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ABSTRACT 

This thesis aims to enhance the understanding of the hydrological functioning of headwater 

catchments by focusing on i) how rainfall patterns controls spatial and temporal variability of 

soil moisture, and ii) how the soil moisture variability provide a control to the catchment 

response. 

A first analysis of the spatial variability of soil moisture was carried out for data at 0-30 and 0-60 

cm depth collected on a plot in Grugliasco (Po Plain, Northern Italy), characterized by two land 

uses (meadow and vineyard). Results showed that the differences in spatial mean and 

variability of soil moisture for the meadow and the vineyard are likely due to the different 

vegetation cover. Evaluation of the main physical controls on the spatial mean and the 

variability of soil moisture was carried out by using a simple bucket model. The model was 

calibrated by using spatial mean soil moisture and it had a relatively good prediction capability. 

The model was also shown to be able to capture the main differences between the two sites in 

terms of spatial variability of soil moisture. 

The spatial and temporal variability of soil moisture was also analyzed in relation to throughfall 

spatial patterns in plot on a forested hillslope in the Italian pre-Alps. Throughfall was measured 

using two types of throughfall collectors: buckets and rain gauges. The collectors differed in 

size, number and spatial arrangement. Results showed that buckets and rain gauges measured 

similar throughfall amounts during rainfall events. However, findings indicate that different 

collectors can lead to differences in the quantified spatial variability of throughfall and presence 

of local clusters and outliers. 

Near-surface soil moisture was measured upslope of each bucket, at 0-7 and 0-12 cm depth 

before and after rainfall events. Throughfall and soil moisture spatial patterns were not 

significantly or only weakly correlated, likely due to the lateral and vertical redistribution of 

water in the soil profile during the 2-36 hour period between the end of the rainfall event and 

the start of the soil moisture measurements. The temporal stability of soil moisture was larger 

than the temporal stability of throughfall and they were also not significantly correlated. The 

patterns of temporal stability were also not related to canopy characteristics (i.e., canopy 

openness and leaf area index). The application of the simple bucket model revealed that a large 

spatial variability in saturated hydraulic conductivity that is correlated with the spatial 

variability in leaf area index and root fraction weaken the correlation between throughfall and 

soil moisture patterns. The analysis of field data combined with the model application suggests 



16 

 

that in this specific forested hillslope the spatial organization of soil moisture is dominated by a 

combination of soil properties and vegetation characteristics, rather than by the throughfall 

spatial patterns. 

Saturation at the soil-bedrock interface or the rise of shallow groundwater into more 

permeable soil layers results in subsurface stormflow and can lead to hillslope-stream 

connectivity. Networks of spatially-distributed piezometers in five small headwater catchments 

in the Italian Dolomites and the Swiss pre-Alps were used to quantify and compare the spatial 

and temporal variability of subsurface connectivity and its relation to streamflow dynamics. 

Results showed that the time that piezometers were connected to the stream was significantly 

correlated to the topographic wetness index, for two Swiss pre-alpine catchments, or to the 

distance to the nearest stream, for the dolomitic catchment with the largest riparian zone. 

During rainfall events, mainly anti-clockwise hysteretic relations between streamflow and the 

area that was connected to the stream were observed. Threshold-like relations between 

maximum connectivity and total stormflow and between maximum connectivity and the sum of 

total rainfall plus antecedent rainfall were more evident for the dolomitic catchments, where 

the riparian zone is characterized by a groundwater table near the soil surface. These 

preliminary results suggest that the delayed increase in subsurface connectivity relative to 

streamflow is likely not affected by the presence of a riparian zone. However, further analyses 

are needed to determine if morphology of the catchments affect the observed relations 

between subsurface connectivity and total stormflow. 

Finally, this thesis attempted to develop an index for the quantification of hysteretic loops 

between hydrological variables at the runoff event timescale. The index provides information 

on the direction, the shape and the extent of the loop. The index was tested with synthetic data 

and field data from experimental catchments in Northern Italy. Hysteretic relations between 

streamflow and soil moisture, depth to water table, isotopic composition and electrical 

conductivity of stream water were correctly identified and quantified by the index. The 

sensitivity of the index to the temporal resolution of the measurements and measurement 

errors was also tested. The index can successfully quantify hysteresis, except for very noisy data 

or when the temporal resolution of the measurements is not well suited to study hysteresis 

between the variables. Overall, this metric can be used to test if models reproduce temporal 

variability in hysteresis or to compare hydrological responses in different catchments or at 

different spatial scales. 



17 

 

RIASSUNTO 

Questa tesi ha lo scopo di migliorare la comprensione del funzionamento idrologico di bacini di 

testata analizzando i) come la precipitazione controlli la variabilità spaziale e temporale 

dell’umidità del suolo e ii) come quest’ultima a sua volta eserciti un controllo sulla risposta 

idrologica di bacino. 

Una prima analisi della variabilità spaziale dell’umidità del suolo è stata effettuata su dati 

raccolti a 0-30 e 0-60 cm di profondità in una griglia sperimentale presso Grugliasco (Provincia 

di Torino), caratterizzata da due diversi usi del suolo (prato e vigneto). I risultati hanno 

evidenziato che le differenze nella media e nella variabilità spaziale  dell’umidità del suolo sono 

probabilmente dovute alla diversa copertura vegetazionale su prato e su vigneto. Un semplice 

modello a serbatoio (bucket) è stato usato per valutare i fattori principali che controllano 

l’umidità media del suolo. Il modello, calibrato sulle serie temporali di umidità media, ha 

dimostrato una relativamente buona capacità predittiva. Inoltre, il modello è stato in grado di 

rappresentare le differenze principali nella variabilità spaziale dell’umidità del suolo dei due usi 

del suolo. 

La variabilità spaziale e temporale dell’umidità del suolo è stata analizzata anche in relazione 

con i campi spaziali di precipitazione sottochioma determinati in una griglia sperimentale 

presso un versante forestato delle Prealpi Vicentine. La precipitazione sottochioma è stata 

misurata con due tipi di campionatori volumetrici di tipo manuale: secchi e pluviometri 

totalizzatori. I campionatori differivano per numerosità, superficie di campionamento e 

distribuzione spaziale. Questo confronto metodologico ha evidenziato che secchi e pluviometri 

totalizzatori misurano quantità simili di precipitazione sottochioma. Nonostante ciò, i risultati 

indicano che esistono delle differenze nella variabilità spaziale e nella determinazione di 

clusters e outliers di precipitazione sottochioma da parte dei due tipi di campionatori. 

L’umidità del suolo è stata misurata a 0-7 e 0-12 cm di profondità, poco a monte di ciascun 

secchio, prima e dopo gli eventi piovosi. I campi spaziali di precipitazione sottochioma e umidità 

del suolo sono risultati poco o per nulla statisticamente significativi, probabilmente a causa 

della redistribuzione laterale e in profondità dell’acqua nelle 2-36 ore comprese tra la fine 

dell’evento piovoso e l’inizio dei campionamenti dell’umidità del suolo. È stata osservata una 

maggiore stabilità temporale dell’umidità rispetto alla precipitazione sottochioma e anche in 

questo caso la correlazione è risultata non significativa. La copertura delle chiome e l’indice di 

area fogliare non sono risultate correlate con la stabilità temporale della precipitazione 
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sottochioma. L’applicazione del modello a serbatoio ha mostrato che un’elevata variabilità 

spaziale della conducibilità idraulica a saturazione in correlazione con l’indice di area fogliare e 

la frazione di radici nel profilo di suolo tende a far diminuire la correlazione tra campi spaziali 

della precipitazione sottochioma e dell’umidità del suolo. I risultati ottenuti con l’integrazione 

dell’analisi dei dati osservati con l’applicazione modellistica fanno ipotizzare che, in questo 

specifico versante forestato, l’organizzazione spaziale dell’umidità sia dominata da una 

combinazione delle proprietà del suolo e delle caratteristiche vegetazionali piuttosto che dai 

campi spaziali della precipitazione. 

