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Developing effective hydrological models for streamflow generation in Alpine catchments is challenging due to
the inherent complexity of the intertwined processes controlling water transfer from hillslopes to streams and
along the river network. Over the past decades, studies have proposed complementing traditional hydrological
information with environmental tracer data, e.g. stable isotopes or electrical conductivity (EC), for different pur-
poses such as the separation of streamflow components or the estimation of catchment mean residence time. In
particular EC has been applied in Alpine environmentsmainly for hydrograph separation but also, more recently,
considered as a possible proxy for streamflow (Q) prediction. The reason is simple: EC data loggers are conve-
nient because of their relative low cost, easiness of installation and low maintenance, unlike traditional water
stage gauges. However, EC time series require careful interpretation since electrical conductivity is influenced
by a number of geochemical processes not always introduced in the analysis since these can be difficult to param-
etrize. Likewise, the relationship between EC andQ is very complex because it is characterized byhysteresis loops
and often site specific. This study shows how the continuousmonitoring of EC in Alpine catchments can be useful
specifically for: hydrograph separation, including a proper quantification of uncertainty; process understanding
of catchment functioning through the interpretation of hysteresis loops and time lags between EC and Q signals;
and finally, water discharge estimation through calibrated functional EC-Q relationships. We discuss advantages
and limitations of the use of EC in hydrology and provide information to encourage its use in studies dealingwith
streamflow generation dynamics in snow-dominated catchments.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In Alpine headwaters water storage is chiefly under the form of
snow and ice (Kuhn and Batlogg, 1998; Stewart, 2009), yet they are
characterized by a rapid response to rainfall events. In order to under-
stand and separate processes leading to runoff generation, a number
of studies have suggested supplementing traditional hydrological ob-
servations with environmental tracer data. For example, environmental
tracers (e.g. oxygen-18, deuterium, ion-chloride) have been used to es-
timate the mean residence time (Chiogna et al., 2014; Herms et al.,
2019; Jódar et al., 2016), the altitude recharge (Barberá et al., 2018),
and also to perform end-member mixing analysis (Penna et al., 2014;
Engel et al., 2015; Jódar et al., 2017) in glacierized catchments.
Behrens et al. (1971) usedmulti-tracer data (tritium, deuterium, rhoda-
mineWT and electrical conductivity) to gain a deeper understanding of
thewater budget in temperate glaciers. Collins (1979) analyzed the spa-
tial and temporal variability of electrical conductivity andmajor cations
concentration in a glacial environment, identifying diurnal cycles and
hysteresis loops. Laudon and Slaymaker (1997) performed hydrograph
separation of runoff events considering electrical conductivity (EC), spe-
cific concentration of silicon (Si) and the stable isotopes oxygen-18 and
deuterium as hydrological tracers. The findings of these studies
highlighted limits and merits of using electrical conductivity as a tracer
in hydrograph separation. Brown et al. (2006) used an end-member
mixing approach (consideringmajor ions, Si and electrical conductivity)
to unveil complex hydrological processes in an alpine environment.
More recently, Engel et al. (2015) and Penna et al. (2014, 2016a,
2016b) used hydrograph separation and end-member mixing analysis
with multiple tracers to identify spatial and temporal variations of
water sources in Alpine catchments. EC measurements are commonly
collected in Alpine catchments (Engel et al., 2018; Laudon and
Slaymaker, 1997). Differently from other tracers, EC measurements
are generally characterized by a high temporal resolution and data log-
gers can be easily deployed at a relatively low cost. In addition, mainte-
nance is typically limited to regular visits to the measurement site for
checking the regular functioning of the sensor, in particular when it
operates in harsh conditions.

Electrical conductivity is ameasure of total ionic concentration and it
generally depends on hydrogeochemical processes characteristic of the
catchment. Recently, Benettin and Benettin and Van Breukelen (2017)
proposed a mechanistic model for extracting information on individual
ion contents from electrical conductivity time series. However, in alpine
environments, the large difference in ionic content, and hence in EC, be-
tween glacier, snow and rainfall water on the one side, and groundwa-
ter, on the other, is generally sufficient for a separation of water of
different origins (Gurnell and Fenn, 1985) without the need of an in-
depth hydrogeochemical analysis. Water discharge and EC are in an in-
verse relationship due to the fact that new water contributing to runoff
has shorter residence time than old water and hence lower ionic con-
tent. Recent studies showed that because of these characteristics,
water dischargemay be inferred from ECmeasurements, though the es-
timation is hampered by non-linearities and threshold effects (see
e.g., Weijs et al., 2013). Moreover, the use of EC to measure streamflow,
grants more flexibility for the installation than standard water level
gauges, since there are no significant constraints on the geometry of
the chosen monitoring section. Hence it is attractive to investigate
how effectively EC time series can be used for this purpose in headwa-
ters where the installation of a traditional gauging station is hampered
by the irregularity of the cross-section andmanyother factors, including
installation cost and the complexity of maintenance. Using EC as envi-
ronmental tracer is thus appealing, though EC time series require a care-
ful interpretation, since they may be affected by bio-geochemical
processes (Hayashi et al., 2012). Earlier works have shown that the re-
lationship between water discharge and EC can be very complex and
even vary from storm to storm and have also revealed that concentra-
tion of dissolved solutes, and therefore EC, lags behind related changes
in water discharge during rainfall events (Glover and Johnson, 1974a;
Walling and Foster, 1975; Walling and Webb, 1980; Walling and
Webb, 1986; Zuecco et al., 2015), causing the formation of hysteresis
loops, a non-linear behaviour very common in hydrology, thereby ham-
pering the use of electrical conductivity to obtain water discharge. The
time lag between EC and water discharge, and the resulting hysteresis,
implies that the former propagates at a different celerity with respect
to streamflow (Evans and Davies, 1998).

