the index does not require a loop to be
closed, and & can be calculated for different independent-
variable intervals. The index is therefore versatile and can
be applied to a wide range of datasets.

The sensitivity analysis showed a high level of
agreement between the classification based on the original
data and the classifications obtained for data with a lower
temporal resolution, suggesting that the sensitivity of the
index to the temporal resolution of the measurements is
low. However, caution should be used if the index is
applied when only one or two measurements are available
for the rising (or falling) limb. Application of the index to
very noisy data (e.g. data that show large measurement
errors and relatively small responses) should be
performed with caution as well.

Previous studies did not test the sensitivity of the various
hysteresis indices to the temporal resolution of the data or
noise in the measurements. However, this is important when
indices are applied to many events or different catchments to
study differences in runoff responses, or when indices are
used for model calibration or validation. The results obtained
from the application to field data and the sensitivity analyses
revealed that the index introduced here is a powerful tool for
the study of long-time series and comparative analyses of
different runoff events because it was not very sensitive to
noisy data or the temporal resolution of the data as long as the
response was large relative to the noise and there were several
data points on the rising and the falling limbs of the
hydrograph. Consequently, the index can be used to study the
seasonal variations in hysteretic patterns (Bieroza and
Heathwaite, 2015; Aich et al., 2014) or to compare hysteresis
at different spatial scales or for different catchments (Smith
and Dragovich, 2009). The hysteresis index can also be used
in the assessment of models in their ability to reproduce the
internal behaviour of catchments (e.g. Fovet ef al., 2015).
The only condition for a correct application of the index is
that the independent variable has to increase from its
starting value to the peak (i.e. the normalized data vary
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from O to 1). The index can therefore be used for a wide
range of hydrological studies and in other fields across the
earth system sciences.

Complex events characterized by multiple peaks are
approximated by one overall hysteretic pattern because
the computation of the index is based on the highest peak
of the independent variable. The index therefore does not
quantify the hysteretic loop of each individual runoff
response that interrupts the recession curve of the first
event. These multiple peak events will instead be
classified as complex loops. However, the user can
choose to analyse the different peaks of the independent
variable as separate events and the corresponding
hysteretic loops separately. This allows for the analysis
of changes in hysteresis with each individual rainfall
pulse or sub-event.

We used the index to detect seasonal changes in the
direction of hysteresis between streamflow and soil moisture
for 30 rainfall-runoff events in the Ressi catchment. The
results showed seasonal changes in the direction of the
hysteretic relation between hillslope soil moisture and
streamflow, with the streamflow peak generally occurring
before peak hillslope soil moisture during dry periods and
small rainfall events, and after peak soil moisture during the
wet period. These observations on the hysteretic relations
between hillslope soil moisture and streamflow agree with
previous studies on the role of hillslopes in generating runoff
during wet conditions and large rainfall events (McGlynn
et al., 2004; Wenninger et al., 2004; Ocampo et al., 2006;
Penna et al., 2011, 2015b; von Freyberg et al., 2014) and
show the value of analysing hysteretic patterns to study
(changes in) hydrological processes.

CONCLUSIONS

We present a versatile hysteresis index for the quantifica-
tion of hysteretic relations between hydrological variables
at the runoff event timescale. Because of the frequent
occurrence of hysteresis in hydrology and other earth
system sciences, various indices have been proposed in the
past, particularly to describe the relation between
streamflow and sediment or solute concentrations. How-
ever, the previous indices were developed for specific cases
and therefore have limitations that prevent their use in a
broader range of studies. Particularly, they cannot correctly
identify eight-shaped loops and require additional condi-
tional statements or normalizations to correctly identify
hysteresis for variables that have a negative value
(e.g. isotopic composition of stream water).

The index introduced here provides objective and
concise information on the main direction of the
hysteretic loop. Clockwise, anticlockwise and eight-
shaped loops can be automatically determined by four
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computational steps. The computation of the index does
not require that the loop is closed, and the index can be
calculated for different independent-variable intervals.

Tests on synthetic data and application to field data
proved that &, together with the values of AA i, and AA .,
identifies the main hysteresis classes correctly. The
sensitivity analysis showed a low sensitivity of the index
to data with different temporal resolutions or noisy data.
However, we recommend caution when using hysteresis
analyses with data affected by large errors relative to the
response or when the temporal resolution of the measure-
ments is not well suited to study process dynamics.

The index was used to detect seasonal changes in the
direction of the hysteretic relation between streamflow
and hillslope soil moisture in the Ressi catchment,
highlighting the limited role of hillslopes to streamflow
during dry conditions and small events (cf. the results
based on isotope hydrograph separation in Penna et al.
(2015b)). The index can be used to test if models
reproduce similar seasonal variability in hysteresis or to
compare hydrological responses in different catchments
or at different spatial scales.
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