Il deflusso sottosuperficiale è in genere innescato dallo sviluppo di una zona satura presso 

l’interfaccia suolo-roccia madre o dalla risalita della falda effimera in orizzonti di suolo più 

permeabili. Lo sviluppo di deflusso sottosuperficiale condiziona, quindi, la connettività 

versante-torrente. Reti di piezometri spazialmente distribuiti in cinque bacini nelle Dolomiti e 

nelle Prealpi Svizzere sono state usate per quantificare e confrontare la variabilità spazio-

temporale della connettività sottosuperficiale e la sua relazione con i deflussi alla sezione di 

chiusura. I risultati hanno evidenziato che il tempo totale durante il quale i piezometri erano 

connessi con il torrente è risultato significativamente correlato con l’indice topografico di 

saturazione, in due bacini svizzeri, o con la distanza minima dal corso d’acqua, nel caso del 

bacino dolomitico con l’area riparia più estesa. Durante gli eventi afflussi-deflussi sono state 

rilevate relazioni isteretiche principalmente antiorarie tra il deflusso alla sezione di chiusura e la 

superficie del bacino connessa con il torrente. Inoltre, relazioni a soglia più marcate sono state 

osservate tra connettività massima e deflusso diretto e tra connettività massima e somma della 

precipitazione totale con quella dei giorni antecedenti, per i due bacini dolomitici, caratterizzati 

da livelli di falda nella zona riparia più vicini alla superficie del suolo. Questi risultati preliminari 

indicano che un ritardo nell’aumento della connettività rispetto all’incremento dei deflussi non 

è probabilmente riconducibile alla presenza di una zona riparia. Nonostante ciò, ulteriori analisi 

sono necessarie per stabilire se la morfologia dei bacini condizioni le relazioni tra connettività 

sottosuperficiale e deflussi alla sezione di chiusura. 

Infine, in questa tesi è stato proposto un indice per la quantificazione dell’isteresi tra variabili 

idrologiche a scala di evento afflusso-deflusso. L’indice fornisce informazioni sulla direzione, la 

forma e l’area dell’isteresi. Test sull’indice sono stati eseguiti con dati sia sintetici che osservati 

da bacini sperimentali nell’Italia Settentrionale. Le relazioni isteretiche tra portata e umidità del 

suolo, livello di falda, composizione isotopica e conducibilità elettrica dell’acqua di torrente 
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sono state correttamente identificate e quantificate dall’indice. Inoltre, sono stati effettuati test 

di sensibilità alla risoluzione temporale e agli errori di misurazione. L’indice ha quantificato 

l’isteresi in modo soddisfacente, tranne in presenza di dati affetti da rumore o quando la 

risoluzione temporale delle misurazioni non è risultata accettabile per lo studio dell’isteresi. Nel 

complesso, l’indice qui proposto può essere adottato per valutare la capacità dei modelli 

idrologici di identificare la variabilità temporale dell’isteresi o per confrontare la risposta 

idrologica di bacini differenti o a diverse scale spaziali. 
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1. INTRODUCTION  

Every catchment has its own distinct fingerprint or set of characteristics. The interactions 

between structural characteristics, such as topography, geology, soil and vegetation, greatly 

influence how a catchment responds to the driving forces (rainfall, snowmelt and 

evapotranspiration). Understanding the controls on the hydrological response is fundamental 

to elucidate and make predictions on floods, erosion and sedimentation processes and 

dispersion of nutrients and pollutants. Furthermore, improving our knowledge of catchment 

hydrology allows for a better identification of the effects of climate, anthropogenic and natural 

geomorphic changes on the catchment hydrological behavior. Assessing the relation between 

the hydrological response and the factors controlling it, as well as the identification of 

similarities in runoff generation mechanisms and the structural attributes of different 

catchments, are also important to predict the response of ungauged catchments to the 

hydrometeorological forces. 

The comprehension of the hydrological behavior is possible because catchments are organized 

systems (e.g., Dooge, 1986) and are not governed by random processes (Sivapalan, 2005). 

However, our knowledge is still limited because the level of heterogeneity in catchment 

properties determines process variability at different spatial and temporal scales (McDonnell et 

al., 2007; Tetzlaff et al., 2008). The observed heterogeneity is due to the variability in spatial 

and temporal patterns (i.e., observations reflecting the level of organization of hydrological 

systems). While patterns can be detected by accurate measurements, measuring or inferring 

hydrological processes (i.e., the interactions between different properties of a system) and 

functions (i.e., the mechanisms from which patterns and processes emanate) (Sivapalan, 2005) 

has proven to be a more difficult task. The need to overcome studies on small-scale variability 

to understand catchment dominant processes has led hydrologists to formulate a unified 

theory (Sivapalan, 2005; McDonnell et al., 2007) based on the examination of patterns, 

processes and function. McDonnell et al. (2007) and Sivapalan (2005) pointed out that 

advances in catchment hydrology studies will be possible by insightful analyses of process 

complexity, the understanding of catchment function and the exploration of the underlying 

principles connecting patterns and processes with function. 

In catchment hydrology, understanding the variations in water storage in the unsaturated and 

saturated zone is fundamental for the interpretation and prediction of runoff generation in 
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relation with the hydrometeorological forcing. In this context, soil moisture and groundwater 

represent the key variables for the comprehension of the hydrological response of a catchment. 

Soil moisture plays a major role in controlling the partitioning of water and energy fluxes at the 

ground surface and is the physical linkage between soil, climate and vegetation (Albertson and 

Montaldo, 2003; Rodríguez-Iturbe and Porporato, 2004). Moreover, soil moisture controls 

infiltration (Bronstert and Bárdossy, 1999; Raats, 2001), vegetation dynamics (Porporato et al., 

2004), flood formation processes (Borga et al., 2007) and water distribution by feedback 

mechanisms between land surface and atmosphere (Koster et al., 2004). Soil moisture is 

characterized by a large variability in space and time: at the small scale this variability is 

controlled by topography, soil and vegetation properties, while at the large scale spatial and 

temporal patterns of soil moisture are driven by precipitation and evapotranspiration (Entin et 

al., 2000). The study of the spatial and temporal variability of soil moisture at the small scale 

(plot, hillslope or small catchment) is of particular interest because it improves our 

understanding of how the structural attributes, such as topography, soil type and permeability 

and vegetation, influence infiltration processes and lateral redistribution of soil moisture.  

At the catchment scale the relation between soil moisture and runoff generation is strongly 

non-linear (e.g., Tromp-van Meerveld and McDonnell, 2005; James and Roulet, 2007; Penna et 

al., 2011) and, particularly, hysteretic relations have been found between streamflow and soil 

moisture at the rainfall-runoff event timescale. This non-linearity is associated with the 

catchment state (antecedent wetness conditions) and the magnitude of rainfall events. During 

dry conditions, soil moisture is characterized by a spatial disorganization (large spatial 

variability) led by local controls, while the storm runoff is rather small compared to wet 

conditions. Much larger volumes of runoff can be observed during wet conditions and are 

usually linked to highly-organized patterns of soil moisture, which are due to the influence of 

non-local control factors (e.g., upslope contributing areas) and the development of lateral soil 

water fluxes (Ali and Roy, 2009). This non-linear relation between soil moisture and runoff 

generation is assumed to be a consequence of the different level of hydrological connectivity of 

a catchment. The analysis of non-linear behaviors and their controls can lead to a better 

understanding of the mechanisms which link patterns to hydrological processes.  

The analysis of the variability in soil moisture patterns is one of the most popular approaches 

for the investigation of hydrological connectivity (e.g., Western et al., 2001, 2005; Tromp-van 

Meerveld and McDonnell, 2005; James and Roulet, 2007). Recently, approaches based on the 



23 

 

study of groundwater variations were used to infer the processes underlying the development 

of subsurface connections between different areas of a catchment (e.g., Tromp-van Meerveld, 

2006a and b). Subsurface connectivity between different portions of a catchment (e.g., 

hillslopes-riparian zone-stream) results from the development of saturation above less 

permeable layers (e.g., soil-bedrock interface) or when groundwater rises into more permeable 

soil layers, causing lateral water flow reaching the stream network. However, determining 

subsurface hillslope-stream connectivity and the investigation of its spatial and temporal 

variability and its relation with runoff generation mechanisms are difficult tasks because the 

water flow occurs in the subsurface. Common methods for the investigation of surface and 

subsurface connectivity are based on the retrieval of multiple measurements of the same 

variable at different locations and sampling times. Bracken et al. (2013) remarked that these 

multiple snapshots are good to study the structural connectivity and identify potential local 

controls, but often the focus of many studies is not based on the attempt to capture the 

processes responsible for hydrological connectivity. This means that hydrological research 

should develop towards measurements aiming to understand processes underlying the 

response of catchments rather than focusing only on the extreme small-scale heterogeneity of 

the patterns (McDonnell et al., 2007).  

