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Abstract A process-based coupled model of surface-subsurface flow is applied to the simulation of

nonlinear hydrological dynamics for an experimental mountain headwater catchment in northeastern Italy.

The comparison between measured and simulated responses, both distributed (water table and soil

moisture) and integrated (streamflow at the outlet), shows that the model satisfactorily reproduces various

nonlinear processes, in particular threshold behavior and hysteresis in the catchment storage-discharge

relationship. We typically observe a clockwise loop in this relationship, i.e., streamflow response is faster

than groundwater and soil moisture response, due to larger time scales for subsurface processes and to

soil moisture persistence and redistribution. The model is based on a standard Richards equation

representation of integrated saturated-unsaturated-runoff dynamics and needs no ad hoc parameterization

(e.g., for macropores, pipe flow, or retention curve hysteresis) to capture observed hysteretic relationships

between storage and discharge. Additional numerical experiments are carried out to investigate how

heterogeneity (bedrock permeability and the distinction between riparian and hillslope areas) and aquifer

thickness and topography affect this nonlinear dynamics. The results show that catchment topography and

soil depth exert the main control on the hysteresis and threshold patterns. This is evident from a spatial

analysis of streamflow and water table response times to storm events, where the threshold points

correspond to changes in terrain slope. These findings are confirmed by a further set of analyses carried

out on an idealized v-shaped catchment.

1. Introduction

Threshold behavior and hysteresis in storage-discharge relationships are common manifestations of nonlin-

ear hydrologic response connected to runoff generation processes at the hillslope and catchment scales

[Dooge, 2005]. Typically, in hydrological systems, thresholds appear as abrupt changes in a response vari-

able (e.g., outlet discharge, storm runoff, and water table depth) when a certain level or a range of values

of a driving variable (e.g., soil moisture, subsurface storage, and storm rainfall) is exceeded. In proximity of

a threshold, the system might evolve to a ‘‘critical’’ state [Phillips, 2003], and different hydrological proc-

esses may become dominant above the threshold. Hysteresis is the dependence of a response variable not

only on the current value of a driving variable but on its past history as well. Hysteresis leads to a character-

istic ‘‘looping’’ behavior when the two variables are plotted against each other.

Nonlinear dynamics has been extensively analyzed in the hydrological literature. Thresholding has been

reported under various climatic and physiographic conditions and in the relationship between several state

variables, including discharge and soil moisture [Zehe et al., 2010; Penna et al., 2011; Radatz et al., 2013],

water table and soil moisture [Latron and Gallart, 2008; Penna et al., 2011], subsurface stormflow and rainfall

[Tromp-van Meerveld and McDonnell, 2006a, 2006b; Detty and McGuire 2010a, 2010b; Penna et al., 2013b],

and runoff coefficient and precipitation intensity [Lehmann et al., 2007; Radatz et al., 2013]. Hysteresis is

also well documented at different scales and for different process dynamics [O’Kane and Flynn, 2007, and

references therein]. One of the most frequent manifestations of hysteresis in catchment hydrology arises in

the relationship between storage and discharge. In this paper, the term ‘‘storage’’ refers to any variable that

Key Points:
� A process-based model reproduces

observed nonlinear storage-

discharge dynamics

� Streamflow responds faster than

groundwater in Alpine headwater

catchments

� Hysteresis and thresholding are

controlled mainly by topography and

soil depth

Correspondence to:
M. Camporese,

matteo.camporese@unipd.it

Citation:
Camporese, M., D. Penna, M. Borga,

and C. Paniconi (2014), A field and

modeling study of nonlinear storage-

discharge dynamics for an Alpine

headwater catchment, Water Resour.
Res., 50, 806–822, doi:10.1002/

2013WR013604.

Received 29 JAN 2013

Accepted 2 JAN 2014

Accepted article online 6 JAN 2014

Published online 3 FEB 2014

CAMPORESE ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 806

Water Resources Research

PUBLICATIONS

http://dx.doi.org/10.1002/2013WR013604
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-7973/
http://publications.agu.org/


quantifies or reflects the volume of water stored in the subsurface, such as aquifer water level, soil moisture

content, saturated zone storage, unsaturated zone storage, or total storage. Hysteresis is also observed in

surface water hydrology, as for instance in stage-discharge relationships where, for the same stage height,

discharge in the rising limb is greater than in the falling limb [Mishra and Singh, 1999]. A conceptually sim-

ple model of hysteretic behavior is presented in O’Kane and Flynn [2007], where exceedance of a threshold

switches the output onto a particular solution branch.

Storage-discharge hysteresis connected to subsurface and rainfall-runoff processes has been documented

for a wide array of experimental catchments. McGlynn et al. [2004] observed strong water table-runoff loop-

ing in the riparian floodplain of a 280 ha subcatchment of the Maimai watershed in New Zealand, with

groundwater response lagging catchment runoff response. They found that the degree of hysteresis varied

as a function of antecedent wetness and event size, and that for an 80 ha subcatchment and a first-order

hillslope (0.5 ha) hysteresis was minimal. Myrab� [1997] found that the hysteretic behavior between dis-

charge and groundwater levels in a small forested till catchment in Norway was dependent on location

and antecedent conditions. Particularly, he noted that during wet conditions (above a certain value of

stream discharge) the hysteresis effect vanished almost simultaneously in all groundwater wells due to the

rapid transport mechanisms between the different locations and the catchment outlet. For heavy and per-

sistent rainfall events, a unique function between runoff and groundwater was obtained. These results

agree with recent findings by Weill et al. [2013] who showed, for a small pre-Alpine catchment in Italy, that

the storage–streamflow hysteresis relationship was dependent on the mean saturation of the catchment,

with higher degrees of saturation tending to yield one-to-one relationships between streamflow and water

storage. They obtained looping behavior when plotting the extent of connected saturated area against

streamflow, as well as subsurface storage against streamflow. Similarly, Allen et al. [2010], analyzing ground-

water level and streamflow for nine observation wells in temperate mountainous terrain in British Columbia

(Canada), speculated that the pattern of the discharge-water level relationship was a function of the con-

nectivity between the aquifer and the stream. They concluded that the recharge and discharge response of

the groundwater system was dependent not only on the storage and permeability characteristics of the

aquifer but also on whether the system was stream-driven or recharge-driven. Kendall et al. [1999] found

hysteresis in the groundwater level-streamflow relationship during snowmelt events for the 41 ha forested

headwater catchment at Sleepers River in Vermont. Similarly to Myrab� [1997], they identified different pat-

terns according to well location. In riparian zones, the loops were counterclockwise (higher groundwater

level for given discharge on the rising limb than for the same discharge on the falling limb) while on the

hillslope they were clockwise (groundwater response lagged the streamflow increase). An analogous loop

inversion was reported by Penna et al. [2011] in the streamflow-soil moisture relationship for an Alpine

headwater catchment. These authors observed that during rainfall events with dry antecedent conditions,

streamflow responded and peaked earlier than hillslope soil moisture (clockwise loops), while for events

with wet antecedent conditions, streamflow lagged soil moisture (counterclockwise loops).