Understanding hysteresis between hydrological variables at the run-
off event time scale and the associated time lag phenomenon can fur-
ther improve our knowledge on the underlying hydrological processes
in complex environments such as catchments dominated by snow and
glacial dynamics. At the same time, current models for streamflow pre-
diction using electrical conductivity data could be improved by taking
into account the time lag between these two variables (Weijs et al.,
2013).

This work aims at showing the advantages of measuring EC continu-
ously in Alpine catchments. Often this information is only used for a
given purpose without fully exploiting the possibilities that these data
offers. With this purpose in mind, EC time series collected in the
Vermigliana catchment in North-East Italy are used both in a traditional
way by performing hydrograph separation, including uncertainty quan-
tification, and water discharge estimation by means of a power law re-
lationship, as well as for novel investigations such as interpretation of
hysteresis loops and testing of a time-dependent power law relation-
ship between EC and discharge. We show that the complementary use
of EC data is an advantage both for process understanding and practical
applications like streamflow estimation in alpine environments.

2. Material and methods

2.1. Study site

The Vermigliana creek is one of the main headwaters of the Noce, a
tributary of the Adige river, the second longest river in Italy (Chiogna
et al., 2016; Majone et al., 2016). It drains a catchment area of
78.9 km2with a river length of 9.5 kmandmean slope of 1% at the gaug-
ing station of Vermiglio (point P2 in Fig. 1). Elevations range from
1165 m.a.s.l. to 3558 m.a.s.l. at the highest peak. Vermigliana has two
main tributaries, the Presanella and Presena creeks, which are fed by
two glaciers bearing the same names, with peaks at 3558 m.a.s.l. and
3069m. a.s.l., respectively. For detailed information on the glaciers char-
acteristics see Chiogna et al. (2014) and Meteotrentino (2011). From a
geological point of view the catchment is characterized by the Tonale
line, the local name of the Insubric line separating the Austroalpine do-
main from the Southern Alps and the Adamello batholith to the west
(see Fig. 1). South of the Tonale line the most distinctive element is
the Adamello-Presanella intrusive massif, which occupies most of the
catchment and is composed by a number of crystalline (Permian) and
metamorphic (pre-Permian) rocks with low metamorphism, since the
Adamello batholith is composed of many plutons (Callegari et al.,
1973). North of the Tonale line metamorphic basement rocks prevail.
The Vermigliana creek flows along a deep valley over quaternary de-
posits which power varies between about 5 to 20 m (Piccolroaz et al.,
2015). The geological map of the Autonomous Province of Trento can
be downloaded from http://www.protezionecivile.tn.it.

The actual climate shows the typical characteristics of an Alpine
catchment, with cold winters (mean temperature of −4.5 ∘C) and rela-
tively warm summers (mean temperature of 11.6 ∘C). Mean annual air
temperature is 3.6 ∘C and annual precipitation averages to 1300 mm,
falling as snow from early November to April. Mean temperature and
precipitation were estimated using the last 20 years records available
at the Passo del Tonale (PT) meteorological station located at 1875 m.
a.s.l. (point PT in Fig. 1). The catchment is nearly in pristine conditions,
with a very large portion covered by forest (34.18%), nude rock
(31.65%) and grassland (24.18%), a smaller percentage covered by

http://www.protezionecivile.tn.it


Fig. 1. Location of the monitoring stations: red squares indicate the meteorological stations of Capanna Presena (CP) and Passo del Tonale (PT) and the green dot the gauging station for
continuous monitoring of streamwater discharge and electrical conductivity. The upper left inset shows the location of the catchment within the Italian territory. The catchment is
superimposed to the geological map from the Autonomous Province of Trento.
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glaciers (8.55%) and lakes (0.79%), while the remaining is occupied by
urban areas (0.64%).
2.2. Data collection

Precipitation and air temperature at hourly resolution are available
at the Passo del Tonale meteorological station and were provided by
MeteoTrentino, the regional meteorological service responsible of the
zone (http://www.meteotrentino.it), who also provided snow depth
values at daily resolution at both PT and the Capanna Presena (CP)
snow observatory. Streamwater discharge records at hourly resolution
were provided by the Ufficio Dighe of the Province of Trento (http://
www.floods.it) for the gauging station of Vermiglio (point P2 in
Fig. 1). All meteorological and hydrological data are for the period
2011–2014.