 

1.1. Objectives 

This thesis aims to enhance the understanding of the hydrological functioning of headwater 

catchments by focusing on i) how rainfall patterns controls spatial and temporal variability of 

soil moisture, and ii) how the soil moisture variability provide a control to the catchment 

response. The main objective is developed into five specific objectives: 

1. Analysis of the spatial and temporal variability of soil moisture at the plot scale for two 

different types of land use (meadow and vineyard), and assessment of the capability of 

a dynamic model to explain the soil moisture variability and the effect of land use. 

2. Assessment of the difference in throughfall amount and spatial variability for two types 

of collectors at the plot scale for a forested hillslope. 

3. Analysis of the influence of throughfall spatial patterns on near-surface soil moisture, by 

investigating the relation between the spatial patterns of throughfall and near-surface 

soil moisture at the plot scale for a forested hillslope, and the comparison of the 

temporal stability of throughfall and soil moisture. 
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4. Quantification of the spatial and temporal variability of subsurface connectivity in five 

headwater catchments and assessment of the relation between streamflow dynamics 

and connectivity. 

5. Development of an index to characterize hysteresis between hydrological variables at 

the runoff event timescale. 

 

1.2. Structure of the thesis 

The thesis is divided into seven main sections, in addition to this first introductory chapter. 

Section 2 presents an updated literature review on i) the temporal stability of soil moisture and 

throughfall patterns, ii) subsurface hillslope-stream connectivity and iii) the hysteresis between 

hydrological variables at the runoff event timescale. Section 3 describes the study areas and the 

materials and methods. In Sections 4-8 the results and findings of the individual studies are 

discussed. The analysis of the spatial variability of soil moisture and the capability of a simple 

model to simulate the time series of the spatial mean and standard deviation of soil moisture 

for two sites with different land use is evaluated and discussed in Section 4. Section 5 focuses 

on the quantification of throughfall and the difference in the spatial variability obtained by the 

two types of collectors. Section 6 describes the analysis and modeling of the temporal stability 

of throughfall and near-surface soil moisture. Section 7 focuses on the main controls on 

subsurface connectivity in five headwater catchments. Finally, Section 8 presents the 

application of the hysteresis index to synthetic and field data and the sensitivity analysis of the 

hysteresis index.  

The processes were investigated at the typical spatial and temporal scales for experimental 

catchment hydrology (Fig. 1.2.1). The spatial scales range from the plot scale to the hillslope 

and small catchment scale (< 1 km2), while the temporal scales range from minutes, to hours 

(duration of rainfall-runoff events) to a few years. The influence of sampling methods on 

capturing the real spatial and temporal variability is also considered in the comparison of two 

different types of throughfall collectors and the sensitivity analysis of the hysteresis index to 

temporal resolution and noise in the data. 
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Fig. 1.2.1. Relation between spatial and temporal scales for various hydrological processes (modified 

from: Grayson and Blöschl, 2000). The red dashed rectangle indicates the temporal and spatial scales 

considered in the thesis.  
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2. STATE OF THE ART 

2.1. Temporal stability of soil moisture and throughfall patterns 

Soil moisture is a key variable controlling water and energy fluxes at different spatio-temporal 

scales (Robinson et al., 2008; Vereecken et al., 2008). Soil moisture plays an important role in 

climate dynamics from the regional to the global scale by controlling the exchange and 

partitioning of water and energy fluxes at the land surface. Agricultural and irrigation 

management practices largely depend on a timely and accurate characterization of temporal 

and spatial soil moisture dynamics in the root zone at the field scale. Soil moisture plays a major 

role in the organization of natural ecosystems and biodiversity (Vereecken et al., 2008), flood 

formation (Borga et al., 2007; Norbiato et al., 2009; Brocca et al., 2010), hillslope erosion 

(Cotler and Ortega-Larrocea, 2006) and soil-plant interaction (Laio et al., 2001; Rodríguez-Iturbe 

et al., 2001). Because a thorough comprehension of these hydrological processes requires the 

interpretation of soil moisture patterns, numerous studies focused on the spatial and temporal 

variability of soil moisture across different scales (Albertson and Montaldo, 2003; Famiglietti et 

al., 2008; Penna et al., 2009; Brocca et al., 2007, 2010). 

Temporal stability is a well known concept in hydrology, and especially in studies focusing on 

spatial and temporal patterns of soil moisture. Vachaud et al. (1985) introduced the concept of 

temporal stability and defined it as “the time-invariant association between spatial location and 

classical statistical parameters of a given soil property”. They found that specific locations 

within a field represented the field averaged soil moisture, while other locations were 

consistently wetter or dryer than the average. This means that soil moisture at each sampling 

site varied over time, but that the relative spatial organization of soil moisture was preserved. 

Temporal stability of soil moisture has been reported for different scales: from the plot (e.g., 

Pachepsky et al., 2005; Herbst et al., 2009) to the hillslope (e.g., Penna et al., 2013) to the 

regional scale (e.g., Martínez-Fernández and Ceballos, 2003). Vanderlinden et al. (2012) showed 

that the concept of temporal stability is useful for finding the most time stable sampling 

locations (e.g., Vachaud et al., 1985; Kachanoski and de Jong, 1988), up- and downscaling soil 

moisture measurements (e.g., Cosh et al., 2004; Jacobs et al., 2004) and replacing missing data 

in a dataset (e.g., Pachepsky et al., 2005). Furthermore, temporal stability has been used in 

hydrological modeling (Brocca et al., 2009) and for assimilation of soil moisture monitoring data  

for soil water flow modeling (Pan et al., 2012). 

There are two groups of methods for the computation of temporal stability (Vanderlinden et 

al., 2012). The first group of methods uses all measurements during the sampling period. These 
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methods include mean relative differences (MRD) and time independent spatial patterns (EOF 

analysis). The second group of methods uses pairs of observation times and includes the 

Spearman rank correlation, the Pearson correlation and the temporal persistence regression. 

The mean relative differences (Vachaud et al., 1985) is a rank stability method and is the most 

used technique for the assessment of temporal stability. The description of the method and the 

equations can be found in Section 3.2.4. 

Empirical orthogonal function (EOF) analysis, known also as principal component analysis (PCA), 

is a statistical method used for the analysis of large and multidimensional datasets and for the 

search of patterns. EOF analysis has been applied to soil moisture datasets (e.g., Perry and 

Niemann, 2007) to partition the variation into time-invariant spatial patterns (EOFs). 

Regression and correlation analysis (Pearson correlation and Spearman rank correlation) focus 

on the “memory” in spatial soil moisture patterns by comparing pairs of observation times. 

These methods are weaker than the mean relative differences and EOF analysis because the 

correlation coefficient and slope and intercept of the regression may change as the pairs of 

observation times change. However, these methods are useful in characterizing observations in 

which the spatially stable pattern is different for different periods within the total sampling 

period (Vanderlinden et al., 2012). 

Temporal stability is also used to find representative locations within a sampling area. 

Representative locations are defined as sites where measured soil moisture is close to the 

average or can be easily transformed to obtain the averaged soil moisture. Grayson and 

Western (1998) called these locations “catchment average soil moisture monitoring (CASMM) 

sites”. The easiest method to define the representative location is the MRD. However, the 

concept of MRD alone does not consider the error represented by SDRD (the standard 

deviation of relative differences). Some authors, therefore, proposed to combine MRD and 

SDRD in a root mean square error (Jacobs et al., 2004; Zhao et al., 2010) or in the mean 

absolute bias error (MABE; Hu et al., 2010). 

Recently, a further advancement in the analysis of the spatial variability and the temporal 

stability of soil moisture was presented by Mittelbach and Seneviratne (2012). They  

decomposed the spatial variance of absolute soil moisture over time in contributions from the 

spatial variance of mean soil moisture at all sites (which is a time-invariant term) and 

components varying over time that are related to soil moisture dynamics. This study showed 

that the time-invariant term is the largest contributor to the overall variability of soil moisture. 