A few authors have attempted to simulate the hysteresis effect between storage and runoff in order to bet-

ter understand catchment response dynamics. Ewen and Birkinshaw [2007] developed a lumped hysteretic

subsurface stormflow model for the 0.94 km2 Slapton Wood catchment in the UK and found that the basic

pattern of storage-runoff hysteresis was anticlockwise, which the model reproduced reasonably well for

large delayed responses but less well for small delays. Norbiato and Borga [2008], analyzing storage-flux

hysteretic behavior at the hillslope scale with a kinematic wave model, obtained both clockwise and anti-

clockwise loop cycles and related the increase in hysteresis to the increasing convergence and concavity of

the hillslopes. Frei et al. [2010] focused on the effects of microtopography on surface-subsurface exchange

and runoff generation for a riparian wetland system in a small mountain catchment in southeast Germany.

These authors performed virtual modeling experiments and identified distinctly different behaviors of the

system during wetting and drying that resulted in marked anticlockwise hysteretic loops between stream-

flow and riparian groundwater level, matching well the experimental data.

Nonlinear processes in mountain catchments, and particularly headwater catchments, are often related to

the complex topographic features that characterize these environments. Different temporal dynamics on

the hillslope and in the riparian zone are often found to be responsible for threshold effects or hysteretic

behaviors [e.g., Sidle et al., 2000; McGlynn et al., 2004; Penna et al., 2010, 2011]. Hillslopes are thought to be

the main contributors to streamflow [Seibert et al., 2009; McGuire and McDonnell, 2010; Vidon, 2011], even
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though riparian areas respond faster to precipitation due to higher antecedent soil moisture and shallower

water tables near the stream. The hillslope contribution relies on the establishment of a hillslope-riparian

hydrological connection that allows rapid displacement of groundwater to the stream [Wenninger et al.,
2004]. In addition to topographic differences, the riparian corridor and the hillslope tend to have different

soil and vegetation properties [Hill, 1996]. Understanding the nonlinear interactions between these two

zones thus has important ecological as well as hydrological implications.

In this paper, we investigate threshold effects and hysteretic dynamics of storage-discharge relationships

for the Larch Creek catchment (LCC), a 3.3 ha headwater catchment in the Italian Alps. Our main goals are

(i) to identify the dominant controls on nonlinear processes involved in runoff generation at LCC and (ii) to

determine whether a Richards equation (RE)-based hydrological model is able to reproduce the complex

behavior (strong nonlinearity, hysteresis, and thresholding) observed at LCC without needing to explicitly

represent hysteresis in soil characteristics, macropore flow, fingering, or other possible controlling mecha-

nisms [e.g., Beven, 2006] that may require an ad hoc parameterization. The study is undertaken by means

of a process-based hydrological model of surface-subsurface flow calibrated and validated against a com-

prehensive data set of field measurements. The model couples a 3-D RE solver with an inertia-free approxi-

mation of the Saint Venant equations for surface flow [Camporese et al., 2010] and has been shown to be a

suitable tool for simulating hydrological processes over a range of spatial and temporal scales [Bixio et al.,
2002; Gauthier et al., 2009; Sulis et al., 2011a, 2011b; Guay et al., 2013]. The model is general enough in its

treatment of topography, parameter heterogeneity, domain geometry, and boundary conditions to allow

close representation of the LCC, including the distinction between riparian and hillslope zones and the pos-

sibility of bedrock leakage. In addition to full treatment of the unsaturated zone, the use of a process-

based distributed model in this study allows various components of subsurface storage to be readily quan-

tified (soil water content, groundwater levels, and total volume of water in the unsaturated, saturated, and

entire subsurface domains). To quantify the influence of the catchment topographic structure (e.g., ratio

between the extent of the hillslope and riparian zones) on the nonlinear relationship between storage and

discharge, the RE-based model is also applied to an idealized v-shaped catchment in three different config-

urations. These synthetic simulations allow us to strip away some of the real world complexity of the LCC

and isolate the main factors that control the nonlinear storage-discharge relationship.

The paper is organized as follows. After a short description of the study area and of the hydrological model

in section 2, section 3 reports on the model simulations of the LCC and discusses the capability of the model

to reproduce the observed nonlinear storage-discharge response. In sections 4 and 5, we seek to isolate the

main factors controlling this response, via a series of numerical experiments carried out first on the LCC but

with different configurations of soil thickness and lateral zonation, and then on the v-catchment.

2. Materials and Methods

2.1. Field Study and Measurements
Field data were collected in the 3.3 ha LCC (Figure 1), located in the Dolomites (eastern Italian Alps). The

area is characterized by an alpine climate, with mean annual precipitation of 1220 mm, 49% of which falls

as snow. Snowmelt plays a major role in controlling runoff in late spring but summer and early autumn

rainfall events also represent an important contribution to the flow regime. Despite its small scale, the LCC

spans a broad range of elevation (1970–2120 m a.s.l.), with the steepest slopes (up to 48�) in the upper por-

tion (2050–2120 m a.s.l.) as well as in the lower portion (1970–2010 m a.s.l.) where the valley is very narrow.