EC was recorded at hourly resolution in the following periods: Sep-
tember 2011, April–November 2012, May–November 2013 and
September–December 2014 by using the automatic Aqua TROLL 200
multi-parametric sensor installed at P2. The standard deviation of the
measurement error is ±0.5% of the reading (+1μS/cm when reading
is b80,000 μS/cm), and themeasurements are converted to specific con-
ductance EC, referred to a standard reference temperature of 25 ∘C.

In addition, streamwater samples were collected at P2 during the
storm event occurred on 17–21 September 2011, and hereafter referred
to as R0. This task was performed using an ISCO 6712 automatic sam-
pler, programmed to collect samples at time intervals of 4 h. A total of
19 samples were collected, stored automatically in glass vials of

http://www.meteotrentino.it
http://www.floods.it
http://www.floods.it
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300 ml and covered with Butyl-Polytetrafluorethylene (PTFE) caps.
After the event, all bottles were sealed and stored in the dark to avoid
potential contamination from external agents and isotopic fractionation
induced by evaporation and gas-diffusion (Bolto et al., 2012) before
dispatching them to the isotope laboratory of the Edmund Mach Foun-
dation, San Michele, Trento (Italy), where stable isotopes analyses
where performed for δD and δ18O with an Analytical Uncertainty (AU
= 1 standard deviation of reproducibility) of 2‰ and 0.2‰ respectively
(Chiogna et al., 2014).

2.3. Identification of runoff events

Rainfall events were selected only when occurring during the
autumn-winter season, to avoid including runoff induced by summer
melting processes. During this period, baseflow conditions were in the
range 1.5–2 m3/s. In order to analyse a broad spectrum of conditions,
we considered all the rainfall events N1 mm producing a water dis-
charge peak equal or larger than 4 m3/s. In this way, besides R0, a
total of 8 runoff events were identified during the period 2012–2014
(see Fig. 2) and whose main characteristics are summarized in Table 1.

R1 and R2 correspond to runoff events generated only by rainfall in
the absence of snowpack, whereas ROS1 and ROS2 have been identified
as rain-on-snow events (Merz and Blöschl, 2003; Singh et al., 1997;
Surfleet and Tullos, 2013). On the contrary, R5 and R6 are characterized
by rainfall in presence of snowpack with no melting. For the events R3
and R4 snow data were not available due to malfunctioning of the
equipment.

2.4. Uncertainty in streamflow separation

Data from event R0 were used to investigate the accuracy with
which streamflow can be partitioned in pre-event and event water.
The separation is performedby the two-component hydrograph separa-
tion (HS) technique (Pinder and Jones, 1969; Sklash and Farvolden,
1979) using separately three different tracers: δD, δ18O and EC. Two-
component HS is based on the mass balance of water and solute equa-
tions which read as follows (Sklash and Farvolden, 1979):

Qstr ¼ Qp þ Qe ð1Þ

CstrQstr ¼ CpQp þ CeQe ð2Þ

where Q is streamflow [L3/T], C [M/L3] is tracer concentration and sub-
scripts str, p and e refer to the total streamflow, pre-event and event
Fig. 2. Observed streamflow (blue line) and EC (orange line) at the gauging station of Vermigli
runoff events.
components, respectively. Qp and Qe can be easily obtained from
Eqs. (1) and (2) if streamflow (Qstr) and tracer concentration of the dif-
ferent components (Cstr, Cp and Ce) are known. Yet, in order to deter-
mine Qp and Qe the following assumptions are needed: (1) streamflow
can be approximated as the mix of two components, (2) tracer concen-
trations of the event and pre-event components should differ signifi-
cantly, (3) tracer concentration of each component is known and,
(4) surface storage contributes minimally to streamflow (Sklash and
Farvolden, 1979).

Additional assumptions were made for both pre-event and event
water tracer concentrations because of the lack of samples for pre-
event or rainfall water during the event. Thus, we referred to data col-
lected in the same catchment and in the same season, reported in the
study by Chiogna et al. (2014). The isotopic signature of pre-event
water was assumed constant (in time) and equal to δDp= −90.55‰
and δ18Op= −12.60‰, for deuterium and oxygen 18, respectively.
Both were estimated as the mean value of the isotopic composition of
baseflow before the onset of the rainfall. These values are consistent
with grab samples collected on 9 September 2011 for the above study
which showedonly seasonal variability for this component. The isotopic
signature of the event component was defined as the mean value for
rainfall water samples collected in September 2011 and are equal to
δDe= −60.00‰ and δ18Oe = −10.00‰, which are consistent with the
local meteoric water line (Chiogna et al., 2014). As for electrical conduc-
tivity, pre-event component was assumed constant and equal to the
mean value ECp=95.0μS/cm observed during baseflow conditions in
the autumn-winter season. EC for the event water was obtained from
the experimentalwork conducted in another catchment of the southern
Alps (Penna et al., 2014), where a median value of ECe= 8.0μS/cm (SD
= 1.0μS/cm for rainfall water was obtained from a total of 65 samples).
Thus, the fraction corresponding to event water (fe) for each time step i
can be estimated from Eqs. (1) and (2) as:

f e ið Þ ¼ Qe ið Þ
Qstr ið Þ ¼

Cstr ið Þ−Cp

Ce−Cp
ð3Þ

Notice that the sensor is automatically activated at the pre-
selected time steps and the measurement is performed by sending
an electrical current to the electrodes and measuring the resistance
of the water between them. Given this configuration the error in suc-
cessive measurements can be assumed as independent and normally
distributed.

