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analysisin a M editerranean resear ch catchment

Domenico Guidi Albina Cuomad, Vincenzo Palmiefi

Department of Civil Engineering, University of Sale, Fisciano, 84084, Italy
°ARCADIS, Agency for Soil Defense of the Campaniajira, Naples, Italy

Correspondence taA. Cuomo (acuomo@unisa.it)

Abstract. The aim of the paper is to apply an object-bassthwprphometric procedure to define the runoff dbation areas
and support a hydro-geomorphological analysis 8+kar¥ Mediterranean research catchment (southern I@bi)y and sub-
hourly discharge and electrical conductivity datrevcollected and recorded during a three-year toomg activity. Hydro-
chemograph analyses carried out on these dataleev@atrong seasonal hydrological response indtehment that differed
from the stormflow events that occur in the wetiges and in dry periods. This analysis enabledoudefine the hydro-
chemograph signatures related to increasing floagnitude, which progressively involves various ffficomponents (base
flow, subsurface flow and surficial flow) and anclieasing contributing area to discharge. Field eygvand water
table/discharge measurements carried out durimdeated storm event enabled us to identify and spagific runoff source
areas with homogeneous geomorphological units pusly defined as hydro-geomorphotypes (spring poitiffuse seepage
along the main channel, seepage along the ripageidors, diffuse outflow from hillslope talusesdaconcentrate sapping
from colluvial hollows). Following the procedurepiously proposed and used by authors for objasetd geomorphological
mapping, a hydro-geomorphologically-oriented sedgatéon and classification was performed with editign (Trimble,
Inc) package. The best agreement with the expaeebgeomorphological mapping was obtained with ateidjplan curvature
at different-size windows. By combining the hydftemical analysis and object-based hydro-geomorpleotpap, the
variability of the contribution areas was graphicatodelled for the selected event, which occudedng the wet season, by
using the log values of flow accumulation that déefit the contribution areas. The results allasvto identify the runoff
component on hydro-chemograph for each time step cabculate a specific discharge contribution freach hydro-
geomorphotype. This kind of approach could be dsehen applied to similar, rainfall-dominated, fsted and no-karst
catchments in the Mediterranean eco-region.

Keywords: geomorphometry, hydro-geomorphology, fiioontributing crea, Cilento Global Geopark

1 Introduction

In order to gain a better understanding of hydrglagis essential to study the complex interacdi@md linkages between
watershed components, such as drainage netwoakiaipcorridors, headwaters, hillslopes and agudied related processes
operating at multiple scales (National Researchn€ihul999). Hydrological science plays an impott@mnd fundamental role
only when it provides an integrated knowledge andeustanding of the forms and processes that aperavatershed at
multiple, space-time scales in the landscape (Maetwal., 2004). A useful way of understandingrésponse of catchments
to rainfall events is to analyze stream dischagyginfall per unit of time, plotted as a stormaflbydrograph and hyetograph,
respectively. In recent decades, hydrologists leaveed out numerous studies on catchment anddméshydrology in order
to define when, how and where runoff is produceditasw it progressively increases along the draimegeork. Hydrologists

generally agree that following rainfall, new-evertter components are added to the old, pre-evaetrwamponents through
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various hydrological mechanisms which are generaligrred to as base flow components that deriwe fieep and shallow
aquifers, thus expanding and reducing the runafitiiouting areas (Betson, 1964). The most commareige concept that
explains the above-mentioned hysteretic behavitinésvVariable Source Area (VSA) concept. This cphaeas originally
proposed by Hewlett (1961) and later adopted bgrotuthors (Dunne and Black, 1970; Dunne and Lehd®78, Huang
and Laften 1996, Vander Kwaak and Loague 2001w2gj et al. 1995, Pionke et al. 1996). Despite#dy formulation, it
has provided the hydrological background for mageent research studies (Lyon et al. 2004, Eastai. €007, 2008,
Buchanana et al. 2012, Moore et al. 1988, Barlihgle 1994, Kwaad 1991, Easton et al. 2010, Whitale 2011).
Contemporarily, the “hydro-geomorphic paradigm” wasposed by Sidle et al. (2000) in order to disanate the VSA
hydrologic sources and pathways, which refers éocbnnected hydro-geomorphic components of thehgsats (hollow,
hillslope and riparian corridor). Within a more geal program for flood hazard assessment procedieelydro-geomorphic
paradigm was used to generalize at basin and ralgewale in southern Italy by Cuomo (2012), by nseah hydro-
geomorphology (Okunishi, 1991; Okunishi, K., 19®&bar, 2005; Sidle and Onda, 2004; Goerl, Kobiyadees, Santos ,
2012). Cuomo (2012) introduced and applied a ngdvdigeomorphological basic unit: thgdro-geomorphotypédy using
the Salerno Geomorphological Mapping System (Drana., 2011; Guida et al., 2012; Guida et all®)0as a framework
for object-based geomorphological mapping. Basethernup-to-date and shared theoretical geomorphaneckground
(Baatz and Schéape 2000, Dragut and Blaschke 2@06Agselen and Seijmonsbergen 2006, Anders e2Gl1, Dragut et
al. 2013, Dragut et al. 2014, Eisank et al. 20ttM3,proposal is currently under experimental calilon as an effective, object-
based geomorphometric procedure for spatial indaion, objective delimitation and automatic redtign of the hydro-
geomorphotypes, in the perspective of an objectddsstributed hydrological modeling (Cuomo et 2012).

