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Abstract. The hydrological response of a catchment to showed that pre-event waters usually represent a high
rainfall on different timescales is result of a complex systempercentage of the total discharge during runoff peaks. The
involving a range of physical processes which may operatémportance of soil waters in the catchment is being studied
simultaneously and have different spatial and temporalmore deeply.

influences. This paper presents the analysis of streamflow
response of a small humid-temperate catchment (Aixola,
4.8kn?) in the Basque Country on different timescales and
discusses the role of the controlling factors. Firstly, daily 1
time series analysis was used to establish a hypothesis on thc?

general functioning of the catchment through the relationship atchments are .dynamlc and complex systems '”VO'V”'?Q
between precipitation and discharge on an annual an range of physical processes (natural or anthropogenic)

multiannual scale (2003-2008). Second, rainfall—runoffWh'ch may operate simultaneously and have different

relationships and relationships among several hydrologica?pattlal and temhporaltlnf Iue(:jncbe S: tThe n(ajltural hydrg!?3|cgl
variables, including catchment antecedent conditions, wergYSIEMS are characterized by tremendous variability in

explored at the event scale (222 events) to check anc?r?acﬁ' dtin|1e _anld process (Eirgbauerhet ?l" 20?‘? an(tj
improve the hypothesis. Finally, the evolution of electrical e hydrological response (hydrograph) of a catchmen

conductivity (EC) during some of the monitored storm eventsto rainfall on different t|me_scales Is the result. of this .
(28 events) was examined to identify the time origin of complex system. Understanding those processes is essential

waters. Quick response of the catchment to almost all theror managing the quality and quantity of runoff, especially

rainfall events as well as a considerable regulation capacit)‘/"hen environmental conditions (climate or land use) are

was deduced from the correlation and spectral analyses(:ham‘]’ing (Naef et al., 2002; Negley and Eshleman, 2006;

These results agree with runoff event scale data analysis?tﬁ_vr\]’art.anth?hey’ 20,[1?1)' i infall) i dulated b
however, the event analysis revealed the non-linearity of theh _etlnput. n af c;qﬁc metn (rainfall) ‘is hm(r)] ulate 'l‘)f:
system, as antecedent conditions play a significant role inthié € nteraction ot difierent processes which vary wi
catchment. Further, analysis at the event scale made possibﬁ Imate a_nd CatCh'?‘er?t properties. Consequently, the general
to clarify factors controlling (precipitation, precipitation fydroltt)g(ljgal fufnt(;;uonlng (I)If a c?rtchment cant tt;]e de(tjlu::e(?
intensity and initial discharge) the different aspects of the rom studies ot the overall runoft response at the outiet o
he system. This overall response is often used to estimate

runoff response (runoff coefficient and discharge increase drod . i d t tifv th lati
for this catchment. Finally, the evolution of EC of the waters , ydrodynamic - parameters -and 1o guan ify the re ative
enabled the time origin (event or pre-event waters) of thelmportance of the different flow components. Correlation
quickflow to be established; specifically, the conductivity af_‘d spe ctr_al ana_ly5|s of time series has _be__\gn widely applied
with this aim. This type of analysis was initially developed
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212 A. Zabaleta and I. Antigliedad: Streamflow response of a small forested catchment

by Jenkins and Watts (1968) and Hanna (1970), among However, as Jeannin and Sauter (1998) stated, this method
others, and more recently it has been employed by manys a useful tool for identifying some overall characteristics
authors. Mangin (1981a, b) was one of the first authors to(mainly cyclical variations) of time series, which are possibly
propose correlation and spectral analysis of temporal seriesot visible on a standard hydrograph. The results obtained by
of discharge in hydrological studies. These techniques havéhese methods can be used for constructing hypotheses, but
been widely used in karst hydrogeology in general (Mangin,then these should be verified by other methods such as direct
1984; Padilla and Pulido-Bosch, 1995; Mathevet et al., 2004)observations on different timescales.
and also in the Basque Country in particular (Atiggad, Another source of information on the hydrological
1997). functioning of a catchment is rainfall-runoff relationships at
Though time series analysis has mainly been applied tdhe event scale. The hydrological response of a catchment
series obtained in karst aquifer systems, some authors hawduring a rainfall event depends on the combination of many
applied this methodology to other environments. Lee anddifferent factors related to properties of the catchment,
Lee (2000) used correlations between hydrological timecharacteristics of the rainfall and initial conditions. These
series data to characterize the hydrogeological processes fdictors determine the active processes taking place during
a fractured, igneous bedrock aquifer system in Korea. Jo andainfall-runoff events and the interaction between them.
Lee (2010) analysed the hydrological time series data (wateHence, the storm hydrograph is the result of the combination
level, temperature, electrical conductivity) obtained from of the different processes taking place in the catchment over
an underground liquefied petroleum gas storage cavern ttime. In line with this, many studies in different environments
understand its hydrogeological conditions. In the literature,have demonstrated the complexity and evident non-linearity
some references, although not many, can also be found usingf rainfall-runoff relationships (Hewlet and Hibbert, 1967;
of this type of analysis in river catchments. For example,Jordan, 1992; Latron, 2003).
Molénat et al. (1999) tried to identify hydrological processes In particular, many authors have noted the importance
operating in agricultural catchments by comparing observedf subsurface flow and catchment wetness in hydrological
transfer functions (associated with the cross-correlogranprocesses and their magnitude, and in many studies analyses
calculated from precipitation and discharge data) toof rainfall, discharge and antecedent conditions have been
simulated ones. Efstathios and Abiose (1974) and moreombined to assess the influence of catchment wetness on
recently Bouanani et al. (2005) have tried to understand théaydrological response (e.g., Abdul and Gillham, 1989; Price,
functioning of hydrological systems by means of correlation 1997; Peters et al., 2003). Sklash and Farvolden (1979)
and spectral analysis in river basins of New Jersey andlemonstrated, a considerable time ago, the dominant
Algeria, respectively. Efstathios and Abiose (1974) observedcontribution of groundwater to the storm hydrograph of small
a highly nonlinear relationship between rainfall and runoff watersheds € 4 kn?) in Canada using tracer experiments
in two river basins by employing cross-correlation and and water table records.
cross-spectral analyses. Bouanani et al. (2005) evaluated the Additionally, many connections exist between the
hydrological response of three catchments, one more karstiphysical, chemical and biological processes that determine
in nature than the others, evidencing that time series analysithe chemical composition of water flowing from catchments
can be useful for comparison purposes. (Christophersen and Neal, 1990; Church, 1997). From this
Correlation and spectral analysis has also been used tpoint of view the analysis of certain specific events, such as
identify the working mechanisms of the systems investigatedhe transition from low to high water levels, is particularly
through the description of the chronological series anduseful for understanding the hydrological behaviour of
their structures. Despite the value of this type of methodcatchments.
being recognized, there are some aspects of the analysis Measuring the chemical composition of running water can
that need to be taken into account to avoid errors in thehelp to investigate not only the quantitative hydrological
interpretation and generalization of results. In particular, theresponse to a rainfall event but also the proportion of new
results obtained from time series analysis depend not onlyand old water to better understand the hydrological behaviour
on the inherent characteristics of the system but also orof a catchment during hydrological events (Laudon and
the temporal distribution of recharge (input). According to Slaymaker, 1997) and to predict its hydrochemical response.
Eisenlohr et al. (1997), the form of the correlograms dependdf it is assumed that solute concentration variations in running
on several factors besides the structure of the system. Thevater depend on the composition of the different discharge
frequency of rainfall events is one of those factors; the moresources, the mixture of two components (new water and
frequent the rainfall events, the more rapid the decrease imld water) can be used to determine the contribution of old
the runoff autocorrelogram. In relation to this, Grasso (1998)water to the total hydrograph (Pinder and Jones, 1969). In
shows that the transfer function (cross-correlogram) cannothis type of research, electrical conductivity (EC) (Pinder
really be considered a characteristic of a given systemand Jones, 1969; Nakamura, 1971; Wetzel, 2003; Zhang et
because the results of the analysis are so strongly influenceal., 2011) has been widely used as an environmental tracer.
by the frequency of the input events. The main advantage of using EC as a hydrological tracer is
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advantages of using EC are that it can be continuously
measured and stored in data loggers, and it is easy and cheap
to measure.