Considering the aforementioned assumptions, we will focus only on
the uncertainty in the hydrograph separation which is produced by
o during the period 2012–2014. Black stars indicate timing of occurrence of the 8 selected



Table 1
Main characteristics of the selected runoff events: name, date of occurrence, total rainfall recorded at PT, peakwater discharge (Qmax) and variation in snow depth (ΔSD) registered at CP
and PT.

Event Date Mean temp PT (°C) Total rainfall PT (mm) Qmax (m3/s) ΔSD at CP (cm) ΔSD at PT (cm)

R0 17–21 Sep 2011 7.97 101.6 14.64 0 0
R1 12–14 Sep 2012 6.01 4.0 4.58 0 0
R2 26–28 Sep 2012 7.86 30.20 8.74 0 0
R3 29 Sep 2 Oct 2012 7.86 36.4 6.16 NAa NAa

ROS1 4-7 Nov 2012 1.27 60.40 11.07 -20 -16
ROS2 22–25 Oct 2013 6.93 85.20 18.60 −8.72 −2
R4 13–15 Oct 2014 6.7 4.20 11.15 NAa NAa

R5 4-7 Nov 2014 1.8 13.6 5.16 NAa 6
R6 15-16 Nov 1014 0.46 5.20 4.32 NAa 43

a NA: not available due to malfunctioning of the station.
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measurement errors. Thus, assuming that the errors in the terms of
Eq. (3) are independent and normally distributed, the uncertainty in fe
is given by (Genereux, 1998):

Wfe ið Þ ¼ −
f e ið Þ

Ce−Cp
� �WCe �

2

þ −
1− f e ið Þð Þ
Ce−Cp
� � WCp �

2

þ 1
Ce−Cp
� �WCstr �

2

g
1=2"""(

ð4Þ

where WCp
, WCe

and WCstr
are the standard deviations of the concentra-

tions and represent the uncertainty associated to the components of
tracer concentration. Given the assumption of normality for the mea-
surement error, the 95% interval of confidence of the estimates is fe(i)
± 2 Wfe(i).

2.5. Hysteresis of EC and Q relationship at the event scale and time lag
estimation

Early studies showed that the concentration of dissolved constitu-
ents may either follow or precede water discharge, with the former
being the most frequent case (Glover and Johnson, 1974b; Walling
and Foster, 1975). Therefore, a first intuitive definition of time lag is
the difference in timingof occurrence of streamflowpeak andminimum
value of EC observed during the event, hereafter referred as τpeak, and il-
lustrated by the blue shaded area in Fig. 3. The resolution of the esti-
mated lag is naturally related to measurement frequency, i.e., hourly
records cannot resolve fractions of an hour.

Glover and Johnson (1974b), defined the time lag as the difference
between the times at which 50% of total drop in concentration and
Fig. 3. Conceptual model of the time lag between streamflow and tracer during a runoff
event: τpeak (blue shaded area) and τ50% (red shaded area).
50% of the total increase of water discharge are observed. Hereafter
this time lag is referred to as τ50% and represented by the red shaded
area in Fig. 3.

Here, we introduce a new definition of time lag more suitable to the
use of EC as proxy of thewater discharge;we identify the time lag as the
shift in the EC time series needed tomake the hysteresis loop as small as
possible in the Q versus EC diagram. To “compress” the hysteresis loop
formed during a typical runoff event such as that shown in Fig. 4a, the
area inside the curve should be reduced to the minimum possible
value (virtually zero), as depicted in Fig. 4c, by shifting in time the EC se-
ries of a lag τ (see Fig. 4b). After shifting EC, the area contained within
the new hysteresis loop is computed as follows:

A τð Þ ¼ 1
2

Xn−1

i¼1

EC τð Þiþ1 þ EC τð Þi
� �

Qiþ1−Qið Þ ð5Þ

The selected time lag τ is the one that minimizes the absolute value
of loop area A for a time series of length n. The absolute value is needed
because depending on the direction of the hysteresis, A can result either
positive (clockwise) or negative (counter-clockwise).

2.6. Water discharge estimates

In a first attempt to estimate Q from ECmeasurements we adopted
the following relationships proposed by Weijs et al. (2013):

Qstr tð Þ ¼ a � ECstr tð Þb; ð6Þ

Qstr tð Þ ¼ a � ECstr tð Þb þ c ð7Þ

and

Qstr tð Þ ¼ a � exp ECstr tð Þ � bð Þ; ð8Þ

where ECstr and Qstr are respectively the electrical conductivity and the
predicted water discharge of stream water, and a, b and c are suitable
parameters.