The central part of the catchment features a more gentle topography, especially in the 2030–2040 and

2010–2020 m a.s.l. ranges, where the soil is often saturated or close to saturation (as observed during sev-

eral field surveys and also indicated by hydrophilic vegetation such as Eriophorum scheuchzeri and Equise-
tum sp.). The catchment is untouched by anthropic activities and is densely vegetated, with grassland,

scattered shrubs, and a few trees (European larches and Norway spruces) mainly located on the ridges. The

soil is classified as Cambisol with mull, with porosity ranging from 70.5% in the first 10 cm to 45.0% at 70

cm depth. Clay represents the highest contributor to the soil texture (up to 73% along the soil profile), fol-

lowed by silt (up to 28%) and sand (up to 9%). For more detailed information on the study area, see Penna
et al. [2009, 2010, 2011, 2013a, 2013b].

Hydrometeorological data were collected in the catchment from 11 April to 15 October 2007 and from 19

June to 31 October 2009. Rainfall was measured by a tipping bucket rain gauge (0.2 mm resolution) located
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at approximately 2030 m a.s.l. (Figure 1). Water stage in the stream was measured by a pressure transducer

every 15 min at a 90� V-notch sharp-crested weir and then converted into discharge. Air temperature data

were collected by a meteorological station located one km outside of the basin, at an altitude of 1940 m

a.s.l., approximately 60 m below the position of the outlet. Water table variations were monitored by a net-

work of observation wells (PVC pipes) equipped with capacitance rods, recording at a 15 min time step.

Boreholes were drilled down to refusal and the depths of the observation wells ranged between 0.72 and

1.05 m. In 2007, 12 observation wells, labeled L1 to L12, were installed. Two of them (L2 and L9) were

removed in 2009 due to instrument failure and three new ones (L15, L16, and L17) were added. Observa-

tion well L8 gave inconsistent results in 2007 and was excluded from the analysis and comparison with the

model-simulated water table for that year. Volumetric water content averaged over the first 30 cm from

the ground surface was measured at four locations in the central portion of the catchment by means of

TDR (time domain reflectometry) probes recording at a 15 min time step. The records were then aggre-

gated to 1 h intervals for data analysis. Soil moisture probes were removed at the end of the 2007 field

campaign but were reinstalled in 2009 at exactly the same locations. A standard calibration suggested by

the manufacturer for clay soils was applied. The position of all instruments is reported in Figure 1.

Two distinct topographic units can be identified in the catchment: (i) a riparian zone, characterized by high

organic matter content and low hydraulic conductivity associated with the predominance of organic, silt,

Figure 1. (bottom left) Map of the LCC showing its location within Italy, (bottom right) the two cross profiles (magenta and green lines)

used for the virtual simulations, and (top) a zoom on the position of the instruments. The observation wells are grouped according to

their average water table level (SWT: shallow water table; DWT: deep water table; IWT: intermediate water table).
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and clay sized particles; and (ii) a hillslope zone, typically consisting of well-drained soils. The extent of the

riparian areas within the catchment was estimated by integrating results from a DEM-threshold method

and from field surveys. First, starting from a 1 3 1 m LiDAR resolution grid, flow accumulation (D1 algo-

rithm) was computed for the catchment, allowing for the identification of the cells belonging to the

stream, above a threshold area of 3500 m2. Then, riparian zones were identified as those flow accumulation

cells characterized by a difference in elevation lower than 3 m compared to the stream cell they drained into

[Jencso et al., 2009]. In the field, we traversed the whole catchment three times under different seasonal con-

ditions (late spring, mid-summer, and early autumn), mapping all relatively flat areas that showed evidence

of soil saturation or near-saturation, based on spatially distributed soil moisture measurements at 0–6 cm

depth (Theta Probe, Delta-T Devices), vegetation characteristics, and visual observation. The topographic

analysis and field survey methods yielded consistent results, especially in the lower part of the

catchment where the stream lies. The extent of the riparian zone derived by the two methods is mapped in

Figure 1.

Humid alpine catchments such as the LCC, characterized by shallow soils, rapid response to precipitation,

and highly organized topographic structure and where fast subsurface flow is the dominant contributor to

storm runoff, are ideal sites for studying the nonlinear dynamics of storage-discharge relationships

[McGlynn et al., 2004; Frisbee et al., 2012].

2.2. The CATHY Model
The CATHY (CATchment HYdrology) model [Camporese et al., 2010] combines a three-dimensional equa-

tion for subsurface flow in variably saturated porous media (Richards equation) with a one-dimensional

inertia-free approximation of the Saint Venant equations for surface water dynamics. The model belongs to

a class of recently developed hydrological simulators that resolve in a numerically and dynamically consist-

ent manner the interactions across the atmosphere-land surface-subsurface continuum (R. M. Maxwell

et al., Surface–subsurface model intercomparison: A first set of benchmark results to diagnose integrated

hydrology and feedbacks, submitted to Water Resources Research, 2013).

Spatial discretization in CATHY is built upon a DEM representing the catchment surface. The DEM cells are

triangulated and replicated vertically to form a three-dimensional tetrahedral grid for the underlying soil

and aquifer. Precipitation fluxes during storm events and potential evapotranspiration during interstorm

periods are the main driving forces of the model. The model partitions this atmospheric forcing into surface

runoff, infiltration, actual evapotranspiration, and changes in storage. Surface saturation or ponding can

occur via the infiltration excess or saturation excess mechanisms, and both of these processes are auto-

matically accounted for by a boundary condition switching algorithm that resolves the tight coupling

between surface and subsurface flows. Overland flow is assumed to concentrate in rills or rivulets confined

to ‘‘hillslope’’ cells, while channel flow occurs on ‘‘stream’’ cells. The distinction between overland and chan-

nel flow regimes is made using threshold-type relationships based on, for instance, upstream drainage area

criteria [Montgomery and Foufoula-Georgiou, 1993]. The subsurface solver is based on Galerkin finite ele-

ments in space, a weighted finite difference scheme in time, and linearization via Picard iteration [Paniconi
and Putti, 1994], whereas a nested explicit time discretization based on the Muskingum-Cunge scheme is

used for the overland flow equation [Orlandini and Rosso, 1996].

Input for the model includes digital terrain data, surface-flow parameters such as Manning coefficients for

hillslopes and channels, subsurface properties such as saturated hydraulic conductivity and soil retention

curves, and atmospheric forcing terms (precipitation and potential evapotranspiration). The model-

computed state variables include spatially distributed quantities (e.g., moisture content, surface and

subsurface-flow velocities, aquifer water levels, and ponding heads) and integral quantities (e.g., stream-

flow at the catchment outlet and groundwater storage). A more detailed description of the CATHY model

is given in Camporese et al. [2010].