In the Aixola catchment hydrological impact studies
are being carried out in the context of climate change. In
order to rise to that challenge, and before trying to assess
any impact, it is essential to understand the hydrological
dynamics of the catchment. Moreover, this catchment can
be considered as representative of a much extended typ
of forested catchment in the Basque Country, so that it can |
give us some clues to understand the hydrology and possible #
future impact of other similar catchments throughout
the observation-conceptualization-modelling  sequence
mentioned in the Braunschweig Declaration (Schumann et
al., 2010). Fig. 1. Location of Aixola catchment and representation of its

In this context, the aim of this paper is to describe the digital terrain model.
complexity of the hydrological response of a small forested

catchment, on different timescales, and discuss the role of L ) .
the controlling factors. To achieve these objectives, first,€an annual precipitation in this areain the period from 1986

time series analysis was conducted in order to establisfi® 2008 is about 1480 mm distributed quite evenly throughout
a hypothesis concerning the general functioning of thetn® Year, and the mean annual discharge calculated for
catchment through the relationship between precipitationt€S€ 22yr is around 600 mnyk Annual precipitation for

and discharge on an annual and multiannual scale. Seconff)® Period of this study (2003-2008) ranged between 1463

rainfall-runoff relationships and relationships among severa@nd 1624 mm and runoff between 493 and 808 mntyr
hydrological variables, including catchment wetness, Were(-rable 1). These ranges are within the 25 and 75 percentiles

explored at the event scale (in 222 events). Finally, theof the data available for the entire 22-yr period. That is,

evolution of electrical conductivity during some of the € precipitation and runoff during the study period were

monitored storm events was examined in order to identinyithi” the average variability of these parameters, meaning
the role of old water” during runoff events. that they are not extreme data. The electrical conductivity of

the discharge water was measured in samples taken using an
automatic sampler, mainly during flood events. It showed an
almost constant value of 370 uS thbetween runoff events,
while it fell considerably (to even lower than 200 uSthn

The Aixola catchment is located near the geographical centrdUring runoff events (Zabaleta, 2008).

of the Basque Country, in the province of Gipuzkoa, at an

average _Iatitl_Jde of 4N a_md longitude of_ 1w (Fig. 1). 3 Equipment and methods

This region is characterized by a humid and temperate

climate. The Aixola River drains a headwater catchmentat the outlet of the catchment, there is a gauging station

of 4.8kn? where slopes are generally steep, half of them(operated by the Gipuzkoa Provincial Council) where
being higher than 35%. It represents a good reference fogischarge and precipitation are recorded every 10 min. The
reforested catchments in the Cantabrian watershed of th@eight of water is measured using a pressure sensor, corrected
Basque Country, where reforested specemys radiatd  for variations in air pressure, and a limnigraph, while the
cover more than 80 % of the area. In the rest of the catchmenfrecipitation is collected in a rain gauge, the only one in
Larix deciduaand Abies alba small remaining patches of the catchment. An automatic water sampler (SIGMA 900)
mixed forest ofFagus sylvaticaand Quercus robuy some  starts to work during runoff events, when the water height
pasturelands (covering the 10 % of the catchment) and urbafeaches an established threshold. Samples are taken with
areas (3 %) are found. different time intervals depending on the expected type of
The lithology is almost entirely homogeneous with most precipitation (Zabaleta et al., 2007), so that the 24 samples
of the bedrock (94%) consisting of Upper Cretaceousin the sampler might be taken in a period from 18 to 72h.
Calcareous Flysch composed of alternating marl andglectrical conductivity of water at a reference temperature
sandy limestone layers. This bedrock shows a very lowof 20°C is manually measured in the samples taken during

permeability. The main types of soils observed in the Aixola runoff events, and occasionally between runoff events, using
catchment are relatively deep cambisols and regosols (FAQa Crison 524 conductivity meter.