Linking geomorphometry with hydrology towards hydjeomorphology gives consistency to the suggestiamle by
Peckham (2009) with the aim of simplifying the issaf the computational cost and time of a fullytrilisited model.

In the past, many authors made extensive use ahichkéand isotopic tracers in order to separatertimeff components
recorded in the hydrographs and pinpoint distirctgurces and pathways by using the geochemicasarugpic signature of
water at parcel scale or for small catchments (Kiaod McDonnell, 2013). However, applying only tyelro-chemograph
and isotopic separation methods to an experimgatalel cannot provide sufficient information on #patial distribution of
runoff sources and paths for basins as a wholetaltieeir spatial heterogeneity structure and timeeess variability.
Moreover, extensive use of the above-mentioned odstis more expensive and time-consuming thanubatgy and quality
of the data collected and the knowledge gainedstated by Ladouche et al. (2001), with these metladahe it is possible to
identify type, timing and volume of the runoff coaments, but it is impossible to define the spatiain and related pathways
during storm events accurately. In order to overednese difficulties and by following the genenapeoach used by Latron
and Gallart (2007), we used an integrated, hydmygephological approach for studying a Mediterranesearch catchment
in southern lItaly. This approach is based on detajeomorphological surveys, mapping and three-figdro-chemical
monitoring. It integrates a new procedure for idfgimMg and separating hydro-chemical runoff compuseand a
geomorphometric application for the objective délition of the source areas, where each runoff amapt is generated
(Cuomo and Guida, 2013, Guida and Cuomo, 20144rtisg from these premises, the paper describesttity area as a
Mediterranean research catchment and presentydne-bhemical dataset recorded during the monitpaictivity carried out
in the 2013-2014 calibration period. In the nexttiem an original procedure is described for deteimg timing, type and
hydro-chemical signature of the runoff componentsived during storm events. With the aim of spbtidefining these

runoff sources, an object-based hydro-geomorphcébgnap was then set by a hydrological-orientednsggation and
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classification. Finally, the results of combinegldio-chemical and object-based hydro-geomorphometnalysis are

discussed in order to determine the variabilityhaf contribution area during a significant storreryv

2 Hydr o-geomor phology and monitoring activity of the study area

The study area is a forested and hilly catchmeg#ttd in the Bussento River drainage basin, the?3Kairiello catchment
in the Cilento and Vallo di Diano National Park-USIEO Global Geopark, Southern Italy (Fig. 1).

At the base the terrigenous bedrock is composed@ier Tertiary, marly-clayey formation passingiimconformity upward
to middle Miocene, westward-dipping sandstonatatand pelitic intervals. A lenticular 10 m thitlarly layer (“Fogliarina
Marl”, as geosite in the Geopark) outcrops alomyipht hand side of the valley. Regosols, regalité gravelly slope deposits
up to 5 meters thick, cover the above mentioneddsdéd The mainstream bed, rectilinear and dippingta subsequent to
main faults is incised in alluvial gravelly and sotio deposits and partly in bedrock; the secondmeambed is exclusively
in bedrock, subsequent to minor fault systems. Faonydro-geomorphological perspective, the grournemweirculation is
controlled by the litho-structural arrangementtef above-mentioned bedrock formations, where thdyrlayey formation
constitutes the local aquitard below the sandsagpiéfer. The westward dipping of the permeabilibyibdary causes a general
westward groundwater flow, convergent toward tiveeloapex of the wedge-like hydro-structurdsy(iro-wedgein Cascini
at al., 2008 and Guida and Cuomo 2016), where tia permanent springs are located. In the headsyatelluvial hollows
are situated at the bottom of the zero-order basing are considered to be the main headwater fgatsoorphotypes by
Cuomo (2012), where dominant saturation excessffromzurs mainly during the wet season. The stréam of both

permanent springs from the bedrock aquifers anslosed springs from colluvial headwater increasermualley.
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Figure 1. Hydrogeological map of the Ciciriello EExpnental Catchment and location of the monitostegions (modified

A

B Main station

® Control point

from Cuomo and Guida, 2016). Legend: Bedrock lilggt Ma, Marly-clay and argillite Tertiary formatipbase aquiclude;
Ss, Sandstone Miocene formation, fractured gemepaifer; Mf, Marl, interlayered and perched aquifer