In addition, we propose the following new transient empirical ex-
pression:

Qstr tð Þ ¼ exp b � aþ TFð Þ þ cð Þ � EC tð Þ aþTFð Þ ð9Þ

where TF= d sin 2π
t
T
Þ

�
is used to represent the observed hysteresis and

takes into account seasonality of EC, with d is a model parameter to be
calibrated, T the period and t the time. Successively, we will analyse
the effect of taking into account the time lag by using EC(t+ τ) instead
of EC(t)in Eq. (9).



Fig. 4. Conceptual model of new time lag (τ) definition based on the compression of the hysteresis loop between EC and Q during runoff events: a) Theoretical hysteresis loop (clockwise
direction) between EC andQ; b) Shifting of EC time series considering a time lag τ=1,2,…,n (hours); c) Compression of hysteresis loop using ideal τ value for which the area tends to zero.
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3. Results

3.1. Uncertainty analysis of streamflow separation

Two-component hydrograph separationwas performed on event R0
using three different tracers: EC, δD and δ18O. Data collected during the
event are shown in Fig. 5: water discharge Q is represented with a solid
black line, ECwith a dashed blue line, whereas δD and δ18O, at a 4 h time
step, are shown with black triangles and red circles, respectively.

As the event proceeds, streamwater becomes more enriched of
heavier stable isotopes, i.e., δD and δ18O become larger, with the arrival
of eventwater. Notice that peak values for δD and δ18O are delayedwith
respect to Q. As expected, EC is high under baseflow conditions, and
then it reduces gradually since the onset of the event to reach a mini-
mum in the first part of the recession limb. Successively, EC rises again
reaching values similar to the pre-event condition, when event water
no longer contributes to streamflow.
Fig. 5.Water discharge (black solid line), EC (blue dashed line), δD(black
The maximum contribution to streamflow from the event compo-
nent (fe) is of 0.78 ± 0.016, 0.89 ± 0.09 and 0.9 ± 0.1, when estimated
using EC, δD or δ18O, respectively (Table 2). Bear in mind that while EC
values are hourly, for the case of δD and δ18O the time interval corre-
sponds to the sampling interval, i.e. 4 h, therefore fe can be observed
at different time steps depending on the tracer. While for the stable iso-
topes standard deviation is the same for all the three terms of Eq. (4),
this is not the case for EC, whose standard deviations are the same for
Cp and Cstr, but both differ with respect to that of Ce, which is measured
with a different instrument (see section 2.4). Table 2 shows thatmost of
the uncertainty affecting fe at the peak originates from streamwater,
followed by event water, which is lower for the case of EC with respect
to stable isotopes. Notice that here uncertainty in fe is represented by
the 95% confidence interval, defined as ±2 Wfe. Fig. 6 shows event
water component at the 5% confidence level under the hypothesis that
fe is normally distributed, i.e., Qstr [fe(i) ± 2Wfe(i)]. The grey continuous
line depicts the streamflow signal whereas the symbols indicate the
triangles) and δ18O (red circles) measured at P2 during the event R0.



Table 2
Tracer data and uncertainty quantification for event R0, computed by the two-component
hydrograph separation method.

EC δD δ18O

Ce [μS/cm, ‰] 8.0 −60.0 −10.0
Cp [μS/cm, ‰] 95.0 −90.55 −12.6
Number of streamwater samples 120 19 23
Mean Cstr [μS/cm, ‰] 51.76 −80.73 −11.54

Standard deviation
0.5% + 1 μS/cma, 1
μS/cmc 2‰b 2‰b

Max fe 0.78 ± 0.016
0.89 ±
0.09

0.9 ±
0.1

fpd 0.22 ± 0.016
0.11 ±
0.09

0.1 ±
0.1

Uncertainty in fe or fp accounted for
[%]d:

Event 30.20 44.02 45.86
Pre-event 5.35 0.65 0.32
Streamwater 64.45 55.33 53.82

a Standard deviation of Cstr and Cp with EC as tracer defined by the Aqua TROLL 200
user's manual.

b Standard deviation for Cp, Ce and Cstr using δD and δ18O, respectively.
c Standard deviation of Ce with EC as tracer.
d Estimated at the time at which fe reaches its maximum.

Fig. 7. Percentage of uncertainty corresponding to event (blue continuous line) and pre-
event (orange dashed line) water accounted for in fe when using: a) EC, b) δD or c) δ18O
as tracers.
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fraction of event water obtained by using EC (blue circles), δD (black
squares), and finally δ18O (red triangles). Error bars indicate the 95% in-
terval of confidence, which is significantly smaller when streamflow
separation is performed by using EC instead of the stable isotopes, in
particular during both the rising and recession limbs.