3. Larch Creek Catchment: Modeled and Observed Storage-Discharge Dynamics

3.1. Model Setup
Starting from a 2 m 3 2 m resolution DEM, the 3-D subsurface grid for the Larch Creek catchment was

constructed by subdividing each DEM cell into two triangles and then projecting this 2-D surface mesh ver-

tically for 1.05 m. A total of nine layers was used for the vertical discretization, with the layers progressively
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coarser with depth to a maximum thickness of 0.16 m for the bottommost layer. The thinnest layer (0.04

m) at the surface is needed to accurately resolve rainfall-runoff-infiltration partitioning and in general to

better capture the interactions between surface water and groundwater. The resulting 3-D grid contains

88,360 nodes and 464,130 tetrahedral elements.

The catchment was subdivided into riparian and hillslope zones representing the two main topographic

units described in section 2.1 and shown in Figure 1. We simulated the two periods for which comprehen-

sive field measurements are available, the first in 2007 (14 May to 15 October) for the calibration of the

model parameters and the second in 2009 (7 July to 1 November) for validation. The atmospheric bound-

ary conditions consisted of rainfall as measured by the rain gauge and evapotranspiration estimated by

means of the Hargreaves-Samani formula [Hargreaves and Samani, 1982] on the basis of temperature data.

No experimental evidence or geophysical information on possible bedrock fracturing or leakage is available

at the site; and therefore, it is impossible to quantify the water flowing at the soil-bedrock interface. How-

ever, geological information for the area reveals that the substratum is made up mainly of massive lime-

stone and compact dolomitic formations with little fracturing [Van Beusekom, 2004]. On this basis, we

assumed no-flow conditions at the base of the soil domain. The lateral boundaries of the modeled domain

were also assumed to be impermeable. The initial conditions were generated by running spin-up periods

for the 2007 and 2009 simulations of 30 and 18 days, respectively, using measured rainfall rates and esti-

mated evapotranspiration fluxes. Our numerical experiments showed that for the LCC spin-up periods of

such duration are sufficient to obtain a state that is physically consistent and essentially unaffected by the

conditions assigned at the beginning of the spin-up. The pressure head and surface discharge distributions

at the end of the spin-up were then used as the initial conditions for the considered simulations.

3.2. Calibration and Validation of the Model Against Experimental Data
The instrumental setup in the LCC did not allow the water table dynamics in the riparian and hillslope

zones to be discriminately monitored [Seibert et al., 2003] since only two observation wells (L8 and L17)

were situated in the mapped riparian zone (Figure 1). Nonetheless quite different water table patterns

within LCC were observed through the two monitoring years. Figure 2 presents a boxplot showing the dis-

tribution of water table data for 2007 and 2009 (for consistency in the comparison, only dates when all

observation wells showed a water table value higher than the maximum monitoring depth were consid-

ered). Although groundwater depth within the catchment was characterized by a marked spatial variability,

as also found in other experimental studies [e.g., Haught and van Meerveld, 2011; Bachmair et al., 2012;

Penna et al., 2013b], some patterns did emerge. Three observation wells (L1, L11, and L12) gave consis-

tently deep water table readings. Water table depth in four others was predominantly shallow or close to

the soil surface (L2, L3, L7, and L8). The remaining observation wells showed an intermediate behavior.

Interestingly, this pattern was preserved in both monitoring years, and the same grouping emerged from a

cluster analysis (results not reported here). We designated these three piezometric categories as deep,

Figure 2. Boxplots of water table level in the observation wells for the (left) 2007 and (right) 2009 study periods. The boxes indicate the

25th and 75th percentiles, the whiskers indicate the 10th and 90th percentiles, and the horizontal line within the box marks the median.

The red, green, and blue squares identify the observation wells with, respectively, deep, shallow, and intermediate average water table

depth.
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shallow, and intermediate water table zones (DWT, SWT, and IWT, respectively). The location of the obser-

vation wells partially explains the water level dynamics in the different groups, with the average distance

between the observation wells and the stream decreasing from DWT to IWT to SWT.

As the focus of this study is to assess the capability of the model to reproduce the characteristics of

storage-discharge relationships and not on achieving optimal predictive performance, a detailed multipara-

meter calibration was not needed and only a trial-and-error calibration of the hydraulic conductivity and

specific storage was performed. This process yielded values of Ks 5 1.01 3 1022 m/h and Ss 5 5.18 3

1022 m21 for the riparian zone and Ks 5 1.46 3 1021 m/h and Ss 5 7.92 3 1023 m21 for the hillslope zone.

The remaining parameters (porosity, retention curve constants, surface routing coefficients) were assigned

on the basis of literature data and were assumed to be spatially homogeneous. Porosity is 0.55, residual

water content is 0.108, and van Genuchten [1980] fitting parameters a and n are 0.943 m21 and 1.35,

respectively. The porosity value is intermediate between the minimum (0.45) and maximum (0.705) meas-

ured values. The set of subsurface parameters resulting from the calibration on the 2007 period is consist-

ent with field observations carried out in very similar hillslopes located close to the LCC. Penna et al.
[2013a] found that the average value of soil moisture along a 70 cm profile was 0.576 and that hillslope

zone Ks measured with a Guelph permeameter ranged between 2.9 3 1021 and 8.3 3 1022 m/h.