From December 2012, water depth (D), dischargeaf@) specific electrical conductivity (we used aiteEC or EC in the
following) were measured daily at the main statioowrly during the floods and weekly at the suliistes during the inter-
storm periods (Fig. 1). The Q measurements werairgdd with the Swoffer 3000 current meter (Swoffer., USA), and the
EC parameter was measured with the multi-parametolce HI9828 (Hanna Instruments Inc., Romaniag Mlenitoring year
2013-2014 (Fig. 2) provided a complete hydro-chainitataset, which enabled us to carry out the aisabt seasonal and
event time scales (Cuomo and Guida 2014).
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Figure 2. Plot of the hydro-chemograph datasetroezbat the main monitoring station (BS16_01) dred 10-min rainfall

plot at the Sanza rain gauge (from Guida and Cu@®d6 under revision). Legend: Numbers indicatestiected events;
horizontal lines are representative of the refezgrarameter ranges; black dashed-double dot linksate EC maxima in the
dry period; black dashed-dot line represents EGrmim during the dry period; black dashed line iatlks EC maxima in the
wet period; black dotted line represents EC minimnrthe wet period; gray dashed line indicates@minima in the wet
period; gray dotted line indicates the average Qimam in the wet period; finally, the gray dasheat-durve indicates the

theoretical annual base flow curve of the catchrdenihg the period under consideration.

3. Hydro-geomor phological procedurefor the contribution areasindividuation

The Contributing Area is a dynamic hydrological cept because it may vary seasonally. The exterditine Contributing
Area is strongly influenced by various static fastsuch as topography and soils, and dynamic fasiech as antecedent
moisture conditions, rainfall characteristics (Darand Black, 1975) and vegetation cover.

In the following sections, an integrated procedsrproposed that uses simple geomorphometric toolake into account
various hydrological and geomorphological factorsol cause time-space runoff variability in thectaent case study.

The flow chart in Fig. 3 shows the three integrapdroaches used in the application.
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Figure 3. Flow chart procedure for identifying Qidlmtition Areas

The first approach on the left hand side highligthts expert-based activities by geomorphologicalesys and direct
monitoring carried out at basin scale before angnduhe application event and the derivation aflitional, hand-drawn,
expert-based geomorphological maps. The field-tegkflow accumulation scenarios were obtained fo&ta collected at
the control points (Fig. 1) for each event timepsffive time steps) and each hydro-geomorphotymkanusing the flow
accumulation map derived from the second step ibestbelow. The expert-based activities are ilatsil in Sect. 3.1. The
second approach (see the flow chart in the cestesjvs the geomorphometric routine activities cdreeit during the
application, as illustrated in Sect. 3.2. Starfiagn the topographic data source, a hydrologicatiyrected DEM was obtained
and the log of the flow accumulation map was detjwehich was reclassified in the first approacliider to obtain the best
agreement with the field evidence highlighted dagiihe storm event at each hydro-geomorphotype fieldeoriented flow
accumulation maps were obtained as a proxy foCiatributing Area scenarios. As better explaine&éat. 3.2, after five
elaboration steps, the geomorphometric analysisiged us with the Object-based Hydro-geomorpholaigioap of the
catchment, quantitatively defining the spatial egten of the basic hydro-geomorphotypes. The hggromorphotype map,
was calibrated with the hydro-chemical analysissiitated in Sect. 3.3 and was then overlaid wighfitte Contributing Area

scenarios thus obtaining the final hydro-geomorpichl scenarios maps.



3.1 Direct survey on the catchment during a storm event

Before and during the storm event in the periothf@9 to 31 Jan 2015, one of the authors and fielldlworators carried out
direct field surveys by measuring EC and, wher@gassible, the Q parameters on the control point&idn1, and repeated
them at each time-step of the storm event. Theepest conditions were detected at 5:15 pm on 22048 by carrying out
5 systematic surveys and taking measurements fronmtda stream and secondary channel stations (fig.where only
groundwater feeds the discharge along the ripagaridors. After the beginning of rainfall, measuents were taken from
7:20 am to 9:10 am on 30 Jan 2015 at the zero drdsin springs and hollow stations (Fig.4b), whibie soil became

increasingly saturated and contemporarily new wates added from the riparian corridor downstream.

| Bedrock
Nose

Zero Order Basin
Spring Station

10 Figure 4. a) The V-notch weir at the BS16_01_0lutk k) stations.
During the storm event, repeated measurementstaleee at the same control points from 11:30 to p@0detecting direct
runoff (Fig. 5a) and soil pipe contribution (Fid)5

Hi 9828 Muitiparamet

Figure 5. Measurements at 12:00 am in the dirt prddt controls (a) and the soil pipe (b) with resiive EC values.
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Figure 6a shows the hydro-chemograph of the staenterecorded at the main station and cumulatiirfath measured at
the nearest rain gauge station. On the plot, tlasghof hydrological response in the catchment determined by means of
the progressive runoff generation activation, idfestt with the above-mentioned field measuremefd-ig.6b, the hysteretic
Q-EC cycle (Cuomo and Guida, 2016) of the eventalestnate homogeneity in hydro-chemical respondéerrising and
recession limbs. At 20.00 hrs on 29 Jan 2015,igle measurements at piezometers and Q-sEC vappsaximately 60 I/s
and 240 uS/cm) recorded at the main station weiiealof pre-event conditions occurring during thet period, as found by
Cuomo and Guida (2016). After it started rainingaddition to the direct rainfall in the main sm&ow, the contribution
from groundwater ridging along the riparian corridgmd floodplain began to feed the total dischafde contribution area
expands with continual rainfall and excess satomatiinoff is progressively added to the dischargmfthe colluvial hollows
reaching approximately Q=1000 I/s and sEC=100-12@m. In addition to these values, firstly the nogare contribution
is added. Finally excess infiltration runoff froimet saturated areas becomes dominant, which progglgsecreases the

discharge reaching asymptotical SEC=80 puS/cm values
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Figure 6. a) Hydro-chemograph plot of the 29-31udayn 2015 storm event and related hydro-geomorgiicdbphases, during

which the runoff components are progressively agdedording to Table 3; b) Q-EC hysteretic cycléhef storm event.