The spatial variance of the temporal anomalies, which is related to soil moisture dynamics and 
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is relevant for climate and hydrological applications, contributes only a small fraction to total 

variance. They also showed that the concept of temporal stability introduced by Vachaud et al. 

(1985) mostly characterizes the time-invariant patterns (Mittelbach and Seneviratne, 2012). 

The identification of the locations that are time-stable and most representative of the mean soil 

moisture (CASMM sites) is important to reduce the number of measurements and to compare 

soil moisture measured at the plot or small catchment scale with soil moisture derived by 

remote sensing data. Thus, research has been focusing on the controls of spatial patterns and 

temporal stability of soil moisture. Although some studies found that the CASMM sites have 

average vegetation and soil properties (e.g., Vachaud et al., 1985; Hupet and Vanclooster, 2004; 

Starr, 2005), there are other studies reporting that the effective controlling factors were not 

identified or were relatively unclear (e.g., Mohanty and Skaggs, 2001; Lin, 2006; Guber et al., 

2008). Zhao et al. (2010) focused on the temporal stability of soil moisture patterns to identify 

the local controls of the most representative sampling points in a semi-arid steppe ecosystem 

in China. They collected field measurements in four plots with different grazing intensities and 

found that soil moisture was more stable during wet conditions than during dry or moist 

conditions. Zhao et al. (2010) also showed that the temporal persistence of spatial patterns of 

soil moisture varied with grazing intensity, and that soil texture, organic carbon and bulk 

density influenced the temporal stability in two plots, while vegetation and topographic 

properties were less important factors. 

Martinez et al. (2013) quantified and elucidated the effects of several local controls on the 

temporal stability of soil moisture by simulating the flow of water with the HYDRUS model for 

sandy loam, loam and clay soils with different variability in the saturated hydraulic conductivity 

and different land cover (i.e., bare land and grassland). They found that spatial variability in 

saturated hydraulic conductivity determines the variability in MRD and that the magnitude of 

the variability in MRD depended on soil depth and soil texture (i.e., topsoil and coarser textures 

displayed larger variability in MRD than deeper soil layers and clay soils). On the contrary, root 

water uptake tended to decrease the variability of MRD in the root zone, while the variability in 

MRD increased in the soil layer below the root zone. 

The concept of temporal stability has also been applied to studies focusing on the spatial and 

temporal patterns of throughfall, which can have important effects on the spatial patterns of 

soil moisture (Coenders-Gerrits et al., 2013). Keim et al. (2005) focused on the persistence of 

throughfall patterns, but modified the method developed by Vachaud et al. (1985) for the 
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computation of temporal stability. The computation of the relative differences neglects the 

variance of the sampling points and therefore extreme values of throughfall have a potential 

large effect on the spatially averaged throughfall. Keim et al. (2005) proposed to standardize 

throughfall based on the spatial mean and standard deviation computed for each sampling 

time. Then, the sampling locations were ranked based on their standardized throughfall. Keim 

et al. (2005) found that patterns of throughfall can be described by variograms and time 

stability plots of normalized throughfall. They also showed that the forest stand and the season 

affect the temporal persistence of throughfall, but that the spatial patterns could not be 

predicted a priori from tree locations. 

Zimmermann et al. (2008) proposed an additional change to the modified mean relative 

differences method of Keim et al. (2005) for the analysis of temporal stability of throughfall 

patterns. To account for the frequent non-normal distribution of throughfall, Zimmermann et 

al. (2008) replaced the spatial mean and standard deviation of throughfall with the spatial 

median and the median absolute deviation to compute the standardized throughfall. They 

applied their analysis of temporal stability to spatial patterns of throughfall and solute 

deposition in a tropical rain forest and found that throughfall patterns were less stable during 

the early wet season compared to the later season. These results suggested that rapid plant 

growth at the beginning of the rainy season resulted in a lower stability of throughfall patterns, 

whereas less vegetative activity might affect the higher persistence of locations characterized 

by large and small throughfall amounts (Zimmermann et al., 2008). 

Despite the large number of studies discussing the temporal stability of soil moisture and the 

studies focusing on the spatial variability and the temporal persistence of throughfall patterns, 

only a limited number of studies aimed to investigate the correlation between throughfall and 

soil moisture patterns (e.g., Raat et al., 2002; Shachnovich et al., 2008) and to identify the role 

of local controls and/or rainfall characteristics on these correlations (e.g., Coenders-Gerrits et 

al., 2013; Klos et al., 2014). It is still unclear how the interaction of soil properties and 

vegetation characteristics may increase or decrease the stability of soil moisture patterns and 

weaken the correlation between the MRD of throughfall and soil moisture. 
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2.2. Subsurface hillslope-stream connectivity 

Connectivity describes the condition by which elements of a landscape become connected or 

are connected by a flow of energy, water, matter or organisms. In hydrology, connectivity is 

usually referred to as the linkage of separate areas of a catchment by surface (overland flow) 

and/or subsurface water flow (Blume and van Meerveld, 2015). The connections between 

different elements of a catchment develop as a result of water volume, rate of transfer 

(Bracken et al., 2013) and antecedent wetness conditions. Inputs of water are represented by 

rainfall, snow- and ice-melt, while interception, evaporation, transpiration, infiltration and 

transmission determine losses in the water volume. The rate of water movement between 

areas of the catchments depends on flow resistance and pathways, which depend on 

topography, soil type and their permeability, soil depth, presence of macropores and bedrock 

permeability.  

Although there is an increasing interest in hydrological connectivity, several review articles 

reported the lack of a common definition of the term (e.g., Bracken and Croke, 2007; Tetzlaff et 

al., 2007; Turnbull et al., 2008; Ali and Roy, 2009; Lexartza-Artza and Wainwright, 2009; 

Michaelides and Chappell, 2009; Bracken et al., 2013; Blume and van Meerveld, 2015). Ali and 

Roy (2009) distinguished four types of definitions for hydrological connectivity based on i) 

components of the water cycle, ii) landscape features, iii) spatial patterns of hydrological 

properties, and iv) flow processes. Definitions based on components of the hydrological cycle 

(e.g., Pringle, 2003) and landscape features (e.g., Stieglitz et al. 2003; Lane et al., 2004; Bracken 

and Croke, 2007; Tetzlaff et al., 2007) are scale-independent and do not make assumptions 

about the processes involved and the resulting patterns (Ali and Roy, 2009). On the other hand, 

definitions associated with spatial patterns (e.g., Western et al., 2001; Knudby and Carrera, 

2005) and flow processes (Hornberger et al., 1994; Vidon and Hill, 2004; Ocampo et al., 2006) 

focus on specific landscape elements, such as hillslopes. Bracken and Croke (2007) and Turnbull 

et al. (2008) distinguished two types of hydrological connectivity: static or structural, and 

dynamic or functional. Structural connectivity refers to the spatial patterns in the landscape, 

such as soil-moisture connectivity (e.g., James and Roulet, 2007) and terrain connectivity, which 

influence the movement of water in the landscape and flow paths. Conversely, functional 

connectivity is focused on the dynamic aspects and how spatial patterns interact with 

catchment processes to produce runoff, connected flow and water transfer (Turnbull et al., 

2008). Wainwright and Bracken (2011) pointed out that the interaction among hydrological 
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processes and topographic controls determines a feedback between rainfall, infiltration and 

flow routing and that this feedback is responsible for non linearity in stream hydrographs and 

scale-dependence of runoff coefficients. Functional connectivity is characterized by larger 

spatial and temporal variability (e.g., landscape units connect differently based on their intrinsic 

properties and some of this units usually connect/disconnect depending on input water 

volumes and antecedent wetness conditions) compared to the static structural connectivity. 

This implies that functional connectivity is more difficult to measure: while capturing snapshots 

of catchment characteristics and assessing the potential pathways is enough to understand 

structural connectivity (Bracken et al., 2013). Developing sampling approaches able to 

investigate process-based connectivity is quite challenging. 