Figure 3 shows the comparison between simulated and measured data for the 14 May to 15 October 2007

and 7 July to 1 November 2009 periods. Water table depths are shown according to the observation well

groupings described above, i.e., averaging the results for the observation wells with shallow, intermediate,

and deep water tables. Soil moisture values are averaged over the four TDR locations and the top 30 cm of

soil. A good match between simulated and measured data, for both the calibration and validation periods,

is obtained for streamflow and soil moisture response, while the water table response is poorly matched in

absolute terms but well captured in spatial dynamics. The simulated water levels preserve the shallow-

Figure 3. Comparison between simulated and measured data for (left) the 2007 simulation (14 May–15 October) and (right) the 2009 simulation (7 July–1 November). The time axes

start at (left) 792 h and (right) 432 h (right) as the previous 33 and 18 days, respectively, are used for spin-up. Observations and simulations are denoted by unconnected circles and

solid lines, respectively. The dashed vertical lines in the top right graph indicate the rainfall-runoff events considered for subsequent analyses of nonlinear behavior: (1) 7 and 8 August

2009 and (2) 16–18 August 2009.
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intermediate-deep hierarchy, and the observed and simulated water table fluctuations are quite synchro-

nous, except for a lag at the end of the 2007 simulation and a mismatch in deep response at around 1300–

1400 h of the 2009 run. In the former case, the simulated water table peaks (as well as streamflow) antici-

pate the measured ones because of a snowfall event that the CATHY model treated as rainfall precipitation,

whereas in the latter case a couple of DWT peaks simulated by the model are not recorded by the observa-

tion wells, perhaps due to deep infiltration into the bedrock that the model does not capture because of

the no-flux boundary condition at the domain bottom. Note that, consistently with field observations

[Penna et al., 2011, 2013b], the model generated surface runoff only through the mechanism of saturation

from below, infiltration excess processes being negligible in this study area.

Table 1 summarizes the performance for the calibration and validation simulations evaluated by means of

three different measures: the Willmott [1981] index of agreement (WI), the correlation coefficient R, and the

root-mean-square error (RMSE). Parameter WI ranges from 0, indicating no agreement, to 1, which ensures

a perfect reproduction, and is insensitive to a number of potential additive and proportional differences

between observed and predicted values. For this reason, it is more suitable than the usual Nash-Sutcliffe

coefficient to assess water table dynamics in our simulations. Note that the correlation coefficient consis-

tently decreases from the shallow (0.79 and 0.87) to intermediate (0.73 and 0.76) to deep water table zones

(0.45 and 0.58), suggesting that the model has some difficulty reproducing the water table dynamics close

to the (hypothesized) bedrock.

3.3. Reproduction of Observed Storage-Discharge Dynamics
Figure 4 shows the simulated and measured hysteretic loops of the water table-streamflow relationships

for the three groups of observation wells and for the rainfall-runoff events that occurred on 7 and 8 August

2009 and 16–18 August 2009. For consistency in the description of loop directions reported in the literature

and in our own work, in this paper all storage-discharge relationships are interpreted in a reference frame

with the storage variable plotted on the abscissa and the discharge variable on the ordinate. Although the

measured and simulated data are not perfectly matched in absolute terms, the nonlinear dynamics is very

well reproduced by the model for all three groups of observation wells. The only exception occurs for the

DWT loop of the 16–18 August event, for which the measured loop is nearly invisible due to the lack of

observation well response while the simulated loop is present and moreover consistent with the one of

the 6–8 August event.
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With the CATHY model, we can examine whether hysteresis also manifests itself in the subsurface storage-

discharge relationship. Figure 5 shows the total subsurface storage, the saturated subsurface storage, and

the unsaturated subsurface storage as a function of the streamflow discharge as simulated by the model

during the rainfall-runoff events of 7 and 8 August 2009 and 16–18 August 2009. The hysteretic loops agree

with the ones of the water table-discharge relationship and show that the dynamics is mainly controlled by

the saturated zone. This can be seen in comparing the range of variation for total volume (�20 mm for 7

and 8 August and �10 mm for 16–18 August) and for saturated storage (�50 mm for 7 and 8 August and

�30 mm for 16–18 August). Hysteresis in unsaturated storage versus discharge follows the dynamics of sat-

urated storage but in the opposite direction (anti-clockwise loop) because as the water table rises (and

thus saturated zone storage increases), the depth of the unsaturated zone (and thus its total storage)

decreases.

An analogous hysteretic behavior can be observed when plotting the water table in the DWT-observation

wells as a function of the same variable in the SWT cluster (Figure 6). Deep water tables are typically slower

to respond than shallow water tables, but once triggered can rise rapidly, followed by a slow decrease dur-

ing the recession phase. As a result, for the same SWT value, the DWT value is higher in the recession phase

than in the rising limb of the hydrograph. Similar though less pronounced behavior is observed for IWT ver-

sus SWT water table depths. As can be seen in Figure 6, there is again good agreement between the

observed data and the simulated dynamics.

4. Larch Creek Catchment: Synthetic Experiments

4.1. Model Setup
Several features of the experimental setup from the previous section impose constraints on the results

obtained: instruments located mainly in the lower portion of the catchment, because sensors could not be

easily installed on the steep slopes at

higher elevations; a shallow soil of 1.05

m, conditioned by the depth to refusal

of the observation wells; and an imper-

meable catchment base, thereby

neglecting any bedrock leakage effects

[e.g., Broda et al., 2011]. In this section,

we present a series of virtual simula-

tions that overcome these limitations.

These additional experiments allow us

to investigate the dependence of non-

linear processes on the properties of

the catchment thickness and zonation

(lateral heterogeneity). We also exam-

ine the response of the watershed

along two transects, the first transver-

sal to the stream flow direction and

the second along the stream flow

direction (transects 1 and 2, respec-

tively, in Figure 1).

We carried out eight simulation scenar-

ios in which a thicker grid with a flat

base is used for the study domain, sim-

ulating a soil deposit over a more or

less impermeable bedrock. At the low-

est topographic point, corresponding

to the outlet of the catchment, a total

thickness (surficial deposits plus bed-

rock aquifer) of 8.0 m was assigned to

the three-dimensional finite element
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grid. With a total topographic

relief of 136 m for the catchment,

the flat base configuration

resulted in a maximum thickness

(at the southern end of the

catchment) of 144 m. A total of

15 layers was used for the verti-

cal discretization, the top nine

for the soil deposit and the last

six for the underlying bedrock

formation. Each layer, except the

bottommost one, was aligned

parallel to the surface and

assigned a uniform thickness.

The thinnest layer (0.04 m) is at

the surface, as in the grid described in the previous section. The layers were progressively coarsened with

depth, to a thickness of 1.29 m for layers 13 and 14. A thickness ranging from 3.07 m (north end of the

catchment) to 138.86 m (south end) was assigned to the bottommost layer 15. As a consequence, the soil

formation has a constant thickness of 1.05 m, while the underlying bedrock formation has a spatially vari-

able thickness, from a minimum of 6.95 m at the northern tip of the watershed to a maximum of 142.95 m

at the southern margin, where surface elevations are higher. In the first four scenarios (Table 2), the soil

and bedrock are laterally homogeneous and the hydraulic conductivity of the six bedrock layers is progres-

sively decreased from scenarios 1 to 4 so as to simulate increasing impermeability of the formation under-

lying the soil zone. From the fifth to the eighth scenarios (Table 2), the distinction between riparian and

hillslope zones is maintained as in the previous section and the bedrock hydraulic conductivity is again

progressively decreased.