In order to obtain the Contribution Area scenatiesflow accumulation map by means of the SAGA neduplemented in
QGIS was product. More precisely, the log-valueshef flow accumulation map were reclassified acicwrdo the actual
conditions observed in streamflow and each hydygaphotype during five different scenarios thatweed during the
training storm event. The final Contributing Arezesario map shows the best agreement betweendlassified log-values

of the flow accumulation map and the field evidence

3.2 Object-based hydro-geomor phological mapping

In order to quantitatively define the runoff sousreas, an object-based hydro-geomorphologicalaghéipe catchment was
created using an original, automatic spatial amalyocedure. Starting from the Campania Regiorhiieal Map at 1:5.000
scale (CTR), a vector map provided of elevation&s) a Digital Elevation Model (DEM) with a 5-metet| size was obtained

by means of the Topo-To-Raster tool (TOPOGRID) m@\S. This algorithm provides an interpolation haet specifically

8
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designed for creating hydrologically corrected DEMreover, further spurious sinks have been remidyemeans of the
Fill tool. In scientific literature some methodsdnown for a more suitable grid resolution (Her)06) based on the
properties of the input data (i.e. complexity of tnd surface), but the grid spacing used appearkd suitable for hydro-
geomorphological applications since it follows tneral rule that it should be adequately sufficanthe local hillslope
scale, marking the transition in process domingnae hill slope to channel (Peckham, 2009). ThisMD®&as used for
creating an “object-based” hydro-geomorphologicaprthat was obtained with a step-by-step ruleBeting the first step,
a geomorphometric analysis was performed calcyatian and profile curvatures at increasing cefideiw sizes: 5, 7, 9, 11,
13, 15, 17, 19 and 21 cells. The multiscale analg$icurvatures was performed with Landserf fre& Goftware, thus
obtaining a raster layer for each geomorphometicutation.

During the second step the best agreement withrekpsed geomorphological mapping was achieved e@bgnition
Developer software by means of an original mulgheSon segmentation algorithm, using approprisaedtsurface
parameters.

The multiresolution segmentation algorithm mergetially contiguous pixels or cells into “image ebis” (segments) based
on local homogeneity criteria of the input paranet@hese segments, bounded by discontinuitielsennput variables, are
then used as building blocks in the classificatiaccording to attributes such as average valuespot variables, shape
indexes, and topological relations of segmentsdtrat al., 2013).

More precisely, the morphometric parameters obthoh&ing the previous step (plan and profile cwmed at various cell
windows) are used with a proportional increasedyhigio the increasing cell window size for eactieakyer (Table 1); sine
and cosine of aspect were also used as input pseesn@/e did not consider the slope gradient sirisguite constant except

for the valley bottom and hilltop, and did not pide/us with additional information for the segmeiata procedure.

Table 1: Weights assigned to each layer implemeiethe eCognition developer software for the mne#olution
segmentation algorithm.

Layer (cellswindow)

Plan curv (5)
Plan curv (7)
Plan curv (9)
Plan curv (11)
Plan curv (13)
Plan curv (15)
Plan curv (17)
Plan curv (19)
Plan curv (21)
Prof curv (5)
Prof curv (7)
Prof curv (9)
Prof curv (11)
Prof curv (13)
Prof curv (15)
Prof curv (17)
Prof curv (19)
Prof curv (21)

Aspect Cos
Aspect Sin

Weight

N
N
w
N
ol
o
~
©
©
=
N
w
IN
o
o
~
©
©
B

Other settings used for this algorithm are: scakh@pe 0.0002, compactness 0.0002.

During this procedure, the segments obtained wenepared to the expert-based geomorphological mgpmpynusing the
target-training procedure proposed in Guida et28115) (Fig. 7a).

The image objects obtained from the segmentatierslaown in Fig. 7b.

In the third step, the objects obtained duringghevious step were classified. The classificatiomcpdure was carried out
according to the criteria proposed by Hennrich let(#99), whose conceptual background was theddaape catena’
(Conacher and Dalrymple, 1977), which combinesaserfform and pedo—hydro—geomorphological processédislope
scale.

The classification was based on the sum of theipletnic curvatures that were re-classified accaydithe threshold values

listed in the Table 2. The interval values listedhe Table 2 were achieved by a supervised ¢iesson. By only using the



plane curvature sum computed with different windizes, we were able to obtain an object-based hyedomorphological

map (Fig. 7c¢), which was in good agreement withetkigert based geomorphological map.
¥ o ] = N

EXPERT BASED GEOMORPHOLOGICAL MAP (a)

HYDRO-GEOMORPHOTYPES (c)

|:| watershed boundary

SEGMENTATION (b)
|:| watershed boundary

: Main ridge Plan curvature sum i

[ Section ridge - -77.27 - -22.64 E -0.90 - 2.30 rie
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Figure 7. a) Expert- based hydro-geomorphologicap;nb) Multiresolution segmentation map; ¢) Objeased hydro-
geomorphological map obtained by classifying thétinesolution segmentation map using the plan cumeasum only.