Bracken et al. (2013) report that currently, in catchment hydrology studies, the most used 

interpretation of hydrological connectivity is based on the investigation of flow processes at the 

hillslope scale. Specifically, connectivity is considered the development of subsurface 

connections between the hillslopes, the riparian zone and the stream, which occurs when the 

water table at the upland-riparian zone interface is above a confining layer (Vidon and Hill, 

2004; Ocampo et al., 2006). Lateral subsurface flow occurs after the development of saturation 

above less permeable layers, such as the soil-bedrock interface, or the rise of groundwater into 

more permeable soil layers (transmissivity feedback). Hillslope-stream connectivity can develop 

along preferential flow pathways determined by the presence of macropores and soil pipes 

(e.g., Sidle et al., 2001; Uchida et al., 2001) or along channels in the subsurface topography 

(e.g., Freer et al., 1997; Graham et al., 2010) or can appear as a diffuse flow (e.g., Freer et al., 

1997; Tromp-van Meerveld and McDonnell, 2006a; Jencso et al., 2009). The temporal variability 

of hillslope-stream connectivity can be very different. For instance, Ocampo et al. (2006) found 

that hillslopes and riparian zones respond to rainfall events almost independently and 

differently and they are disconnected from each other during large part of the year. However, 

they observed that when a shallow groundwater system is established across the hillslope, 

hydrological connections between the upland and riparian zones persist for 2-3 months during 

winter. Conversely, other studies (e.g., Tromp-van Meerveld and McDonnell, 2006b; Haught 

and van Meerveld, 2011) found that hillslope-stream connectivity lasts for only hours or days 

during which lateral subsurface flow reaches the stream. Hillslope-stream connectivity also 

strongly varies in space. For example, only some portions of the hillslopes may be connected to 

the stream during rainfall or snowmelt events, while other areas may be disconnected (Blume 
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and van Meerveld, 2015). Ambroise (2004) highlighted the important distinction between 

active and connected (contributing) areas. Water fluxes generated in active areas do not 

necessarily contribute to the runoff observed at the outlet of the catchment. For instance, 

saturated areas determined by the rise of the water table are active and variable in space and 

time, but not all of areas may be connected to the stream and contribute to runoff. During very 

wet conditions (e.g., during large rainfall events characterized by wet antecedent conditions) 

the fraction of contributing areas is equal to the active areas, but during dry conditions or for 

small rainfall events the extent of the contributing areas may be much smaller than the extent 

of the active parts of a catchment. This concept also implies that some elements of the 

landscape act as permanent or temporary gatekeepers, preventing the development of 

connections between active areas and the stream (Phillips et al., 2011). Gatekeepers may be 

ridge sites, locations characterized by bedrock outcrop or less permeable soil layers or riparian 

zones affected by a quick rise in groundwater and flow reversals due to the infiltration of 

stream water.  

Hydrological connectivity has important effects both on runoff generation and the transport of 

all substances that move with the water along a flow path. The ability of water in infiltrating 

into the soil, moving vertically and horizontally facilitates the physical transfer of solutes, 

sediment and organisms across the landscape (e.g., Pringle, 2003; Tetzlaff et al., 2007). 

Therefore, the connectivity among different portions of a catchment influences biophysical and 

biogeochemical processes (Brierley et al., 2006), making the connectivity concept of wide 

interest not only to hydrologists, but also for ecologists and geomorphologists. Improving the 

current knowledge on how elements of the landscape become connected, which factors control 

spatial and temporal variation in hydrological connectivity and how natural and anthropogenic 

disturbances affect connectivity has practical implications in watershed management. Indeed, 

knowledge of functional or process-based hydrological connectivity is fundamental for a better 

understanding and prediction of the runoff response, floods, erosion and sedimentation 

processes and dispersion of pollutants. Therefore, an objective of the thesis is to quantify and 

compare the spatial and temporal variability in subsurface connectivity in five headwater 

catchments and to determine its relation to the characteristics of rainfall-runoff events and 

streamflow dynamics. Subsurface connectivity was studied using a hillslope-centered approach 

(Blume and van Meerveld, 2015) based on networks of spatially-distributed piezometers and 

quantified by a graph-theory approach. Graph theory has been proven to be a good method for 
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investigating network properties and dynamics in earth and environmental sciences (e.g., 

Phillips et al., 2011; Heckmann et al., 2015; Phillips et al., 2015).  
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2.3. Hysteresis between hydrological variables at the runoff event timescale 

Hysteresis is a non-linear loop-like behaviour that is common in natural systems. Phillips (2003) 

defined hysteresis in geomorphic systems as a phenomenon where two or more values of a 

dependent variable are associated with a single value of an independent variable. Similarly, 

O’Kane (2005) suggested that hysteretic loops in hydrological systems could be seen as rate-

dependent behaviours that do not show affine similarity with respect to time. In other words, 

when the time-argument of an input function is stretched or compressed, the corresponding 

output function is not stretched in the same way (O’Kane, 2005). Typically, this occurs when a 

time lag exists between the two variables (Prowse, 1984). Hysteresis can thus be thought of as 

the dependence of a response variable not only on the value of a driving variable but also on its 

past history (Camporese et al., 2014; Norbiato and Borga, 2008; Visintin, 2006). 

Hysteretic relations are common in hydrology. Hysteresis occurs in the relation between soil 

water content and pressure head (soil water retention curve) and between stream stage and 

streamflow during unsteady flow conditions. Hysteresis has also been identified in the relation 

between streamflow and a number of other hydrologic variables: precipitation (e.g., 

Andermann et al., 2012), groundwater level (e.g., Fovet et al., 2015; Camporese et al., 2014; 

Allen et al., 2010; Frei et al., 2010), soil moisture content (e.g., Penna et al., 2011; Parajka et al., 

2006), extent of the saturated area (e.g., Shook and Pomeroy, 2011; Niedzialek and Ogden, 

2004), storage (e.g., Davies and Beven, 2015), hillslope flow (e.g., McGuire and McDonnell, 

2010), sediment concentrations (both bedload and suspended sediment, e.g., Mao et al., 2014; 

Landers and Sturm, 2013), solute concentrations (e.g., Burt et al., 2014; Cartwright et al., 2014; 

Outram et al., 2014; Aubert et al., 2013; Hornberger et al., 2001; Evans and Davies, 1998) and 

stream water temperature (Blaen et al., 2013; Subehi et al., 2010). Hysteretic relations were 

also found between the diurnal variation in evapotranspiration and vapour pressure deficit 

(e.g., Zhang et al., 2014; Zheng et al., 2014), spatial mean soil moisture and coefficient of 

variation (e.g., Fatichi et al., 2015; Ivanov et al., 2010), bulk and fluid electrical conductivity 

(e.g., Briggs et al., 2014), air and river water temperature (e.g., Wilby et al., 2014) and surface 

water cover and water storage (e.g., Kuppel et al., 2015). 

Analysis of hysteretic relations has led to a better understanding of the nonlinear mechanisms 

underlying runoff generation at various scales (Spence et al., 2010). The changing direction of 

the hysteretic relation between hillslope flow and streamflow (McGuire and McDonnell, 2010) 

and between hillslope soil moisture and streamflow (Penna et al., 2011) have, for example, 
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highlighted the influence of antecedent soil moisture conditions on the timing of hillslope 

contributions to streamflow. Similarly, changes in the relation between streamflow and solute 

concentrations have been related to the different degree of connectivity of hillslopes and 

stream tributaries (Murphy et al., 2014) or different solute sources in the catchment (Shanley 

et al., 2015). Differences in hysteresis in the relation between sediment concentrations and 

streamflow for different events or different catchments have been interpreted with respect to 

differences in the source area of the suspended sediment. Generally clockwise hysteretic loops 

are related to a quick flushing of sediment close to the measurement location (e.g., Mano et al., 

2009). Aich et al. (2014) showed differences in hysteresis for a series of runoff events for a 

hillslope and the catchment outlet, providing valuable information about the differences in 

exhaustion of sediment sources, and seasonal changes in sediment detachment and transport. 

Numerical simulations showed that the hysteretic relation between sediment concentrations 

and flow depends on the particle size distribution of the soil and the presence of a deposited 

layer that protects the soil below (Sander et al., 2011). Studying hysteretic relations for 

different events or differences in hysteretic patterns between different sites can thus reveal 

important information about the underlying hydrological processes. 