Atmospheric forcing for the virtual simulations consisted of an initial 6 h period of 1024 mm/h evaporation

followed by a constant rainfall of 25 mm/h for 15 h and concluding with another period of evaporation at

a rate of 1024 mm/h until the end of the simulation. A long simulation period was used (5760 days) to fully

capture the recession phase for all the scenarios. For the drainage episodes before and after the rain event,

a very small evaporation rate was imposed instead of zero atmospheric forcing as this enhances numerical

convergence in the CATHY model. Initial conditions for all scenarios were generated by a steady state simu-

lation with the parameters of scenario 1, a high-constant rainfall rate of 0.228 mm/h (2000 mm/a), and a

seepage face at the outlet to allow for groundwater outflow. Therefore, all the simulations started with the

same pressure head distribution and wet conditions, ensuring that a large fraction of the catchment area

contributes to runoff generation. As in the previous section, all runoff is generated by the saturation excess

mechanism.

4.2. Simulation Results
Figure 7 shows the hysteretic loops between discharge and subsurface storage for the eight simulation

scenarios described earlier (see also Table 2). The direction of the loops is always clockwise, but the shape

changes according to the degree of imperviousness of the bedrock. As the hydraulic conductivity of the
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Figure 6. Nonlinear hysteretic relationships in simulated and observed water table

responses between (a) SWT and DWT observation wells for the 7 and 8 August 2009

event and (b) SWT and IWT observation wells for the 16–18 August 2009 event.

Table 1. Performance Indices for the 2007 and 2009 Simulations of Streamflow, Water Table in the Three Different Zones, and Soil

Moisturea

2007 2009

WI R RMSE WI R RMSE

Streamflow 0.91 0.85 2.01 m3/h 0.85 0.84 1.69 m3/h

SWT 0.62 0.79 0.18 m 0.60 0.87 0.23 m

DWT 0.44 0.45 0.19 m 0.69 0.58 0.05 m

IWT 0.31 0.73 0.32 m 0.42 0.76 0.24 m

Soil moisture 0.85 0.87 0.01 0.73 0.89 0.02

aWI 5 Willmott [1981] index of agreement, R 5 correlation coefficient, RMSE 5 root-mean-square error. Time resolution of the data

sets is 15 min for streamflow and water table, 1 h for soil moisture.
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bedrock formation decreases, the bedrock aquifer becomes increasingly inaccessible for storage and the

fraction of rainfall available for runoff increases, thus the range of variability of streamflow becomes pro-

gressively larger than the range of variability of storage. Note that the subsurface storage values are much

higher than those shown in Figure 5, due to the much thicker domain and wetter conditions used in these

simulations.

An analysis of the spatial variation of the water table response times was carried out for the two transects

shown in Figure 1. Figure 8 shows the time at which the water table begins to respond to the rainfall event

(‘‘rise time’’) and the time at which the water table begins to drop (‘‘fall time’’) as functions of the distance

along the transects for scenarios 1–4, as well as the corresponding water table profiles at the rise and fall

times. For the transverse transect (‘‘1’’ in Figure 1), the 0 m coordinate corresponds to the watershed divide

while the stream is located at approximately 60 m from the divide. For the longitudinal transect (‘‘2’’ in Fig-

ure 1), 0 m corresponds to the watershed outlet, while 250 m is the watershed divide. The response of the

streamflow hydrograph is perfectly synchronous with the rain event, beginning its rise at the start of rain-

fall (6 h) and its recession at the end of the event (21 h). For all four scenarios, the response times of the

water table correspond to the streamflow response times for a portion of the transects close to the stream

or outlet (from 20–30 to 80 m for transect 1 and from 0 to 40–50 m for transect 2), where the water table is

very shallow or at the surface. At the edge of these regions, we discern a threshold point where there is a

jump in response times corresponding to deeper water tables. Decreasing the bedrock hydraulic conduc-

tivity affects only the values of the water table rise and fall times, but not the threshold distance, which

does not change for scenarios 2–4. Scenario 1 (fully homogeneous) is an exception, with the threshold dis-

tance occurring further upslope (transect 1) or upstream (transect 2), probably due to the larger hydraulic

conductivity that allows a faster infiltration front and thus a faster response of the water table. The longitu-

dinal profiles (transect 2) are consistent with field observations that found the water table to be practically

at the surface up to a distance of about 50 m from the watershed outlet. These results are also consistent

with analyses carried out in a

Swedish till catchment by Seibert
et al. [2003], who found that the

correlation between ground-

water levels and hillslope runoff

was strong within the riparian

zone (<35 m from the stream in

their case) and dropped abruptly

in the upslope zone (>60 m from

the stream), resulting in different

characteristic response times

between upslope and stream/

riparian groundwater.

Figure 9 is analogous to Figure 8

but for scenarios 5–8, highlight-

ing in this case the impact of lat-

eral heterogeneity, since in these

scenarios we attribute different
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Figure 7. Hysteretic loops of the storage-discharge relationship for scenarios 1–8. The

loops cover the entire simulation period (5760 days).

Table 2. Hydraulic Conductivity Values Used in the Numerical Experiments Carried Out With the Flat Bedrock Geometry

Scenario

Ksoil (m/h) Kbedrock (m/h)

Riparian Hillslope Riparian Hillslope

1 1.376 3 1021 1.376 3 1021

2 1.376 3 1021 1.376 3 1022

3 1.376 3 1021 1.376 3 1023

4 1.376 3 1021 1.376 3 1024

5 1.014 3 1022 1.464 3 1021 1.014 3 1022 1.464 3 1021

6 1.014 3 1022 1.464 3 1021 1.014 3 1022

7 1.014 3 1022 1.464 3 1021 1.014 3 1023

8 1.014 3 1022 1.464 3 1021 1.014 3 1024
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values to parameters Ks and Ss for the hillslope and riparian areas (Figure 1 and Table 2). The results are

broadly consistent with those of scenarios 1–4 for the transverse profile (transect 1), as the riparian area

coincides with the zone close to the stream regardless of the subsurface parameters. The major impact of

the different soil properties is noticeable for the longitudinal profiles (transect 2), where the response times

always exhibit a decrease in correspondence of the hillslope zone due to the higher hydraulic conductivity.