Table 2: Geomorphometric classification, geomorpfiial correspondence, hydro-geomorphotype dedmiand hydro-
geomorphological behavior for each hydro-geomornygtet

Sum of Plan Curvature Geomor phometric L andform, Component or Hydro-geomor photype  Hydro-geomor phological
Class (SPC) parameters and Element (Dramiset al., 2011)  (HGT in Cuomo, 2012)  behaviour
topographic position
SPC <-13,4 Convey, divergent flow-  Upland, summit, peak, crest ~ Ridge Groundwater recharge
like, upslope bare bedrock and dominant
excess infiltration runoff
after storm
-13,4 >= SPC < -3,76 Light convex-divergent ~ Shoulder, side slope Nose Shallow soil, groundwater

flow-like, up to midslope recharge area, prevalently

excess infiltration runoff

Debris, deep soil, shallow
aquifer, excess saturation
excess and sub-surficial
runoff

-3,76 >=SPC <23 Light convex-planar,
parallel flow-like,

midslope

Scarps, back-slope, foot-slope, Hillslope
wash-slope, talus,

2,3>=SPC<11,6 Glen, swallet, scar Hollow

SPC=>11,6

Planar to light concave,
convergent flow-like,
upslope

Concave, convergent mid-V-shaped stream, gully, bank,

to downslope

stream bed

Riparian corridor

Deep soil, shallow iéeyp
prevalently excess
saturation, delayed runoff
production

Shallow soil, groundera
discharge, prevalently sub-
surface, delayed return
flow and groundwater
ridging

10
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Finally, a spatial statistical analysis was perfednon the object based hydro-geomorphotype map {€)gand the five
Contributing Area scenarios maps in order to eveltizeir spatial relationships for the trainingreteevent that occurred on

January 2015 (Fig.6). The application at storm etiere scale is described in the next section.
3.3 Dynamic hydr o-chemogr aph separation

In order to understand the runoff generation treiuos during storm events for each period (wet/dmg used the Q-EC
relationship data analysis proposed by Cuomo anda32013) and Guida and Cuomo (2014) due to thwa gmreement
between the hydro-chemograph separation and thedwaph filtering comparative procedure introdubgd_ongobardi et
al. (2014). Moreover, Cuomo and Guida (2016 ) sghently proposed a modified mass balance procdxdised on a “step-
like”, recursive, two-component hydrograph separafor the Ciciriello catchment. The authors assied a correspondent
mechanism of runoff generation to each componedttlam Q-EC threshold values for each mechanismah®ontributing
Area started to enlarge and expand.

In this study, these values were used for eachepbithe field survey in order to verify the coperadence between the end-
members hydro-chemograph signature proposed by €@t Guida (2013, 2016 and Guida and Cuomo, )2é&id the
starting runoff contributing area.

Cuomo and Guida (2016 ) adopted the daily datdlsstrated in Sec. 2 (Fig. 2) using the end-memlbleas the authors
measured at specific stormflow components by cagrut direct surveys and taking piezometric messents. They
obtained three upper and one lower boundary cfigs8), each of them representing a specific raadm, source area and
timing of runoff production. The lower hyperboliarve (LHg) delimits all the Q-EC values recordeding the dry period.
The upper hyperbolic (UH) curves delimit the Q-E&lues that are typical of groundwater and groundivatiging for the
UH1 curves. The second upper hyperbolic curves (txts when the UH1 reaches its horizontal asgtepnd the sub-
surface mechanism starts. Following which the ugipear curve (UL) starts when the direct runofflawil pipe mixes with
the previous components. The estimated interseptiorts between the three upper consecutive camesthe Q-EC threshold
values for which another mechanism starts and hglginamically interacts with the previous mechanismthis way, the
waters join together before reaching the streamflBubsequently, the authors carried out the saoeedure on the 13 storm
events shown in Fig. 2. The events n. 1-2-3-4-1{-2113 were assigned to the wet recharging perioitevevents n. 5-6-7-
8-9 were assigned to the dry discharging periodddeer, the Q-EC relationship highlights threeatiéint types of hydrologic
behavior occurring in the three hydrologic periodst (W), dry (D) and transition (T). In this wate boundary curves
between the dry-wet and wet-transition events wétained in order to define further inner fieldggufe 8 shows a typical
“threshold hydro-geomorphological system”, wherehesource runoff remains independent during lowmitagde events but
interacts physically and functionally with otherusces at higher event magnitudes, thus inducingrpgsed hydrological
mechanisms and complex hydro-chemical water mikingilution, dispersion and diffusion. By identifig these five areas
in respect to the hydrologic behavior of the catehimit was possible to carry out the analysesié&imiting the Contributing