1991) with measured depths from 0.8 up to 13 meters. The

that hydrographs can, a priori, be easily decomposed. Furtheé}rﬁ

2 Study catchment
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1800 Table 1. Annual precipitation P), runoff (R), runoff coefficient
1600 (RC), and air temperaturd§ records for the study period.

1400

1200 2003-2004 2004-2005 2005-2006 2006-2007 2007-2008

ED 1000 P (mm) 1463 1494 1457 1624 1472
s R (mm) 665 808 493 512 534
g 80 RC (%) 45 54 34 32 43
Z 60 T (°C) 12.0 12.4 12.7 126 12.0
=l

400

20

4

the input impulse in the system and the regulation capacity
of the catchment.

As we noted in the Introduction, even though time
series analysis has been widely used in hydrology, there
are some aspects that must be taken into consideration
before interpreting the results and drawing conclusions. The
memory effect of a system may vary from one year to the
next, so the analysis of just one hydrological year should not
be used to characterize the system in the longer term. Further,
the hydrological response of the system may vary, in line
with changes in the regulation function, which depends on
Correlation and spectral analysis are applied to annual seriege distribution of precipitation over the course of the year.
of precipitation and diSCharge, on a dally time Step for five In addition7 the Corre|ogram does not depend on the
hydrological years, from November 2003 to October 2008.yalues of the runoff series but rather on the form of the
Daily discharge for the analysed period can be observedime series, so the height and width of the runoff peaks
in Fig. 2.The mathematical development of the method, ass more important than the absolute values; as Grasso and
applied in hydrology, is well known and can be found in jeannin (1994) concluded, the sharper the hydrograph, the
Mangin (1984). more rapid the decrease in the runoff autocorrelogram.

The simple correlation analysis applied to data series is therherefore, the duration of storm events and the depth of
autocorrelation function. The values of the autocorreIOgramprecipitation also have an important influence on the results
(r) fall quickly to values close to zero if data are of a of the analysis.
nearly random nature. On the other hand, the slope of the |n order to consider these limitations in our analysis and
autocorrelogram is gentler if the events considered have g examine the influence of interannual variability in rainfall,
long-term influence on time series under study. The valugijme series analysis was performed for two sets of data: (i)
of the time step K) in which r decreases to a value of for the data series of daily precipitation and discharge for
0.1-0.2 allows us to quantify the “memory effect” that each of the five hydrological years separately, and (ii) for the
Mangin (1984) related to the regulation capacity of the temporal series of the whole five-year hydrological period

system. (2003-2008).
A change from time mode to frequency mode corresponds

to the simple spectral analysis that provides information3.2 Streamflow response at the event scale

about the transfer mechanisms of the system (filtering

function and importance of the reserves). In particular, theRainfall-runoff relationships at the event scale were studied

spectral density function shows peaks that represent periodifor events occurring from 2003 to 2008. Only rainfall events

phenomena in the series. This helps to differentiate then which total precipitation exceeded 1 mm (in the rain gauge

different components (seasonal, annual, random) of the timat the outlet, Fig. 1) and the corresponding flow peak was

series. clearly identifiable were considered. Further, runoff events
Cross analysis characterizes the transformation of amwith successive and very close flow peaks were excluded

input series into an output series and it is related to thefrom the analysis. In this way, 222 events were selected for

way the system changes given input signals (in our caseanalysis.

precipitation). In particular, the cross-correlation function The following variables were calculated for each

represents the impulse response of the system when th&infall-runoff event: total precipitation generating the event

rainfall series can be considered to be white noise (Mangin(P;, mm); maximum precipitation intensity and maximum

and Pulido-Bosch, 1983). The valueloftime step, in days)  discharge during the event ¢, mm 10 mim! and Qmax,

for the maximum correlation-f between series represents Ls™1, respectively); total event runoff depthQg, mm);

the speed of the response to an impulse and the breadth o&tio of maximum discharge to discharge prior to the event

the peak of the cross-correlogram is related to the duration of Qmax Qo); runoff coefficient (RC), which is the ratio of

0

10/1/2003
2/1/2004
6/1/2004

10/1/2004
2/1/2005
6/1/2005

10/1/2005
2/1/2006
6/1/2006

10/1/2006
2/1/2007
6/1/2007

10/1/2007
2/1/2008
6/1/2008

10/1/2008

Fig. 2. Daily discharge recorded in Aixola gauging station during
the study period (2003-2008).

3.1 Correlation and spectral analysis
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the total event runoff depth to the total event precipitation 1600 T—— p—— -

(Qe/Py); and discharge prior to the even®§, Ls™1), Qo 1400 2004-2005 .

being the parameter used to consider initial conditions as — 20052006 et

no soil moisture or piezometric level data were available z 201 =~ 2 o e

for the study site. Measures related to discharge recorded: 1000 LT

just prior the beginning of the event have been proposed asé 200 ~

surrogates for antecedent conditions, as these indices provid% [

reasonably good results in humid regions and it does not2 6% LA

force the choice of an antecedent temporal window (Mishra 490 /_,f :

et al., 2005) and it is a better predictor of runoff generation 200 d__ S

(Longobardi et al., 2003). Relationships between all these Fe

variables were assessed. o A s I T S & 5 5
Qe was calculated by means of the classic “constant 2283 %2 723325 4%2¢9¢