Given that uncertainty stemming from streamwater, and expressed
by the third term of Eq. (4), is nearly the same for all the tracers, we
focus on the differences in uncertainty originating from pre-event and
event waters, i.e. fromCp and Ce. Fig. 7 shows that the relative contribu-
tion of the different sources of uncertainty is not constant during the
event. Before the onset of the event, uncertainty in fe is chiefly due to un-
certainty in Cp because pre-event water accounts for more than half of
the mixture. As the event proceeds, the uncertainty stemming from Cp
gradually decreases while that stemming from Ce increases since
event water accounts for more than half of the mixture at this point,
until water discharge peaks at its maximum value. During the recession
limb, uncertainty from Ce decreases while that from Cp increases again,
since during recession the relative contribution of pre-event water in-
creases again.
Fig. 6. Identification of event water contribution, including the 95% interval of confidence, for
confidence interval considering a normal distribution for event water component and using: E
3.2. Streamflow and tracer response during the selected events

Fig. 8 shows data recorded during the 8 runoff events presented in
section 2.3 (see details in Table 1). Each panel corresponds to an
event, grey bars indicate rainfall records, blue and red continuous lines
depict Q and EC, respectively. Notice that regardless the magnitude of
precipitation, the increase in Q, which maximum is at least two times
the baseflow in most of the cases, is followed by a significant reduction
of EC, which can be attributed to themixing between new and oldwater
since the former is characterized by lower EC values, i.e., ECe=8μS/cm.

A better understanding of the EC-Q relationship during a rainfall
event can be gained by inspecting the Fig. 9 which shows EC versus Q
for all the events. Time is marked by the colour of the symbols turning
fromblue, at the beginning of each event, to yellow at the end. All events
are characterized by hysteresis, though the loops are different in shape.
Events R1, R2 and ROS1, triggered by relatively large precipitations,
event R0. Grey continuous line shows the streamflow signal and error bars indicate the
C (blue circles), δD (black squares) or δ18O (red triangles).



a) b) 

c) d) 

e) f) 

g) h) 

Fig. 8. Time series of precipitation (grey bars), streamflow (blue line) and EC (red line) for each of the 8 runoff events selected during the period 2011–2014.
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show wider loops with respect to the others. On the other hand, ROS2
shows a narrow lemniscate loop, even though it has been triggered by
the largest precipitation input over the observation period. R5 was
split into two parts, i.e., R5a and R5b, since the various blocks of storms
generating the runoff produced two well defined peaks (Fig. 8g) and
likewise two consecutive hysteresis cycles.

3.3. Time lag estimation and compression of hysteresis loops

We estimated the time lag τ between EC and Q either as τpeak and
τ50% and by collapsing the EC-Q loop with the minimum area criterium
described in section 2.5. Results of the last method are shown in
Fig. 10, with the original EC(t)-Q(t) relationship depicted by grey circles
and the translated one, i.e., EC(t + τ) − Q(t), by orange stars.
The collapse of the loops can be observed in all cases and the pro-
posed methodology was particularly successful in the presence of
well-defined hysteresis loops such as for the events R1, R2, ROS1, R4,
R5a and R5b. Although the computed τ values slightly differ depending
on the definition adopted (see Table 3), considering the associated un-
certainty, i.e., τ=± 1 h, results are consistent among methods. In gen-
eral, larger values were obtained by using the minimum area method
here proposed, with the largest difference observed in the case of
event ROS1.

Moreover, when confronting the behaviour of τ with respect to the
variations in snow depth observed during each event (see Fig. 11), we
can see that τ remains nearly constant around 2 h when ΔSD ≥ 0,
i.e., whenever snow accumulation occurred, whereas when ΔSD b 0,
i.e., during snow-melting, τ increased up to 5 h.



Fig. 9. EC-Q relationship characterized by hysteresis loops during each event. The colour of the circles represents the time at which the measurement was taken and it goes from blue
(beginning of the event) to yellow (end of the event).

Fig. 10. Comparison between original EC(t)-Q(t) relationship for each event (grey circles) and that obtained after translating the EC signal by the time lag τ, i.e., by reporting EC(t + τ)
against Q(t) (orange stars).
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Table 3
Time lag (hours) computed between EC and Q using three different definitions.

Event τpeak τ50% τ

R1 0 1 2
R2 2 3 3
R3 1 1 1
ROS1 3 2 5
ROS2 3 2 3
R4 3 2 3
R5a 1 1 2
R5b 0 1 2
R6 2 2 2
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3.4. Streamflow prediction using EC

The relationship between EC and Q has been investigated in pro-
glacial systems by Gurnell and Fenn (1985) and more recently Weijs
et al. (2013) suggested to use EC as a proxy of Q in alpine streams.
With the objective of further exploring this possibility offered by the
EC signal, we applied the four models presented in the Section 2.6 to
the time series of water discharge of the Vermigliana river reported in
Section 2.2.

We started by fitting the empirical laws (6), (7) and (8) proposed in
the literature to the hourly data of water discharge collected in the pe-
riod 2012–2014. The resultingmodels are shown in Fig. 12a with obser-
vations represented by open circles and the models by continuous and
dashed lines. Although all the three empirical laws capture themeanbe-
haviour of increasing EC as Q reduces, they are unable to capture the
rather broad variability, particularly at high values of Q. This drawback
of the commonly used empirical relationships is more clearly evidenced
in Fig. 13a–c showing the predicted water discharge versus the mea-
sured one. A clear bias, leading to a severe underestimation ofmoderate
to high water discharge, is observed for all the empirical laws (6),
(7) and (8).