Area in the next section using the thresholdsdigteTable 3.
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Figure 8. Delimitation of the five inner fieldsathdefine the limits of seasonal response of thehoaent (modified from
Cuomo and Guida, 2016, under revision) and, in,ithe hysteretic cycle of the study event, fronbiéginning (blue circle)
to its end (blue square). Legend: UH1 and W1, upgeerbolic curve 1 and wet area 1, respectivsigial of the Q-EC
mixed value of groundwater and groundwater ridgitghl2 and W2, upper hyperbolic curve 2 and wet & ea@spectively
(typical of the Q-EC mixed value of groundwateq@ndwater ridging and sub-surface flow); UL3 and,\M3oer linear curve
and wet area 3 respectively, typical of the Q-EQeadivalue of groundwater, groundwater ridging sulfese flow and direct
runoff; LHg, lower hyperbolic curve typical of tf@-EC response when direct runoff is suddenly adddatie groundwater
following the heavy showers that occurred durirgdhy period; D, dry area where the Q-EC typicah alry falls for which
only the groundwater flow feeds the streamflowtr@nsition area, where the Q-EC typical values dfyawet or wet-dry fall,

when the groundwater flows, groundwater ridging thedsoil pipe feeds the streamflow.

Table 3: Hydro-chemical parameter range, distirctor the wet (W), dry (D) and transition (T) peatievents. Legend: GW

is for groundwater, SSF is for subsurface flow, Bfhe direct runoff. (modified from Guida and Cumr2016).

ECquick Range ECsow Range Qthreshold
Field Processes and Contributing Areas
(mS/cm)
(mS/cm) (I/s)
w1 GW from bedrock deep and perched aquifer ABD-3 30-50
GW+GWihidging added from riparian corridor 200-220 400
W2 GW+GWidging along the riparian corridor 200-220
GW+GWidgingtSSF added from colluvial hollow 120-180 1000
W3 GW+GWidging+SSF 120-180 1000
GW+GWidgingtSSF + DR added from soil pipe 70-180 >>1000
D GW 320-350 3-5
GW+ GWidging 100-180 400
T GW+ GWidging 100-180 400
GW+ GWhdging + DR added from soil pipes 100-120

By including the hysteretic cycle of the 29-31 Janyu2015 study event on the plot of Fig. 8, therbygleomorphological

response can be classified as typical for a wabg@ehat occurred after a short transition periadirty which the aquifer
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began to fill and groundwater ridging decreasedymssively. As expected, during the event all theff components were
progressively activated when the Q-EC thresholdesfor each started. Consequently, the Contriguiireas enlarged the
floodplain upslope, the riparian corridors and zkeo order basins upstream, encompassing the Qak@ vanges listed in
Table 3. These values were verified during thedfiglrvey reported in Sec. 3.1 and used for thedagdomorphological

analyses of the next section.

4 Results

For the storm study, the variability of the Contitibn Area was obtained by combining the hydro-cisahprocedure and the
object-based hydro-geomorphotype map. As a restiti® analysis, Contributing Area space-time Maility was obtained
for the selected storm event by combining hydroatal procedure outcomes, the hydro-geomorphotype and the
Contributing Area scenarios.

On the right hand side of Figures 9 to 13, hydrernograph evolution at the five time steps disaligs€ig. 6a are illustrated,
while on the left hand side of Figures 9 to 13,cm@ see the progressive expanding contributiorsasleawn on the hydro-
geomorphotype map. Specific observations are peohid the figure captions and the correspondingesfor the increasing
contribution area are listed on Table 4.

Figure 9 shows pre-event conditions, when onlytthee flow and the decreasing groundwater ridgiog fprevious events

were activated.
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Figure 9. a) Pre-event hydro-chemograph conditijuss before the storm event, with Q=60 I/s, filldde square and EC=240
puS/cm, filled green diamond, b) scenario correspuntb groundwater and decreasing groundwater ngigbntribution to

streamflow running exclusively along the ripariamrédor and main streamflow.
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Figure 10. Initial hydro-chemograph conditions jafter the beginning of the storm event, with appmately Q=350 I/s,
filed blue square and approximately EC=170 uS/fited green diamond, b) scenario correspondingirntreasing
groundwater ridging and initial saturation excesstabutions to streamflow. The first occurs aldhg riparian corridor, the

second at the apical transient channels just deoganst from the colluvial hollows, respectively.
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Figure 11. a) Progressive hydro-chemograph comditafter approximately 60 mm of rainfall, with apgimately Q=1000
I/s, filled blue square and approximately EC=12@cpu$ filled green diamond, b) scenario correspogdina full saturation
excess contributions to streamflow along the rgrarcorridor and at transient channels within théug@l hollows,

respectively.