{ & o a5 = 2 = - =

slope” hydrograph separation method proposed by

Hewlett and Hibbert (1967). However, as in other Fig. 3. Accumulated daily precipitation for hydrological years from

studi_es (Hornbeck, 1973; Latron and Gallart, 2008; 2003 to 2008 recorded in Aixola hydrometeorological station.
Rodriguez-Blanco et al., 2012), we used a value for the

original slope for the straight line different than the one

suggested in the initial version for several watersheds

in the United States. Specifically, instead of the original (Ls™1) of this station. The time series covers a period

slope of 13.1Lslkm2day !, a less steep value of of five hydrological years, running from November 2003

1.699Lstkm2day ! or 0.0118Ls km=210min?  to October 2008, and consists of 1827 measurements.
was selected (Zabaleta et al., 2010). Using the modifiedrirstly, each of the hydrological years were considered
equation, event runoff in the Aixola catchment was betterseparately and later the consecutive five hydrological years
separated into two components than with the original valuewere analysed as a single series, to better visualize the
which cut the falling limb of the hydrographs too early, hydrological response of the catchment on a multi-year
underestimating the runoff coefficients (Blume et al., 2007;timescale and, in particular, to avoid conclusions being

Merz and Bbschl, 2009). influenced by annual variations in input data. In Table 1,
annual precipitation, runoff, runoff coefficient and air

3.3 Evolution of electrical conductivity during temperature records are shown for the entire study period.
runoff events Rainfall distribution in the course of the year is different

. ) . . ... for each of the five years, as can be seen in accumulated
E_volunon of EC during flood events and its relationship with precipitation graphs (Fig. 3), and accordingly, it can be
discharge was also analysed for 28 of the runoff events. FOL,nected that the results of the discharge autocorrelation
this purpose, we could only use the subset of events for which ,» ~tion for each of the years are different (Fig. 4, Table 2).
water samples were collected and electrical conductivity Was  The autocorrelation function of daily precipitation (not
manually measured. Events for which complete recovery Ofshown) diminishes very rapidly and quickly reaches the
EC was not observed were rejected and in events with more _ 4 5 |ayel =1, 2), showing that these series can be
than one peak only the last one was taken into account.qngidered to be almost random functions. In the case of
For selected events, minimum and maximum CO”dUCt'V'tydischarge (Fig. 4a), this function shows an annual and
during the runoff event and electrical conductivity recovery ., itiannual pattern between 2003 and 2008. As can be
time were analysed. The minimum conductivity is indicative 4j,carved in Fig. 4a, the decrease in the function is uneven
of the maximum dilution of discharge water, while the oy w0 discrete phases can be distinguished. In the first
maximum conductivity reflects the chemical properties of one, the discharge drops quickly, over about 10 days, to
the waters that usually are present in the catchment, “the olg:0.15, while in the second one the decrease is much
waters”, and the recovery tirr_1e gives an estimate of the tim"slower, reaching = 0.1 after 25-50 days in general and as
that new waters are present in the runoff event. long as 70 days in year 2004—2005. This bimodal behaviour
of the autocorrelation function indicates that the catchment
response has two components. The first corresponds to the
influence of the quicker flow that rapidly reaches the outlet
4.1 Correlation and spectral analysis of the catchment, while the second component could be

interpreted as the later influence of slower flow from other
Time series analysis was performed on the time series datparts of the catchment with regulation functions affecting
of the Aixola hydrometeorological station. The input was the discharge for longer periods (deep soils and very low
daily precipitation (mm) and the output the daily discharge permeability bedrock). The memory effect is therefore high

4 Results and discussion
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a — 2003-2008
.. 2003-2004
2004-2005

interpretation. Comparing cross-amplitude functioss,
with simple spectra$s) (Fig. 4c), it is possible to observe
how the system notably amplifies the input signal at the

2005-2006
2006-2007
2007-2008

lowest frequencies (up to 0.2). Conversely, at frequencies
higher than 0.2 the input is filtered or attenuated.

The cross-correlation function (CCF) shows the rapid
response of the catchment to precipitation (2003-2008)
expressed by the sharp and narrow peak of Fig. 4d; there is
a time lag less than 1 day, and this response is attributable
) to the quickflow. Following this peak, the CCF decreases

Days more slowly, betweert =4 andk = 10; again this can be
12 y interpreted as the influence of a part of the system with a
greater storage capacity probably due to the deep soils (up to
13 m) of the catchment.

The characteristics deduced for the system from the
analysis of the five hydrological years reveal important

0 o1 02 % Sor 0.2

Frequency Frequency information concerning the hydrological response of the
10 catchment (Table 2). However, some differences are
0s] ¢ observed between results obtained for each of the series. It

is important not to forget that total precipitation (Table 1)
and also precipitation distribution (Fig. 3) are different for
each of the years. In relation to this, some authors (Grasso
and Jeannin, 1994; Eisenlohr, 1995) have pointed out that
O 4o 30 T 6 a0 60 results of time series analysis do not just depend on the
Days inherent characteristics of the system analysed but also on the