Analysis of hysteretic patterns is typically carried out via a bivariate plot to highlight the relation 

between the response of one parameter to variations in another parameter. Hysteretic 

relations can also be described and analysed with indices or metrics that quantify the three 

main characteristics of hysteretic relations: i) the shape (circular, eight-shaped or linear), ii) the 

direction (clockwise and anti-clockwise) and iii) the extent of the loop. Quantitative indices are 

valuable tools to compare hysteretic loops at various space- and timescales, to develop a 

classification of hysteretic patterns, to detect changes in hysteretic loops or to test the ability of 

models to reproduce the observed hysteretic behaviour (Fovet et al., 2015; Zhang et al., 2014; 

Zheng et al., 2014). In the past decade, several researchers have developed indices to quantify 

the shape, the size and the direction of hysteretic loops. For instance, Poggi-Varaldo and 

Rinderknecht-Seijas (2003) analysed the hysteretic behaviour in adsorption-desorption and 

derived the Hysteresis Coefficient, defined as the ratio of the derivatives of the adsorption and 

desorption isotherms at a given point. Butturini et al. (2006) examined the temporal variation 

in hysteresis between streamflow and dissolved organic carbon and nitrate concentrations. 

Their index, ΔR, integrated information about the area and the direction of the hysteretic loop 

and was obtained by standardizing streamflow and solute concentrations and multiplying the 
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extent of the loop by the term R (    for clockwise loops,      for anti-clockwise loops 

and     for unclear patterns or a linear relation between streamflow and solute 

concentration) and then by 100. Therefore, ΔR varied between -100 (for large anti-clockwise 

loops) and 100 (for large clockwise loops). Bieroza and Heathwaite (2015) successfully used this 

index to study the seasonal variation in hysteresis between streamflow and phosphorus 

concentrations. Several other methods for the quantification of hysteretic relations were based 

on measurements of suspended sediment concentrations and streamflow. Langlois et al. (2005) 

analysed suspended sediment transport dynamics during a snowmelt period in a small forested 

catchment in Nevada, USA. They plotted suspended sediment concentrations against 

streamflow and computed regression lines for both the rising and the falling limb of the 

hydrograph. The area under the curve for the two regression equations was estimated by 

integration using the lowest streamflow and the maximum streamflow observed during the 

event as the lower and upper limits, respectively. The hysteresis index,  , was computed as the 

ratio of these two areas, where     indicated weak hysteresis,     a clockwise hysteretic 

loop and     an anti-clockwise hysteretic loop. Lawler et al. (2006) studied turbidity during 

spring storm events in an urban catchment in the UK and also developed a dimensionless index 

to quantify the magnitude and direction of hysteresis in the relationship between streamflow 

and turbidity. Their index was based on the extent of the hysteretic loop at the mid-point of 

streamflow during the event (i.e., halfway between baseflow prior to the event and peak 

streamflow). Interpolation was used to find the two turbidity values at the mid-point 

streamflow. The direction of hysteresis was expressed by the index       and based on a 

conditional statement: if turbidity on the rising limb was higher than on the falling limb, the 

loop was clockwise, otherwise it was anti-clockwise. Lawler et al. (2006) state that    can also 

be computed for multiple streamflow points and then averaged (      , Lawler et al., 2006). 

Smith and Dragovich (2009) developed a dimensionless similarity function based on individual 

line lengths and angles between the suspended sediment concentration and streamflow for 

each sampling time. They used this index to study the similarity in the hysteretic patterns 

between suspended sediment concentrations and streamflow at the outlet of two nested 

catchments in South-Eastern Australia and showed that quantitative measures of hysteretic 

patterns at the event timescale provided a mechanism for linking the timing and magnitude of 

responses across spatial scales (Smith and Dragovich, 2009). Landers and Sturm (2013) used 

turbidity measurements to estimate suspended sediment concentrations in a mesoscale 

catchment in Georgia, USA. They quantified hysteresis between suspended sediment 
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concentrations and streamflow and between suspended sediment concentrations and turbidity 

at the runoff event timescale by computing the range and the coefficient of variation of the 

ratios of streamflow and turbidity to suspended sediment concentration. They based these 

calculations on the observation that, where hysteresis occurred, the magnitude of hysteresis 

(i.e., the nonlinearity in the bivariate plot) increased with increasing range and coefficient of 

variation in those ratios. Finally, Aich et al. (2014) normalised streamflow and sediment 

concentrations and computed the Hysteresis Index (HI) as the sum of the maximum distances 

between the rising and the falling limb of the hysteretic loop and the line that links the 

streamflow peak to the last sediment concentration data point. HI was positive for clockwise 

hysteresis and negative for anti-clockwise loops. They used this index to compare hysteresis in 

the relation between streamflow and suspended sediment concentrations at the catchment 

outlet and a hillslope. 

The use of these indices provided detailed understanding of the processes investigated and 

proved to be useful for the specific cases for which they were developed. However, these 

existing indices also have some limitations. Some of them require a certain degree of 

subjectivity and interpretation during their application, which limits their robustness and their 

use for identifying changes in hysteretic patterns in long data series (e.g., Langlois et al., 2005). 

They were also not developed to take into account more complex hysteretic patterns, such as 

eight-shaped loops that combine both clockwise and anti-clockwise hysteresis (e.g., Aich et al., 

2014; Langlois et al., 2005). In addition, some indices (e.g., Lawler et al., 2006; Langlois et al., 

2005) cannot be used with negative values (e.g., isotopic delta values). Finally, none of these 

studies provided a sensitivity analysis to verify the results of the index. Knowledge of the 

sensitivity of the index is needed when the index is used for long data series with many events, 

e.g., to study seasonal changes in hysteresis, to compare hysteretic responses in different 

catchments or at different scales, or to compare observed and modelled hysteretic relations. 

This is particularly the case when noisy input data or different time intervals (temporal 

resolution) are used. Therefore, an objective of the thesis is to introduce a versatile index for 

the quantification of a wide range of hysteretic loops at the runoff event timescale. Specifically, 

the aim is to: i) present an index that is able to predict the eight main hysteretic loop types, ii) 

test the robustness and usefulness of the index using synthetic data and field data from 

experimental catchments in Northern Italy, and iii) assess the sensitivity of the index to noisy 

data and data with different temporal resolutions. 
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3. STUDY AREAS AND MATERIALS AND METHODS 

3.1. Analysis and modeling of soil moisture spatial variability 

3.1.1. Soil moisture measurements at the plot scale in Grugliasco 

Numerous studies have examined the spatial variability of surface soil water content as a 

function of the mean soil moisture status and of controlling variables related to soil properties, 

vegetation and topography, with varying conclusions. One main generalization is that as the 

mean soil moisture approaches limiting states, at the dry or wet ends, the absolute spatial 

variability of soil moisture becomes smaller. Between these bounds, however, the trajectories 

of the spatial variability can be non-unique and dependent on climate, soil, vegetation, 

topography, and antecedent states (Lawrence and Hornberger, 2007). Relatively few studies 

have focused on the impact of land use characteristics on the main statistics of soil moisture 

fields, owing to the difficulties in isolating and examining the vegetation contribution with 

respect to that of the soil properties and topography.  

Soil moisture observations were collected over three years (2006-2008) on a plot (about 200 

m2) in Grugliasco (Po Plain, Northern Italy) at 290 m a.s.l. (Fig. 3.1.1) by means of 40 Time 

Domain Reflectometry probes. A broader description of the study site is reported in Baudena et 

al. (2012). The probes were vertically inserted generating minimal disturbance, owing to the 

sandy texture and the lack of stones, in the 0-30 and 0-60 cm depth. The plot is divided into two 

subplots: one covered by grapevine plants (monitored with 12 and 11 probes at 0-30 and 0-60 

cm depth, respectively), the other covered homogeneously by grass (monitored with 9 and 8 

probes at 0-30 and 0-60 cm depth, respectively). The terrain slope is about 1%, the soil is sandy 

and around the measurement field there is a buffer grass area about 20 m wide. Precipitation 

and temperature are recorded continuously on site. The characteristics of the site allow to 

isolate the contribution of soil hydraulic properties and land use to soil moisture variability. 