14



2400.00 —=—Q —e—stC
2200.00
2000.00
1800.00

1600.00

1400.00 30/1/159.21;

1200.00 | 1554.46 uS/cm

1000.00

Discharge, Q, I/sec

800.00
600.00 30/1/159.31; 87 I/s
400.00

200.00

Specific Electrical Conductivity, sEC, uS/cm

0.00
Legend
-Contributing area

30/1/15 2.24
30/1/15 7.12
31/1/15 2.24
31/1/15 7.12

a) b)

29/1/15 16.48
29/1/1521.36
30/1/15 12.00
30/1/15 16.48
30/1/1521.36
31/1/15 12.00
31/1/1516.48

Figure 12.
Advanced hydro-chemograph conditions, after appnakely 80 mm of rainfall, with approximately Q= 1bBs, filled blue
square and approximately EC=90 pS/cm, filled grdeamond, b) scenario corresponding to a full sdimmaexcess
contributions to streamflow along the riparian ator and the whole colluvial hollows, respectively.
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Figure 13. Final hydro-chemograph conditions, afsgproximately 100 mm of rainfall inducing a pealsctiarge
approximately Q=2400 |/s, filled blue square andwtEC=80 uS/cm, filled green diamond, b) corresixugm both to full

10 saturation excess contributions to streamflow ftbmriparian corridor and colluvial hollows, as e to macropore (soil
pipe and fracture) and excess infiltration on nases partially on the ridges respectively.
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Table 4. Synoptic values of the Q-EC scenarios@amtributing Areas$) values for each hydro-geomorphotype. Legend:
is the specific discharge calculated for the cathinareaAl is the ratio between the Contributing Area and hikidro-

geomorphotypeA? is the ratio between the Contributing Area andcttehment area.

HYDRO- SPECIFIC
GEOMORPHOTYPE SCENARIO DISCHARGE DISCHARGE CONTRIBUTING Al A2
(HGT) Q (/9 4 (s%km?) AREA, S (km?)
Riparian corridor 1 50 16.47 0.057 0.143 0.018704
2 300 98.79 0.102 0.257 0.033638
3 600 197.58 0.157 0.396 0.051783
4 1000 329.30 0.227 0.570 0.074678
5 1900 625.68 0.576 1.448 0.189588
Hillslope 1 50 16.47 0.001 0.00157 0.000486
2 300 98.79 0.003 0.00280 0.000864
3 600 197.58 0.015 0.0155 0.004783
4 1000 329.30 0.038 0.0400 0.012365
5 1900 625.68 0.420 0.447 0.138233
Nose 1 50 16.47 0.00008 0.00012 2.47E-05
2 300 98.79 0.00020 0.00032 6.59E-05
3 600 197.58 0.001 0.00131 0.000272
4 1000 329.30 0.015 0.0241 0.005014
5 1900 625.68 0.119 0.188 0.039129
Hollow 1 50 16.47 0.007 0.00994 0.002297
2 300 98.79 0.015 0.02151 0.004972
3 600 197.58 0.050 0.07109 0.016432
4 1000 329.30 0.093 0.13316 0.030782
5 1900 625.68 0.450 0.64116 0.148211
Ridge 4 1000 329.30 0.00030 0.000814 9.88E-05
5 1900 625.68 0.005 0.0145 0.001762

5 By plotting the S vs Q data from Table 3 on a ndrphet we can follow the pattern of the progressiveolvement of the

runoff components as specific contribution areasti@amflow (Fig. 14).
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Figure 14. Plot of the Contributing Area vs. Disaf@from data on Table 3.
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In our case, a positive exponential function watioled for each hydro-geomorphotype curve as showkig. 14. This
approach is similar to the calculations proposetdiyon and Gallart (2007), but in this case thetdbuting area is calculated
according to the base flow component as well agther components related to hydro-geomorphotyfkshe curves have
a general exponential pattern (Eq. (1)):

S(t)= S0 Q)

Where S(t) is the total contribution area at instaf the initial contribution area?ds a constant for a specific component
considered and Q(t) is the discharge at time 9f S(t

Equation (1) can be re-written as:

logS(t) = aQ(t)+ log&® (2)

The riparian contribution trend is higher than tiwlow and hillslope trends for a discharge fromt601000 I/s, but the
specific hollow and hillslope contribution areasgressively reach the same values as the ripadaidor in the event of
high discharge. In fact, a slight increase of tiselthrge from the riparian corridor was observethduthe event (a = 0.0012).
On comparing the behavior of the hollow and théslope, it seems that the hollow has a higher dmution area for lower
discharge (from 50 to 600 I/s) than the hillslopen@ibuting Area (Fig.14). However, after the diade increased the two
hydro-geomorphotypes reached the same percentagies @ontributing Areas An Table 4). A lower contribute originated
from the nose whose Contributing Area is not inficed by the discharge until it reaches 1000 Itgr afhich it increases
rapidly (a = 0.0041).

Since 1970 authors have studied the relationstdpsden the Contributing Area and the baseflow dispd (Fig.15a). In fact
Ambroise (1986), Myrabo (1986) and Latron (199Q)rfd good relationships for some catchments in wttiehincreasing
rate of the relative saturated area decreaseghdgtimcrease of a specific discharge.