Fig. 4. Time series annual and multiannual analysis of precipitationStr'JCture of the input data SEres (precipitation). Cor!5|der|ng
and discharge daily data registered in Aixola hydrometeorologicalthis: &ll these authors questioned the role that Mangin (1984)
station from 2003 to 2008(a) discharge autocorrelograngb) gave to the memory effect as an indicator of the importance
discharge simple spectral density functiqs) cross amplitude  Of the reserves in the system, because that value depends
function, (d) cross-correlogram. on the decrease in the autocorrelogram that it is influenced
not only by the reserves (internal influence) but also by the
precipitation distribution (external influence). Accordingly,
(according to Mangin, 1984) for this system in which the the results of the analysis of a multiannual series should be
base flow component can be very important. closer to the inherent behaviour of the system than those of
The spectral density function of the precipitation seriessingle annual series.
(not shown) shows larger peaks at the low frequencies,
related to long-term effects, both annual and seasonal.2 Streamflow response at the event scale
However, peaks are observed at many different frequencies,
including mid- and high frequencies, showing the randomTo better understand the hydrological response of the Aixola
pattern of precipitation. Figure 4b shows the simple spectracatchment and check the consistency of the interpretations
density function §;) for the Aixola catchment discharge of the time series analysis, we examined the rainfall-runoff
series. The large peak centred at a frequency of 0.003 (33&lationships at the event scale.
days) confirms a notable annual cycle, and this can be Table 3 shows the statistics for the 222 events analysed
attributed to the annual recharge cycle of the catchment. Irfor this study. The precipitation/) that caused the runoff
addition, other high peaks are observed at 0.01 (100 dayskvents ranged between 1 and 83.9 mm (no events with a total
0.018 (55 days), 0.027 (37 days), 0.046 (21 days) and 0.059recipitation lower than 1 mm were taken into account). The
(17 days) frequencies corresponding to shorter seasonamedian of the total discharge volume generated during the
monthly or fortnightly cycles. Moreover, the discharge seriesevent (Q¢) was 0.13 mm, with a standard deviation of 2.93
cover a relatively large spectral band, as it is necessary t@and a maximum of 24.78 mm. The ratio of the maximum
reach frequencies higher than 0.25-0.3 (period less thato the initial discharge @max Qo) ranged between 1.1 and
3—4 days) to obtain a good filtering effect. A possible 161.4 and the runoff coefficient (RC) between 0.0025 and
interpretation is that most precipitation events lead to an0.4. These values for the runoff coefficient are much higher
increase in discharge through the rapid surface runoff. Wethan the ones calculated by Rodriguez-Blanco et al. (2012)
return to this question in our discussion of the analysisfor a humid and temperate forested catchment of 1% km
of rainfall runoff events, which can be used to check this northwestern Spain. As for the conditions prior to the event,
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Table 2. Hydrologic parameters obtained from time series analyses of daily precipitation and discharge registered in Aixola station from
2003 to 2008. The memory effect is the valuekdr » = 0.1-0.2 in the discharge correlogram, the spectral band is the frequency from
which the simple spectrum of discharge is negligitie< 1) and the quickness of the response is the valuefof the maximum value of

the cross-correlogram.

2003-2004 2004-2005 2005-2006 2006-2007 2007-2008 2003-2008

Memory effect (days) 30-40 60-80 10-35 20-30 10-25 10-50
Spectral band 0.21 0.23 0.24 0.5 0.13 0.25
Quickness response (days) O 0 0 0 1 0

Table 3. Median, maximum, minimum and standard deviation of 1

total precipitation £), initial discharge Qo), relationship between zjlis : ?gjligo : i:gsmf.i
maximum discharge and initial discharg@rax' Qo), event runoff . ‘7. — -~ : -
(Qe) and runoff coefficient (RC) for the 222 rainfall events recorded .- | [ ] . s . s .
Q 0.1 —® L 3 v 3 —
between 2003 and 2008. S —— L= 5—" -
o & —% —® @
i E e e
P(mm) Qo(Ls™) OmadQo Qe(mm) RC 2 oot & ¢ ' I & = B
Med 5.6 446 2.8 013  0.02 - ’ s c
Max 83.9 176.0 161.4 24.78 0.40 5
Min 1.0 16.0 11 0.0037 0.0025
St. dv. 11.2 29.7 15.3 2.93 0.05 0.001

Jlan Fleb l\/llar Alpr Mlay J{m Jlul Alug Slep dct Nlov Dlec

Fig. 5. Distribution along the year of runoff coefficients estimated
the discharge at the start of the evenfi) ranged from 16  for rainfall-runoff events observed between 2003 and 2008
to 176 Ls L. in Aixola catchment. Size of the black dots represents total
In this catchment, total rainfall and runoff depth were Precipitation (mm) recorded during the event.
found to be strongly correlated at the event scate=(
0.68; Zabaleta et al., 2007), despite a moderate degree
of scattering. This scattering may be related to the high

variability in the runoff coefficient over the course of the coefficient, or the distribution of the quickflow and slowflow

year, the runoff coefficient (RC) being a good indicator of (as defined in the previous section) in the hydrograph, may

t;e k? %df[Olog:'C?l rtzaérignsia”(])_f a catchrr:ent. to ta ramlfall ?an#)e related to the seasonal dynamics of the wetness conditions
(Zabaleta et al., )- This parameter is strongly relate n the catchment, particularly to the evolution from wetter

WIch. the qli__)'Ck]:low corrr:ponent Elf the h)l/dr.ograp}h. h f conditions in winter to dryer ones in summer, with efficiency
lgure > Shows the monthly evolution of the runoff the precipitation to generate runoff becoming lower.
coefficient for the 222 events recorded between 2003 an(ilovember and May—June can be considered as the months
2008, as well as the tota? (mm) for each event. It can of transition between dry and wet periods at the beginning

be seen from the figure that there is a high variability in : :
. SR ) of autumn and between wet and dry periods in the late
this coefficient: quickflow varies from 0.0025 to 0.4 of the spring, respectively. At the beginning of the hydrological

total ramfa}l recorded for the gyent. Further, differences areyear, from September to November, catchment response to
observed in the runoff coefficient over the course of the

- . the rainfall events increases and observed runoff coefficients
year. The coefficient is higher than 0.01 from December

o Aoril. with s that h RC of 0.2 are higher as the catchment wets up. After high runoff

to Dp”’ Vg' sog1'<\-:~/l evin Sh a hi ar\]/e ta ﬁo O\f'f?r_ 't coefficients during the wet period, in May and June, wetness
In Lecember an arch (when highest runoff coefficien Sof the catchment and, hence, the runoff response starts to
were obtained). Conversely, many events from July to

e decrease. At the end of the hydrological year, a dryer period
O_ctober have runoff coeff_lc!en'_[s lower: than O'_Ol’ EVENis observed with lower runoff coefficients. In fact, the runoff
with large amounts of precipitation, and the RC is always