Rainfall climatology in this area is characterized by two maxima, respectively in spring (April–

May) and fall (October–November), with relatively dry winter and summer (Ciccarelli et al., 

2008). During the three observation years the annual precipitation ranged between 755 mm 

(2007) to 1183 mm (2008), whereas potential evapotranspiration (estimated by means of the 

Hargreaves method) ranged between 935 mm (2008) and 1001 mm (2007). 

For the purpose of the analysis, soil moisture observations were aggregated at the daily time 

step, retaining the day when at least four instantaneous observations are available.  
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Fig. 3.1.1. Map of the experimental site in Grugliasco. 

3.1.2. Soil moisture dynamics model 

To assess the influence of the land use characteristics on the soil moisture variability a soil 

moisture dynamics model developed by Teuling and Troch (2005) was applied. The advantage 

of this model approach is that the number of parameters is small, while the parameters still 

reflect observable properties (Romano et al., 2011). Models of similar complexity have been 

shown to correctly simulate the root zone soil moisture dynamics under different climatic 

conditions. The equations of the model are given as follows (Teuling and Troch, 2005). 

The point-scale soil moisture dynamics is spatially unconnected. Vertical redistribution of soil 

moisture is assumed to occur instantaneously (at the daily time step). The daily water balance 

for a number of independent soil columns is solved following: 

  

  
 

 

 
                                                                                                       (3.1.1)

 

where   is the volumetric soil moisture,   is the depth of the root zone,   the throughfall (i.e., 

the rainfall that is not intercepted by the vegetation),   the root water uptake,   the 

evaporation from the soil surface,   the saturation excess runoff (i.e., the part of   that causes 

oversaturation of the soil) and   the deep drainage. Lateral flow is assumed to be negligible in 
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the root zone. Deep drainage is computed using the following parameterization (Campbell, 

1974): 

     
 

 
                                                                                                                                 (3.1.2) 

where    is the saturated hydraulic conductivity,   is the pore size distribution parameter,   is 

the porosity. The vertically integrated root water uptake is thought to be proportional to a 

maximum transpiration rate   , a soil moisture stress function      and a function accounting 

for spatially variable response of unstressed transpiration to atmospheric boundary layer 

conditions (Al-Kaisi et al., 1989). The root water uptake is computed as follows: 

                                                                                                                       (3.1.3) 

where    is the root fraction in the layer of depth  ,      is a soil moisture stress function,   is a 

light use efficiency parameter,   is the Leaf Area Index (LAI). The factor               allows 

to account for LAI ( ). Soil moisture stress is modelled as: 

              
    

     
                                                                                                      (3.1.4) 

where    is the critical soil water content and    is the wilting point, which defines the 

transition between unstressed and stressed transpiration.  

LAI ( ) is modelled with a spatial and temporal component (Penna et al., 2009; Teuling and 

Troch, 2005): 

                      
      

  
 

 

 
                                                                  (3.1.5) 

where      is the local maximum of  , and the parameters    and    indicate the seasonal 

variation of  .  

Bare soil evaporation is assumed to be small in comparison to the root water uptake over the 

entire soil profile. The root zone depth is assumed equal to 30 cm. During the implementation, 

the model was initialized by using observed soil moisture values. The model was applied at the 

daily time step, using local rainfall and potential evapotranspiration. The model was calibrated 

based on the time series of mean soil moisture measured at 0-30 cm depth in 2008 and verified 

over 2006 and 2007. The Nash-Sutcliffe index of efficiency (NS) and the Root Mean Square 

(RMSE) were used to quantify the model adequacy. 
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3.2. Temporal stability of throughfall and soil moisture patterns 

3.2.1. Study area: Ressi catchment 

The 1.96-ha Ressi study catchment is located in the Southern part of the Posina River basin (116 

km2) at the foothills of the Central-Eastern Italian Alps (45°47’11.79’’ N; 11°15’ 54.12’’ E) (Fig. 

2.a.1.1). The Posina River is a tributary of the Astico River that flows into the Adriatic Sea. 

Around 74% of the Posina basin is densely vegetated (Norbiato et al., 2009), in part due to 

marked expansion of deciduous forests in the last five decades as a result of abandonment of 

agricultural practices. Beech, chestnut, maple and hazel are the main species in the catchment; 

hornbeam and ash are less common. The climate is humid temperate. The average annual 

precipitation (1992-2007) recorded by a weather station in the central part of the Posina basin 

(at 597 m a.s.l., approximately 4.5 km in a straight line from Ressi) is 1695 mm. The average 

annual temperature is 9.7 °C; average monthly temperatures range between 1.2°C in January 

and 18.7°C in July. Rainfall is concentrated in spring (150 mm and 159 mm on average in April 

and May, respectively) and autumn (236 mm and 246 mm on average in October and 

November, respectively). Elevations in the study catchment range from 609 to 725 m a.s.l.. The 

mean slope is 26°; the aspect is predominantly North-West. The channel is approximately 150 

m long. The channel and relatively flat near-stream zone that is frequently saturated comprise 

roughly 1.5% of the catchment area. The geology in Ressi catchment consists of a sequence of 

rhyolites and dacites from Triassic volcanic extrusions (Sedea et al., 1986). The soil is classified 

as Cambisol (ARPAV, 2005). The topsoil (0-10 cm) has a sandy clay loam texture, while deeper 

in the profile the soil has a sandy clay texture.  
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Fig. 3.2.1. Map of Ressi catchment showing the location of the field measurements and the sampling 

locations. GW: groundwater; SW: soil water; SM: soil moisture. The location of Ressi catchment in Italy 

is shown in the inset. 

Hydrometric and tracer data (stable isotopes of water and electrical conductivity) has been 

collected since August 2012. Rainfall was measured using a 0.25 mm tipping bucket (Spectrum 

Technologies Inc., United States of America; Decagon Devices Inc., United States of America) in 

an open area just outside Ressi catchment (Fig. 3.2.1). Unfortunately, due to malfunctioning of 

the data-logger, rainfall data were not available for several periods and were unreliable during 

freezing conditions. Precipitation was also measured at three weather stations operated by the 

Regional Agency for Environmental Protection and Prevention of Veneto (ARPAV): Passo Xomo 

(1056 m a.s.l.), Contrà Doppio (725 m a.s.l.) and Castana (430 m a.s.l.), at 2.3, 3.9 and 4.8 km 

from the catchment, respectively. Comparison of measured rainfall at Ressi and the inverse 

distance weighted (IDW) mean precipitation from the three weather stations showed that 

there was a very good and good correlation between the two data series for event-based total 
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rainfall (R2 = 0.91; n = 25) and average rainfall intensity (R2 = 0.44; n = 25), respectively, and that 

the data plotted almost on a 1:1 line. 

Stream stage was measured at a 5-min interval by a pressure transducer (Keller AG für 

Druckmesstechnik, Switzerland) behind a V-notch weir (Fig. 3.2.2). Streamflow was measured 

during different flow conditions using the volumetric method to check the weir equation. 

Groundwater levels were monitored at a 5-min resolution in two riparian wells (GW1 and GW2) 

and in one well at the bottom of the hillslope (GW3, Fig. 3.2.1). GW1 was equipped with a 

pressure transducer (Solinst Ltd., Canada), whereas GW2 and GW3 were equipped with a 

capacitance water level logger (Trutrack Ltd., New Zealand). The depth of the wells was 2.04, 

1.04 and 0.68 m for GW1, GW2, and GW3, respectively. Near-surface (0-30 cm) soil moisture 

was measured at a 10-min interval using four reflectometers (CS625, Campbell Scientific Inc., 

United States of America). The probes were installed at different positions along a transect: 

SM1 was positioned in the riparian zone, approximately 1 m from the stream, SM2 at the 

transition between the riparian zone and the hillslope (footslope), SM3 in the middle part of 

the hillslope and SM4 in the upper part of the hillslope (Fig. 3.2.1). The reflectometers were not 

specificallly calibrated for the soil in Ressi as the research was more focused on the temporal 

variation in soil moisture, rather than the actual soil moisture content. Therefore the 

manufacturer’s equation for clay soils was used to determine soil moisture content. 