Dunne et al. (1975) observed that an increaseef#turated area leads to an increase in the digchdore recently the
same relationship was observed by Martinez-Ferrafg895). Latron and Gallarat (2007) found a limetationship between
the specific discharge and the extent of the Carttrig Area. The authors believe that unlike theeottatchments, the linear

trend could be reasonable since the saturatiomeofatchment under study is not conditioned btopegraphy.
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Figure 15. a) Relationship between the total extécbntributing saturated areas and the basefleashdrge in several
small (less than 10 kincatchments (modified from Latron and Gallaraf)20) b) Relationship between the Contributing

Areas and the specific discharge for each hydravgephotypes of the Ciciriello catchment.
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For the Ciciriello Catchment we examined the relahips between the Percentage of the Contribétieg (Al in Table 4)
and the specific discharge for each hydro-geomdypleoconsidered (Fig. 15b) and we believe thatttiisd is similar to
that observed by Dunne et al. (1975).

When a low discharge occurs, the riparian corralawly contributes to the increasing discharge @migt for a g = 100 I/ski
this hydro-geomorphotype widens its Contributing#s. Fig. 15 shows the increase in faster Contniputreas for hollow,
hillslope and nose at a specific discharge q = 200,and 100 l/skfnrespectively. In this case these q values arsidered
as the g threshold values for activating runoff haagsms.

There is an evident anomaly regarding the ripac@midor as it shows a percentage of Contributimga®over 100%. In our
opinion, this result is due to a DEM resolution diné riparian corridor must be carefully defined da the possible overlap
with other hydro-geomorphotypes, especially thddw. In Fig. 15 it is important to note the incton between all the
curves at high g values. In our opinion, it sholesinteraction between all the runoff mechanisntaiing in the catchment
during high magnitude events before reaching tteast, as assumed by Cuomo and Guida (2016).

One of the most interesting results of this stisdhe experimental confirmation of the pre-evertewaontributions to stream
flow by the rapid mobilization of the capillary rige inducing groundwater-ridging mechanisms. Thechanism is still
poorly understood despite the number of processgsoped and widespread acceptance (Cloke et &) 20herefore, this
case study can be considered the preliminary ffilgation, recognition and quantification of the rhaaisms at catchment

scale.

5 Conclusion

According to the premises, the case study confithes close link between geomorphometry and hydrologisice
geomorphometry describes land surface quantitgtiavedl land surface is the spatial expression of#wamorphic processes
acting in time and resulting in landforms that ayenerated by hydrological mechanisms mainly in e and
Mediterranean eco-regions. This demonstrates hawngephometry can support hydrological analysis,irhgroving an
interdisciplinary approach for future researchalepments in connecting hydrology and geomorpholagiata acquisition,
mapping, analysis, modeling and general-purposdicapipns. This is the purpose of object-based tyglromorphology,
based on the methods for recognizing and clasgfglistinctive hydro-objects within catchments, ahwng ontology and
semantic of landforms and processes in significatthment areas with distinctive hydrological haetraand response in
order to allow for their objective description, istic analysis and inter-catchment comparison.

From this perspective, firstly by means of a reimerdraining-target approach (Guida et al., 20¥byood agreement was
observed between expert-based geomorphologicalim@ppd object-based geomorphometric map.

Therefore, by combining hydro-chemical analysis afject-based hydro-geomorphotype map, the vaitihilf the
Contribution Area during a significant storm everas spatially modeled using the log-values of thes faccumulation. In
spite of its simplicity, a good agreement was olesgbetween the spatial distribution of these patars with the observed
Contribution Areas detected during the event byyiiag out direct surveys and taking surface andugdwater discharge
measurements. The runoff components were deternfiamegtie storm event under study and specific riidisficharge from
each contributing hydro-geomorphotype was calcdl&de each time step on the hydro-chemograph.

This study is the experimental confirmation of thke and entity of pre-event water contributionsti@am flow by the rapid

mobilization of the capillary fringe inducing theogindwater ridging mechanism in step sloping tegaihis mechanism is

18



10

15

20

25

30

35

still poorly understood despite the number of psses proposed and widespread acceptance (Cloke 20@G6); therefore
this case study can be considered as being a pmaliynidentification, recognition and quantificatiof this particular
mechanism at catchment scale. According to Martwd. €2004), this study emphasizes the fact thetldased process
studies mustcontinue to form the underpinning of hydrologic Eggtion in GIS’S and “GlScience should not come at the
expense of sacrificing field-based studies of hipdyio processes and responses

This is an approach that can fill the gap betwémple lumped hydrological models and sophisticdtgdrological distributed
models based on numerous quantitative parametdmxqensive data collection. This kind of intergdinary and integrated
approach can be applied to similar, rainfall-dortedaforested no-karst catchments in the Medite@areco-region by using
an inexpensive, parsimonious and effective mettamofor water resource assessment and managemsnggssted by the
Biosphere2 Program. In fact, in UNESCO Internatidhesignation Areas (such as the Cilento Globalgaek), the Global
Geopark Network mission must guarantee hydro-gewsdity in compliance with the regulations laid doty the World
Heritage Cultural Landscape Management and na&umgiimanaged ecosystems (Al) must be safeguardeddadnished by
the MAN AND BIOSPHERE Program.

From this perspective, geomorphometry plays a fomdal role in quantifying and objectively mappirydro-
geomorfological entities with hydrological relevarttat require monitoring and modeling in produttimansfer and routing
the flows between the various units in the catchsjems the base-knowledge of progressive ecologiealning for the

sustainable use of water resources and best pradtidand use improvements.
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