.~ 7~ coefficient (the amount of quickflow) is higher for similar
lower than 0.1. Lana-Renault et al. (2.007) reported S'm.'lartotal precipitation amounts as discharge prior to the event
seasonal patterns for the &% mountainous catchment in

the P Gallart et al. (1997 h b increases. This shows that even if correlation coefficients
€ Fyrenees. Hafart et al. ( ), among others, o Ser.vegetween antecedent discharge and event discharge are not
that runoff coefficients tended to be significantly higher in

high (0.4 .01; Zabal l., 2007 i
winter than in summer due to the higher contribution of igh (0.45,p <0.01; Zabaleta etal., 2007), previous wetness

infall t -moist h d to the hiah conditions are important in runoff generation processes
summer rainfall to sot-moisture recharge and to the NIgNery Ly iy the contribution of the different components of the
evapotranspiration during this season.

hydrograph. Similar results for the relationship between soil

In the Aixola catchment, the variability in the runoff
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0 10 20 30 40 50 60 70 8 90 100 Fig. 7. Graphical interpretation of the influence of precipitation
P (mm) (Pt), maximum precipitation intensity () and initial discharge

. S . . in hydrological response of Aixola catchme \ ,
Fig. 6. Event precipitation, recorded at the gauging station, (mm) (QQO) 10 )y Timegscale ispa roximatda) shows th(reQrﬁz;);eriers
needed to produce an increase in the initial dischar@g, ( max >-0/: pp P

at are being assessed and is the original hydrograph that will

Ls™1. Grey spots represent discharge increase expressed as tﬁ% ding to the ch . initati initial disch
ratio Omax/Qo. Size of the spot corresponds to discharge-raisingC ange according to the changes in precipitation orinitial discharge.

magnitude. Black lines represent relationships for events where théb)’ © an_d (d) represe_n_t h)_/drographs_ g_en_erat_ed wh_en there is an
ratio Omayl Qo is similar. increase in total precipitatiorb), precipitation intensity ¢) and

initial discharge @).

water content and runoff were found by other authors in€xistence of this kind of threshold has also been suggested

temperate humid catchments (Pfister et al., 2002; Merz et almore recently by other authors (Tromp-van Meerveld and
2006; Norbiato et al., 2009; Penna et al., 2011). McDonnell, 2005; Latron and Gallart, 2008; James and

As well as runoff coefficient, discharge increase is Roulet, 2009; Zehe et al., 2010; Penna et al., 2011) in
also dependent on antecedent conditions. To assess t@ichments with varying relationships between soil moisture
influence of antecedent conditions on the high variability 21d runoff coefficient, likely due to differences in soil type,
in hydrological response, relationships between total eveng®il depth and climatic conditions. However, this lower
precipitation and increase in discharge were analysed!,'m't is npt the same for all preC|p_|t§1t|qn events that occur
taking into account initial discharge. Figure 6 shows thein the Aixola catchment. A precipitation event of 1 mm
relationship between event precipitatio,(mm), associated C&n generate an increase in discharge with an antecedent
hydrological response expressed as relative increase ifischarge of 28Ls", while if the initial discharge is lower,
discharge (ratio of maximum discharge to discharge prior20L s for example, the precipitation needed to generate
to the eventOmad Qo) and initial discharge@o, Ls1). It an increase in discharge is h|gher, arounq 4mm. It aI;o
reflects the amount of precipitation required to generate #€€ms that, with data from the five-year period, no runoff is
certain increase in discharge of the catchment for a giverenerated with initial discharges below 16-18EsThis is
wetness condition, reflected by the initial discharge. Tobecause 16Ls" is the minimum discharge recorded at the

produce an increase of2QmadQo>1 with an initial gauging station during the study period and only on 23 days,
discharge of 50 L'st, around 2mm of rainfall is sufficient, of the 1827 of the total series, was the daily average discharge
but if the initial discharge is higher, 808, the amount lower than 18Ls* (21 of them in 2006-2007). o
of precipitation needed to produce a similar increase in AN attempt to draw relationships between precipitation
discharge is also higher, 8mm. In addition, similar values@nd initial discharge for events with a simil@max Qo ratio
of precipitation of around 8 mm can generate very differentWas done in Fig. 6. The slo_p(_a_s of those visual lines illustrate
increases in runoff, depending on initial conditions, thatthe strong influence of initial discharge on catchment
is, Qo. Specifically, a 5 to 10-fold increase in runoff can hydrological response in terms of increase in discharge. As
be observed with an initial discharge of 40tls whereas initial discharge Q,) increases, the preC|p|tat.|0r! reqwred to
discharge can rise by a factor of up to 20 when initial 00Serve a response for the sa@gax/ Qo ratio is higher.
discharge is about the half, 20 % This fact is even more evident for higher valuetfiax/ Qo:
Additionally, there is a lower limit of the antecedent for OmaxdQo > 20 the slope for the regression between
condition for runoff generation. Western and Grayson (1998)Precipitation and initial discharge is very gentle. These
clearly showed that surface runoff was a process controlledélations can be used to estimate the magnitude of the
by catchment wetness conditions, with runoff coefficients, orhydrological response to a forecasted precipitation in terms
contribution of the quickflow component, increasing abruptly ©f increase in discharge when initial discharge is known.
when a certain moisture threshold was exceeded. The
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The potential influence of other factors on hydrological 120 i 0F  100gy v 9%
response was assessed using linear correlations (Pearson’s s | ot S o]+ 2 9001 PoLTSI |
correlation coefficient and its significance level) of increase £ ] Re 68 £ ool Qo181
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(Qo). Figure 7 shows the graphical interpretation of these |,
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linear correlations. A significant positive correlation was - 10608 gz 2 o001 ' P iz
found between runoff coefficient and total precipitati@=£ 5 | lpma 144 mm 10min” % s T 10min