This effect is more evident for scenarios 5 and 6, where the ‘‘sawtooth’’ trend is clearly visible, and tends to

smooth out as the hydraulic conductivity of the bedrock decreases. The blue lines (Scenario 8) vanish at

�10 m in the transverse profiles and at �200 m in the longitudinal profiles because beyond those points

the water table does not show any response.

Figure 10 shows the simulated water table profiles along the transverse and longitudinal transects at the

beginning and at the end of the simulations, along with the soil surface profiles. Comparing this figure

with Figures 8 and 9, it appears that the main control on the response time is exerted by the local terrain

slope. The threshold distances in Figures 8 and 9 coincide with points in Figure 10 where a significant

change in slope first occurs (i.e., at a distance of �30 m for the transverse profile and �50 m for the longi-

tudinal profile) and where the water table becomes increasingly deep. A second change in slope occurs at

�150 m for the longitudinal profile, with less dramatic but still apparent effects on the water table, espe-

cially in scenarios 3, 4, 7, and 8.

5. V-Shaped Catchment Synthetic Experiments

5.1. Model Setup
The v-catchment is formed by 81 3 81 DEM cells, 3 m 3 3 m each, with three different topographic config-

urations: no riparian zone (DEM 1), a 9 m wide riparian zone (DEM 2), and a 21 m wide riparian zone

(DEM 3). In DEM 1 (Figure 11), a single line of DEM cells at the valley bottom represents a straight creek or

river, while in DEM 2 and DEM 3 the number of these cell lines is increased to three and seven, respectively.

The catchment area is 59,049 m2 and the slope is 30% along the x coordinate and 3% along the y coordi-

nate. The soil depth increases linearly from 0.5 m at the divide to 1 m under the valley floor (as a conse-

quence the average soil depth increases slightly from DEM 1 to DEM 2 to DEM 3). The three DEMs are

intended to be simplified representations of the typical topography of small catchments in the study area.
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Figure 8. (top) Time at which the water table starts to rise (solid lines) and to fall (dashed lines) as a function of distance along the trans-

verse and longitudinal transects (see Figure 1) for scenarios 1–4; (middle) Profile of water table depth at rise time; (bottom) Profile of

water table depth at fall time. The dotted horizontal lines in the top graphs show the rise (6 h) and fall (21 h) times for the discharge

response. Note that the water table depths in the middle and bottom plots refer to different times.
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The subsurface parameter values are equal to the ones described earlier in section 3.1, except for Ks and Ss

which are now considered to be spatially homogeneous and equal to 1.46 3 1021 m/h and 7.92 3 1023

m21, respectively. The initial conditions consist of a 0.5 m deep water table under the creek/riparian zone

and completely unsaturated hillsides. For each catchment, two storm scenarios are simulated with different

rainfall durations but the same rainfall intensity (25 mm/h): Scenario 1, a long rainfall event (15 h) with the

same atmospheric forcing described in section 4.1; and Scenario 2, a relatively short rainfall event (5 h,

from t 5 6 h to t 5 11 h). In both scenarios, the simulation time is 1460 h (�60 days).

2000

2008

2016

2024

2032

E
le

va
tio

n 
(m

 a
sl

) Scenario 1
Scenario 2
Scenario 3
Scenario 4

2000

2025

2050

2075

2100

2125

E
le

va
tio

n 
(m

 a
sl

)

0 20 40 60
Distance along the transverse profile (m)

2000

2008

2016

2024

2032

E
le

va
tio

n 
(m

 a
sl

) Scenario 5
Scenario 6
Scenario 7
Scenario 8

0 50 100 150 200 250
Distance along the longitudinal profile (m)

2000

2025

2050

2075

2100

E
le

va
tio

n 
(m

 a
sl

)

Figure 10. Soil profile elevation (solid brown lines), water table profile at the beginning of the simulations (circles), and water table pro-

files at the end of the simulations for scenarios 1–8.
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5.2. Simulation Results
Figures 12a and 12c show the

dimensionless streamflow hydro-

graph for the three v-catchments

and two scenarios. Streamflow

normalization is achieved by

dividing the computed discharge

by the maximum possible dis-

charge, i.e., 59,049 m2 3 0.025

m/h 5 1476.2 m3/h, which can

be reached only when the catch-

ment is completely saturated. In

Scenario 1, the three catchments

saturated completely due to the

long rainfall duration, and sur-

face runoff generated by satura-

tion from below was triggered in

the riparian zone as well as in the

hillslopes. In Scenario 2, the three

catchments partially saturated

and only a small portion around

the riparian zone experienced a

water table response. The main

differences between the three configurations are manifest particularly in Scenario 2, where DEM 3 shows a

higher rate of discharge increase in the rising limb of the hydrograph compared to DEM 2 and DEM 1. This

is due to the wider riparian zone, which reacts quickly to the rainfall event and leads to a higher peak dis-

charge. The same process can also be observed in Scenario 1, where, starting from about t 5 11 h, the hill-

slopes begin to saturate and the rising limbs in the three hydrographs display a significant deceleration

leading eventually to a merging of the three curves.

Figures 12b and 12d show the dimensionless storage-discharge relationships for the three v-catchments

and two scenarios. Storage normalization is achieved by dividing the computed total storage by the maxi-

mum water that could be stored in the basin at saturation. As for the Larch Creek simulations, the hyste-

retic loops are always in a

clockwise direction. The differen-

ces in hysteretic behavior

between the three v-catchments

are more significant in Scenario 2

than in Scenario 1. This is

because for the relatively short

rain event of Scenario 2 surface

runoff was generated almost

exclusively in the riparian area,

whereas for the long event of

Scenario 1 the hillslope zone also

generated runoff and the relative

importance of the riparian zone

decreased.

The same analysis of the spatial

variation of water table response

time described in section 4.2 was

repeated for Scenario 1, for

which the rainfall event is long

enough to trigger a response

over the whole catchment.