Inspection of the data revealed a seasonal variability of EC, which is
partially responsible of the dispersion shown in Fig. 12a, given that com-
parable EC values are coupled to widely variable Q values in different
seasons. To account for this variability we propose to use the
expression (9), which is a generalization of the power law model (6)
for a seasonally variable EC. The period T characterizing the seasonal
variability of EC has been set to T = 4380 h = 182.5 days, while the
other parameters are obtained by fitting expression (9) to the recorded
Q (see Table 4). Fig. 12b shows that the additional degree of freedom
Fig. 11.Observed variation in snowdepth (ΔSD against computed τ for the analysed runoff
events. Blue open circles correspond to data from Passo del Tonale (PT) station while
orange open circles to data from Capanna Presena (CP) station.
included by allowing EC to vary seasonally leads to a better reproduc-
tion of the variability in the relationship between Q and EC, which elim-
inates the bias introduced by the previous relationships. This is
evidenced in Fig. 13d showing the predicted water discharge by the
model (9) versus the observed one.

Given that the above four models are characterized by a different
number of parameters, and to support the visual inspection of the
Figs. 12a–b and 13a–d, we computed the AIC (Akaike Information Crite-
rion) scores as AIC = 2k + Nln(RSS), where k is the number of free pa-
rameters, N the number of observations and

RSS ¼ ∑N
i¼1½QstrðtiÞ−Q̂ strðtiÞ�

2
is the sum of the squared residuals.

Here Q̂ strðtiÞ is the measured water discharge at time ti. The Akaike
score penalizes models with a larger number of parameters, which are
expected to provide larger values of R2 even in the absence of a better
predictivity. Table 4 shows that the transient model is the one with
the smallest AIC and the largest R2, thereby confirming the visual im-
pression gained from Figs. 12 and 13 of a better reproduction of exper-
imental data by the model (9).

Fig. 14 shows how the model (9) reproduces the eight selected run-
off events presented in Section 2.3. We applied the model by using the
recorded EC during the events as predictive variable and its translation
with the time lag suggested for each event by the hysteresis analysis
presented in Section 2.5. In all cases delaying ECby a time lag τ improves
predictability of the model, i.e. the computed water discharge is in bet-
ter agreementwith the observed one. All the events, except R6, are cap-
tured by the transient model (9), with some of them (i.e., R3, R4 ROS1,
ROS2) better reproduced than others, but globally the reproduction is
satisfactory.

4. Discussion

4.1. Use of EC for hydrograph separation and uncertainty quantification

Streamflow separation into event and pre-event components using
EC data provided similar results than with stable isotopes (δD and
δ18O), with slight differences observed during the rising and falling
limbs and likewise at the peak of streamflow. Estimates of event water
contribution were affected by a lower measurement uncertainty when
performedwith EC and given the additional advantage of higher tempo-
ral resolution and lower operational cost, using EC to separate the con-
tributions may be preferable than the classical method based on stable
isotopes.

As observed in section 3.1, themaximum contribution to streamflow
from eventwater is higher (i.e., of about 10%) when estimated by stable
isotopes (δD or δ18O) than with EC (Table 2). Yet, a closer inspection of
Fig. 6 shows, on one hand, that EC provides higher estimates, in compar-
ison to stable isotopes, of eventwater contribution during the rising and
recession limbs of the hydrograph. On the other hand, the interval of
confidence of fe is much smaller when EC is used as tracer instead of
the stable isotopes (see Fig. 6), in particular before and after water dis-
charge peak. Therefore our results, consistently with previous findings
(see e.g., Laudon and Slaymaker, 1997), indicate that also in amesoscale
(b100 km2) Alpine catchment, we can effectively apply EC to perform
hydrograph separation. In particular, results computed using EC infor-
mation are affected by a lower standard deviation and allow a higher
temporal resolution than using stable isotopes. Still we should be
aware than under certain conditions EC may behave as a non-
conservative, depending on specific geological conditions as evidenced
in earlier studies (Hayashi et al., 2012; Laudon and Slaymaker, 1997).

The uncertainty stemming from Cstr was relatively constant and the
most interesting variations were observed in the uncertainties originat-
ing from Cp and Ce (Fig. 7). The sensitivity of the total uncertainty of fe to
the first two terms of Eq. (4) varied as the event proceeded with uncer-
tainty due to pre-event water dominating at the onset and the end of
the event and that due to event water dominating around the peak.



Fig. 12. Experimental data (grey circles) and: a) Power law model with 2 (PWL2) and 3 (PWL3) fitting parameters, exponential model (EXP) and; b) proposed transient model (EXPT).
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However, while uncertainty estimated with EC takes into account the
initial increase of the portion of the total uncertainty originating from
Ce since the onset of the storm, with stable isotopes the first term of
Eq. (4) was instead close to zero. Also, the higher resolution of EC mea-
surements allowed a more accurate approximation of the uncertainty
and its evolution in time.