X . .. . . 2 7000 R.C.=021 2 600 R.C.=0.19
0.74; p < 0.01), meaning that as total precipitation increases 3 Qmax/ Qo = 161.37 Z Qmax/ Qo= 1576

Di

the contribution of quickflow is higher (Fig. 7b). Increase in 3%
discharge was also significantly positively correlated with the 0l
total event precipitationK = 0.61; p < 0.01) (Fig. 7b). On
the other hand, no statistically significant relationship was
found between ruanf coefficient anc.i pr_ecipitation intenSity Precipitation ¢, mm), maximum intensity of precipitation
(R =0.07), suggesting that the contrlb_utlon of t_he qu_lckflov_v mm 10 mirr3), i’nitial d'ischarge 0o, Ls~1), runoff coefficient
component does not depend on maximum rainfall |ntenS|ty(RC) and discharge increas@ad Qo) are included for each
and, as a consequence this parameter does not influence evegtnt.
runoff depth (Fig. 7c). However, the relationship between
maximum rainfall intensity and increase in discharge is
positive and significantK = 0.58, p <0.01) (Fig. 7c). In  intensity are compared. For the event on the right (Fig. 8c),
this catchment, as in other vegetated catchments (Hewlet ahe ratio between maximum and initial discharges is
al., 1977; Lana-Renault et al., 2007; Rodriguez-Blanco et al.Jower (15.76) because of the lower precipitation intensity
2012), rainfall intensity has a negligible effect on the amount(2.2mm 10 min!). In contrast, the magnitude of the
of quickflow present in the total discharge, but not on theincrease in discharge in the event on the left (Fig. 8d) was
magnitude of the peak flow. 10 times higher than the previously mentioned, reaching
No statistically significant correlation was found between the value of 161.37 due to a much higher intensity of
initial discharge and increase in discharge £ —0.07), precipitation (14.4 mm 10 mirt).
but the relationship between initial discharge and runoff Figures 5, 6 and 8 illustrate the different hydrological
coefficient was significantR = 0.4, p <0.01) (Fig. 7d).  behaviour of the Aixola catchment under different initial
This suggests that there is no linear relationship betweeronditions and different rainfall patterns, with events that
catchment wetness and the magnitude of the discharge peafow higher runoff coefficients (quickflow) and smaller
even though wetness does play a significant role in thencreases in discharge under lower intensity rainfalls and
relationship between precipitation and increase in dischargewetter conditions that usually occur from December to
as seen in Fig. 6, as well as in the event runoff degtk) ( April, and other events showing lower runoff coefficients
To illustrate the factors that influence the hydrological and higher increases of discharge under higher precipitation
response and its magnitude in the Aixola catchment, pairsntensity and dryer conditions mostly occurring from July
of events with similar precipitation amounts were comparedio September—October. These results are similar to those
and the relationship between antecedent conditions an¢bund by Rodriguez-Blanco et al. (2012) for the Corbeira
streamflow response and precipitation intensity andcatchment.
magnitude of hydrological response were analysed at the
event scale (Fig. 8). The event illustrated on the upper lefi4.3 Evolution of electrical conductivity during
side of the figure (Fig. 8a) was recorded in January 2008, runoff events
under wet conditions with an initial discharge of 451s
The runoff coefficient calculated for this event was, asThe evolution of EC during runoff events was examined
expected, high, reaching a value of 0.1. The event onin 28 of the events in order to explore the contribution of
the right (Fig. 8b) was recorded in June 2006, underthe old water to the total discharge during runoff events.
dryer conditions with an initial discharge of 18t The behaviour of this tracer during the runoff events was
The runoff coefficient in this case is low (0.02). As the very homogeneous across the range of different hydrological
precipitation amount{ 17 mm) and the maximum intensity conditions of the catchment seen throughout the study
(~25mm10minl) in both cases are similar, the ratio period. In all cases, a very rapid increase was observed in EC
between maximum and initial discharges is also quiteafter the minimum value of it and the peak of discharge, both
similar (11-17). In contrast, in the lower part of the figure taking place at the same time, and it seems that neither the
(Fig. 8c and d) two events showing similar total precipitation total nor the intensity of the event precipitation significantly
and initial discharge but quite different precipitation influence the recovery to the initial EC, which is almost

13:40
22:40
14:40
23:40
08:40 |
17:40
02:40
11:40
20:40
05:40

Fig. 8. Example of events with different hydrological response.
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(70 uS cn for rainwater and 370 for baseflowsubsurface
M/\ flow) the contribution of pre-event water to the total event
water depth has been estimated to be between the 55%
and 85 %, being lower in longer events with various peaks
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[
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>
Z 3001 total discharge  28.12.04 and higher in shorter runoff events with only one peak.
2 These percentages are in accordance with the documented
§ 2501 old waters importance of subsurface flow in the generation of runoff in
5 Yo . —— humid catchments (Hewlett and Hibbert, 1967; Sklash and
5 200 ““conductivity Farvolden, 1979; Laudon and Slaymaker, 1997; Zehe et al.,
o} k T
0 0 12 24 36 48 60 72 84 2010, and others).
50 hours The runoff coefficient for the events studied ranges
03 6 9 12151821 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 between 0.006 and 0.109, a broad range compared to that
hours of the old water contribution during the event (55-85 %),

showing that a significant proportion of quickflow is old
water that was stored in the deep soils of the catchment (up
to 13 meters deep). This high percentage of old water in the
quickflow component might be related, as reported by many
authors (Kirkby, 1988; Anderson et al., 1997; Bonell, 1998),
by a translatory flow process, in which old water with high
electrical conductivity is pushed by new water.