Figure 11. Digital elevation model (DEM) of the synthetic v-catchment with no riparian

zone (DEM 1). Colorbar on the right denotes elevations in m. Dashed black lines indicate

two transects used for the subsequent analysis of water table response times. DEM 2

and DEM 3 (not shown) have similar topography but with a 9 and 21 m wide riparian

zone, respectively.

Figure 12. (a and c) Streamflow hydrographs and (b and d) storage-discharge relation-

ships for (a and b) Scenario 1 (long rainfall event) and (c and d) Scenario 2 (short rainfall

event) for the three v-catchments. Discharge and storage are normalized as described in

section 5.2.. The curves in Figures 12b and 12d are in the clockwise direction.
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Figure 13 shows the time at which the water table begins to rise in response to the rainfall event in the

transverse transect (Figure 13a) and in the longitudinal transect (Figure 13b) (the transects can be seen in

Figure 11). Figure 13a clearly demonstrates the impact of the riparian zone width on the water table

dynamics, with a very quick response within the riparian zone and a significant increase in rise time as soon

as the terrain starts to climb. The numerical artifact on the left edges of the curves is due to proximity to

the boundary. Figure 13b, which shows the water table response along the longitudinal transect, highlights

the impact of soil depth on the water table dynamics. The water table response in the hillslopes slows

down slightly as the width of the riparian zone increases, in correspondence to the soil growing gradually

thicker from DEM 1 to DEM 2 to DEM 3.

In summary, the simulation results with the simplified geometry of the synthetic v-catchments confirm

what was found previously for the more complex LCC, i.e., that topography is the primary factor controlling

the nonlinear characteristics of the storage-discharge relationship. This control is exerted primarily through

the distinction between a riparian zone, normally characterized by shallow water table and fast response,

and a hillslope zone, whose response, once triggered by large enough rainfall events, contributes signifi-

cantly to runoff generation.

6. Summary and Conclusions

A three-dimensional Richards equation-based hydrological model, CATHY, applied to a mountain head-

water catchment in the Italian Alps has been shown to be able to reproduce complex nonlinear behaviors,

such as thresholding and hysteretic storage-discharge relationships, observed in the field. No ad hoc

parameterization of soil hysteresis or other possible controlling mechanism was introduced into the model.

Process-based distributed models of surface/subsurface water flow such as CATHY are thus useful tools for

probing the mechanisms of streamflow generation at the hillslope and catchment scales.

In the LCC, hysteresis is the result of different response times between hydrological processes that involve

fast surface flows and slower subsurface flows. This difference in response times creates hysteretic behavior

in the relation between streamflow and storage that is shown to be typically characterized by a clockwise

direction of the loops (i.e., streamflow response is faster than storage response). So for instance, for the

same discharge value and taking water table level as the storage variable, the water table will be higher in

the recession phase than during the rising limb of the hydrograph, due to the slower response of ground-

water to a rainfall event. In other results, the CATHY simulations suggest that soil moisture is more persis-

tent than streamflow, especially in catchment locations where the water table tends to be shallow (e.g., in

riparian areas), since in these near-stream regions upslope water is still being redistributed after a rainfall

event. These downslope zones typically have a large drainage or contributing area and stay wet even after

rainfall and during streamflow recession due to subsurface soil moisture redistribution.

Such behavior was also found in other experimental catchments with similar physiographic properties

[e.g., Myrab�, 1997; Kendall et al., 1999; McGlynn et al., 2004; Lana-Renault et al., 2013], where the organiza-

tion and the distribution of dominant landscape features were identified as the main controlling factors for

the storage-discharge relationship. A common theme that emerges in these studies is the importance of

the hydrological connectivity

between the different landscape

features (i.e., hillslope and ripar-

ian zone), which is often ascribed

to macropore flow or other pref-

erential pathways. We show here

that empirically observed con-

nectivity dynamics can be simu-

lated without resorting to such

mechanisms.

Additional numerical experi-

ments were also carried out for a

synthetic rainfall-runoff event to

investigate the effects of aquifer

Figure 13. Water table response time (time at which the water table begins to rise) for

DEM 1 (black), DEM 2 (red), and DEM 3 (green) along (a) the transect transversal to the

creek/riparian zone and (b) the longitudinal transect. The black, red, and green bands in

the middle of Figure 13a represent width and position of the creek/riparian areas for

DEM 1, DEM 2, and DEM 3, respectively. Ground surface elevation in Figure 13b increases

from X 5 0 m (downstream) to X 5 240 m (upstream).
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thickness, bedrock leakage, and soil heterogeneity (in particular the distinction between riparian and hill-

slope zones) on catchment response and nonlinear behavior. The results confirm that the primary control

on the nonlinear catchment response is exerted by topography. Soil heterogeneity (represented here as

lateral zonation) and bedrock imperviousness play a secondary role, affecting only the values of the varia-

bles of interest (water table levels and streamflow discharge) and the response times, but not the general

nonlinear patterns.

The findings from the Larch Creek simulations are corroborated by a final series of numerical experiments

carried out for a simple v-shaped catchment in three topography configurations: no riparian zone, a 9 m

wide riparian zone, and a 21 m wide riparian zone. During very wet conditions (caused by a long rainfall

event), when the catchments are saturated, hillslope-riparian flowpaths are activated, water is transmitted

rapidly from the hillslopes through the riparian zone to the stream, the time lag between streamflow and

storage is reduced, and differences in the hysteretic behavior between the three topographies are less

manifested. Conversely, during dry or relatively dry conditions (smaller/shorter rainfall events), only riparian

groundwater or groundwater at the bottom of the hillslope responds, the hillslope contribution to runoff

is limited, water flows are slower, the time lag between streamflow and storage increases, and differences

in the hysteretic behavior between the three configurations are more marked. The results of the v-

catchment experiments, which are not affected by factors such as soil or bedrock aquifer heterogeneity,

confirm that topography and soil depth exert a strong control on nonlinear storage-discharge dynamics.

Our modeling results at the LCC are consistent with field observations, hydrometric measurements, and

tracer tests conducted in the same study area [Penna et al., 2011, 2013a, 2013b] and provide a new per-

spective on the internal functioning of humid catchments.
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