4.2. Catchment functioning through the interpretation of hysteresis loops
and time lag between EC-Q

The hysteresis observed between Q and EC in all events (Fig. 9) evi-
denced the existence of a time delay between streamflow and EC in re-
sponse to the precipitation input. Time lag between natural tracers
(e.g., dissolved solutes and EC) and water discharge is typically esti-
mated as the shift in time between the (positive) peak of Q and the
Fig. 13. Comparison between observed and
following minimum of EC (τpeak) or the shift between 50% of the rise
in Q and the 50% decline of EC (τ50%). However, bothmethods have lim-
itations related to data resolution and the oscillations of field measure-
ments. The first may affect the correct identification of peak values,
while the second may hamper the identification of the time at which
EC starts to reduce. We proposed a new method to compute the time
lag, τ, as the shift in EC time series needed to make the hysteresis loop
between EC and Q at the event scale as small as possible (Eq. (5)). The
interpretation of the time lag is helpful to better understand the hydro-
logical functioning of the catchment.

Estimates of the time lag, obtained by translating the EC time series
until the observed hysteresis loop is compressed (Fig. 10), were equal
or slightly higher than those computed by using the other definitions
(Table 3), with the highest value, i.e., τ=5 h, obtained for the event
ROS1. Given the particular nature of this event, i.e., rain-on-snow, the
predicted values of Q for each model.



Table 4
Model fitting parameters, number of free parameters k, R2 coefficients and AIC scores.

a b c d T(hr) k R2 AIC

PWL2 186.8 −1.03 – – – 2 0.4414 125010
PWL3 185.7 −1.028 −0.005 – – 3 0.4414 125010
EXP 6.774 −0.01405 – – – 2 0.4290 125220
EXPT −1.8 −5.06 −0.54 1/2 4380 5 0.5553 121800
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larger value of τ can be explained as the result of changes in the storage
of water in the snowpack, causing further dilution due to snow-melting
in addition to rainfall. The previous statement was verified by
confronting the behaviour of τ with respect to the variations in snow
depth observed during each event (Fig. 11), with showed consistency
between data from two different meteorological stations. Essentially,
during snow accumulation τ remains constant and equal to 2 h, instead
during snow-melting it increases as an effect of the storage of the
melted water into the snowpack. In this situation τ increased up to 5 h
in the events considered in this work. This outcome is not observed
with the other definitions as time lag estimateswere lower and less var-
iable, which suggests that the method here proposed is able to indicate
the occurrence of storage ofwater into the snowpack and snow-melting
during events and thus provide amore accurate time lag estimate in the
presence of snow-melting.

4.3. Water discharge estimates by means of calibrated functional relation-
ships between EC and water discharge

Four models were applied to available data using EC as a proxy of
water discharge: three based on empirical relationships proposed in
the literature (power law and exponential) and a fourth by adopting a
generalization of the power law model, which includes seasonal vari-
ability of the relationship between Q and EC.

All models were evaluated in terms of both the coefficient of deter-
mination R2 and the Akaike scores (see Table 4), since the former
Fig. 14. Prediction of Q using EC as proxy for each of the 8
indicates the fraction of the variance of the Q signal that can be ex-
plained by EC, while the latter provides an indication of model's quality,
penalizing the models with a larger number of fitting parameters. The
optimal model (Eq. (9)), eliminates the bias that characterizes the
other models, which underestimate median to high water discharges.
Moreover, this model was applied to each of the 8 runoff events identi-
fied during the autumn-winter season and results further verify that the
inclusion of the time lag not only improves the estimates of Q but also
the timing of occurrence of peak values.

In general, all models here investigated underestimate high
streamflows, in particular those occurring in spring-summer seasons,
which in this period are induced mainly by snow-melting. However,
the transient model (Eq. (9)) produces better estimates with respect
to the models so far proposed in the literature. For the autumn-winter
season, when high flows are mostly caused by extreme rainfall events,
water discharge predictions improved thanks to the inclusion of the
time lag, although themodel (Eq. (9))was not effective for all the runoff
events since a tendency to underestimate high flows were observed in
some of the events.

Our analysis evidenced the need for further research aimed at iden-
tifying other type of constraints in the modelling framework able to
solve this prominent issues, possibly considering additional explanatory
variables to EC into the models explored in this work.

5. Conclusions

This work shows how continuous monitoring of EC in Alpine head-
waters can be useful for multiple purposes such as hydrograph separa-
tion, understanding of catchment functioning through the
interpretation of hysteresis loops, and water discharge prediction by
means of calibrated functional Q-EC relationships. This multi-purpose
approach and the ease of use and acquisition of EC data make EC time
series a precious resource both for the understanding of hydrological
processes and the solution of practical problems such as the estimation
of river discharge in Alpine catchments, where the construction of
runoff events selected during the period 2012–2014.
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proper gauging stations may be unfeasible. This long term monitoring
with hourly frequency is only possible with other tracers at very high
costs andmakes EC time series an unique source of information. Our re-
sults are particularly relevant for Alpine environments, where amarked
difference between EC and residence time of differentwater sources ex-
ists. In other contexts, complex biochemical and hydrogeochemical pro-
cesses should be carefully considered. As long term EC time series will
become more common, including physically based modeling of EC
time series will be beneficial to improve hydrological models and the
collected EC data could be used to better constrain themodels consider-
ing also the coupled interaction between hydrology and geochemistry.
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