Some exceptions to this general behaviour can be found
constant (370 uS cnt) (Fig. 9). Moreover, runoff events that in three of the events, namely, EC recovery is much quicker.
occurred in very different wetness condition@q(between  In two of these events, in September 2004 and August 2005,
24.7 and 124.3) and runoff coefficients (between 0.006minimum EC was lower than usual (166 and 163 uStm
and 0.109) show the same rapid increase in EC after theespectively). The events occurred under low initial discharge
minimum registered in each runoff event. This increase isconditions 0, was 25.6 and 28 L', respectively) and with
shown in Fig. 9. The minimum EC is around 200 uSém very intense (6.6 and 5.4mm in 10 min respectively) and
for most of the events and so this value has been selecteshort duration precipitation that generated large increases
to identify the timer = O for all cases in order to make it in discharge (72.9 and 38.6 were the values@gfax/ Qo)
easier to compare EC recovery in different events. When theand comparatively low EC values. In these cases, high
hydrograph showed more than one peak only the evolutiorprecipitation intensities would favour infiltration excess
after the last peak was represented. It can be clearly seerunoff and so new water would reach catchment outlet more
that the response is homogeneous and also that only a shagasily. On the other hand, the quick increase in EC was
time is required to recover to the initial EC of the waters. favoured by the short duration of the rainfall event. The third
The slope is relatively steep at the beginning, flattens offcase, the event during March 2005, is quite different as the
after around 15 h and full recovery of the EC is reached afteratypical results can be attributed to snow melt (unusual for
around 33 h, indicating a progressive increase in the presendéis area).
of pre-event waters in the outlet. Though the generally loamy character of the deep soils

The value of 370 uScnt, measured at the outlet of in the catchment would favour infiltration, infiltration excess
the catchment between runoff events, is the maximumrunoff would be happening in urban areas (3% of the
observed in Aixola waters, and is almost constant along thecatchment) but also in pasturelands (10 %) as well as in the
hydrological year. Given this, it is assumed that this valueforest itself, favoured, on one side, by the dense net of forest
indicates the chemical properties of waters that generallyservice paths, where the soil is compacted, and, on the other,
are present in the catchment, referred to as “the old watersby the steep slopes (more than the half of the catchment
(baseflow+ subsurface flow waters) EC. Further, a lower has slopes higher than the 35%). In addition to infiltration
limit can also be observed in the figure, as in most casegxcess runoff, saturation excess runoff can also be observed
the minimum conductivity measured during events doeslocally, although not very frequently, in some pasture areas
not fall below 200uScm!. Considering that rainwater where the soils are locally more clayey. After high amounts
EC values in this area are known to vary between 60of antecedent precipitation happen, perched water levels can
and 80 uS cm! (estimated from sporadic measurements in appear near the surface saturating the top part of the soil.
the field), 200 uS cm! as a minimum conductivity during
the runoff event is comparatively high, and indicates that
a relatively high proportion of old or pre-event water
(40-45%) is present in discharge during runoff peaks.

Using the abovementioned end-members and their ECs

Fig. 9. Hourly evolution of electrical conductivity (1S cmt) in
river waters after minimum electrical conductivity of 28 runoff
events registered in Aixola catchment=0h corresponds to
200 puScn! electrical conductivity. An example of hydrograph
separation using conductivity is included.
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5 Conclusions an important role during intense precipitation events that
occur during the driest periods, as such events show higher
This paper presents the streamflow response of a smalRC (more water coming from the quickflow component of
humid-temperate catchment (Aixola catchment, 4.8kime  the catchment) and lower minimum electrical conductivity
Basque Country), on different timescales based on dataalues, combined with higher percentages of new water
recorded between 2003 and 2008. in the total discharge. The existence of urban areas, steep
Correlation and spectral analysis can be used to comparslopes and forest service paths, where the soil has a lower
and classify hydrological systems when the input signalinfiltration capacity, suggests that infiltration excess runoff
is the same for all of them. However, as rainfall varies would be the main mechanism that new water has to quickly
between catchments and years, this comparison is biasegach the outlet of the catchment. However, saturation excess
by the effect of different input time series (rainfall). runoff can also be very locally observed, in some pasture
Inferences derived from this analysis will always remain areas where perched water levels can appear near the surface
very qualitative, though in some particular cases they carsaturating the top part of the soil.
provide useful information about the system that should be Finally, the evolution of the electrical conductivity of
verified or complemented by other methods, even changingvaters during runoff events shows that, usually, pre-event
the observation scale. On the other hand, information aboutvaters represent a high percentage of total runoff depth of
internal behaviour cannot be derived. In this paper, dailythe events (55-85 %), suggesting that not all the quickflow
time series analysis was used to establish a hypothesis “new water” but rather that water stored in the soil and
concerning the general functioning of the catchment throughranslatory flow, as a process, play a notable role. Indeed,
the relationship between precipitation and discharge on arnhese findings show how EC data enable the time origins
annual and multiannual scale. It is shown that the results ofevent or pre-event waters) of quickflow to be established.
the analysis of a multi-year series are closer to the inherent At this stage of the research there is not data enough to
behaviour of the system than those of one year series. Resultliscriminate to which extent each of the runoff generation
from correlation and spectral analysis evidence the highprocesses mentioned takes place or the exact pathways
regulation capacity the Aixola catchment, being the bedrockcontributing quick- and slowflow, and new and old waters.
of very low permeability, is provided by its deep soils (depths Additionally, further research is needed to better understand
from 0.8 up to 13 m) more than by a rock aquifer. The very the influence of land use and soil moisture on initial
deep soils are the ones that make the system highly regulatedischarge in order to obtain a more precise conceptualization
and support the base flow of the river. of the hydrological processes taking place within Aixola
The analysis reported at the event scale in Aixolacatchment. To that end, piezometers and devices to
catchment (222 events) provided information to check andcontinuously measure electrical conductivity of waters are
improve the hypothesis proposed on the basis of the timéeing installed in this catchment.
series analysis. The quick response of the catchment to
almost all the rainfall events and the existence of a part of
the catchment with a greater storage capacity (deep soils}\C
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