 

Fig. 3.2.2. Outlet of the Ressi catchment. 
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3.2.2. Throughfall measurements 

The redistribution of rainfall by the canopy determines the amount of rain water reaching the 

soil surface and typically results in marked spatial and temporal variability in throughfall (Levia 

and Frost, 2006; Keim et al., 2005). This spatial variability in throughfall has important effects 

on soil moisture (Coenders-Gerrits et al., 2013) and soil chemistry (Kohlpaintner et al., 2009; 

Raat et al., 2002), as well as subsurface stormflow generation (Hopp and McDonnell, 2011; 

Bouten et al., 1992). However, capturing this variability and understanding its controlling 

factors is not straightforward, in part because of the possible bias introduced by the use of 

different throughfall collectors or by adopting different experimental designs and sampling 

strategies (Zimmermann et al., 2010; Holwerda et al., 2006). Unlike rainfall, there are no 

standardized instruments or sampling designs to measure and monitor throughfall amount and 

variability in forested environments. Previous studies have shown that roving gauges are more 

likely to capture dripping points and thus give a better estimate of average throughfall amount 

(Ritter and Regalado, 2014; Holwerda et al., 2006) but the roving of the gauges makes it more 

difficult to study the link between throughfall and soil moisture or soil chemistry. 

For this thesis two types of throughfall collectors were installed to assess: i) the difference in 

throughfall amount obtained by the two types of collectors; ii) the difference in throughfall 

spatial variability based on the two types of measurements; and iii) if the two types of 

collectors identify a similar number of spatial clusters and outliers in throughfall.  

Throughfall was measured from April 2013 to March 2014 in a 500 m2 experimental plot (Fig. 

3.2.3 and 3.2.4) on a hillslope of the forested Ressi catchment in the Italian pre-Alps. The main 

tree species in the plot are beech and chestnut (Fig. 3.2.5). The stem density in the plot is 3100 

trees/ha; the basal area is 57.1 m2/ha. The diameter at breast height varied between 1 and 61 

cm (median: 4 cm). Two different types of throughfall collectors were used: buckets (BK; 

collecting area per bucket: 556 cm2; capacity: 162 mm) and rain gauges (RG; collecting area per 

gauge: 47 cm2; capacity: 90 mm). Fifty buckets were randomly distributed in the plot, while 40 

rain gauges were installed on a regular grid (2.5 m by 3 m spacing). The buckets covered 0.56% 

of the plot area, whereas the rain gauges covered 0.04% of the area. Positions of the 

throughfall collectors were determined using a laser distance meter. A bucket and a rain gauge 

were installed in a nearby open area as well (approximately 150 m from the experimental plot) 

to collect gross rainfall. Rainfall and throughfall collected in buckets were measured for a total 

of 24 samplings (gross rainfall range: 4-155.7 mm; mean rainfall intensity range: 0.3-8.3 mm/h) 
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by manually emptying the collectors and measuring the volume of water. Similarly, rainfall and 

throughfall were measured manually in rain gauges for 21 samplings. 

 

Fig. 3.2.3. Location of the throughfall plot in Italy and the spatial distribution of the trees and the two 

types of throughfall collectors in the plot (BK: buckets; RG: rain gauges). 

 

Fig. 3.2.4. Buckets and rain gauges installed in the experimental plot. 
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Fig. 3.2.5. Location of the trees in the throughfall plot. 

The difference in throughfall amount and spatial variability in throughfall obtained by the two 

types of collectors was analyzed for 21 measurements. The rainfall characteristics for the 

events (Table 3.2.1) were determined from the inverse distance-weighted mean rainfall 

measured at three weather stations operated by the Regional Agency for Environmental 

Protection and Prevention of Veneto (ARPAV): Passo Xomo, Contrà Doppio and Castana 

(Section 3.2.1). 

Throughfall was expressed as the fraction of rainfall that fell through the canopy and reached 

the ground (i.e., the ratio between throughfall measured at each collector (mm) and gross 

rainfall measured in the open area (mm), multiplied by 100). The bootstrap method (Efron, 

1979) was used to resample throughfall measured by the two types of collectors 10,000 times 

to compare the differences in the throughfall means for each measurement day. To investigate 

the optimum sample size for both throughfall collectors, we computed the number of collectors 

required to measure throughfall for each measurement day   (Holwerda et al., 2006; Kimmins, 

1973): 

   
  

     
 

  
                                                                                                                                     (3.2.1) 



48 

 

where    is the required number of collectors,    is the critical value of 95% confidence level 

(2.0; Kimmins, 1973),   is the pre-set error in percentage of the mean (10% in this study) and 

    is the coefficient of variation of throughfall measured on day  . 

The analysis of local spatial clusters and outliers in measured throughfall was carried out by 

computing the Local Moran’s index   (Anselin, 1995) for each measurement day for both types 

of collectors: 

   
        

 
   

   
    

   

                                                                                                                                (3.2.2) 

where         , the deviation of the throughfall (  ) measured at collector   from the mean 

throughfall,   ;     is the spatial weight between collectors   and   and   is the total number of 

collectors. For the calculation of the Local Moran’s  , the inverse distance weights were used to 

characterize the spatial relations between the throughfall collectors. 

 

 Mean Min. Max. 

Gross rainfall (mm) 28.6 4.0 82.6 

Mean rainfall intensity (mm/hr) 1.3 0.3 4.0 

Max. rainfall intensity (mm/hr) 6.8 1.0 29.8 

Duration (hr) 23 8 44 

Plot-averaged throughfall based on BK data (%) 80.1 69.7 93.5 

Plot-averaged throughfall based on RG data (%) 82.2 68.4 100.2 

Table 3.2.1. Characteristics of rainfall events for the 21 throughfall measurements considered for the 

comparison of the two types of throughfall collectors. 

 

3.2.3. Soil moisture measurements at the plot scale in Ressi catchment 

Near-surface soil moisture was measured at the throughfall plot in the Ressi catchment to 

assess whether throughfall patterns influence the spatial and temporal variability of soil 

moisture. 

Volumetric soil moisture content was measured at 50 points in the immediate vicinity (~ 30 cm 

upslope) of each bucket at two depths (0-7 and 0-12 cm) using portable TDR (Time Domain 

Reflectometry) probes (FieldScout TDR300, Spectrum Technologies Inc., USA; Fig. 3.2.6). These 

instruments were used for data collection in Penna et al. (2009, 2013), while an evaluation of 

TDR 300 probes can be found in Brevik and Batten (2012). Soil moisture measurements were 

taken before the rainfall events and during the 2-36 hour period after the end of the events. At 

each sampling site and for each sampling depth five measurements of the soil water content 
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were taken, then the truncated mean was computed by discarding the minimum and maximum 

value. In total, soil moisture was sampled 49 and 48 times for 0-7 cm and 0-12 cm depth, 

respectively. Soil moisture measurements were not specifically calibrated for the soil in Ressi as 

the research was more focused on the temporal variability of the patterns and correlation with 

the throughfall spatial patterns, rather than the actual soil moisture content.  

 

Fig. 3.2.6. TDR probe used for the soil moisture measurements at the throughfall plot. 

3.2.4. Analysis of temporal stability of throughfall and soil moisture 

The relation between soil moisture at the two depths and the relation between throughfall and 

soil moisture spatial patterns were computed by the Spearman rank correlation coefficient (  ). 

Furthermore, the relation between throughfall and soil moisture spatial patterns was analyzed 

in terms of temporal stability (Vachaud et al., 1985). Temporal stability was assessed computing 

the Spearman rank correlation coefficient (  ) between pairs of observation times, the mean 

relative difference (MRD) and standard deviation of relative difference (SDRD) for all 

measurements of throughfall and soil moisture. The relative difference was defined as follows: 

     
        

   
                                                                                                                                     (3.2.3) 

where      is the soil moisture (or throughfall) measured at site   and time  , 

    
 

 
     

 
                                                                                                                                (3.2.4) 

    is the mean value of soil moisture (or throughfall) at time   and   is the number of sampling 

sites. The mean relative difference for site   was computed as: 

     
 

 
     

 
                                                                                                                           (3.2.5) 

where   represents the number of sampling times. The standard deviation of the relative 

difference at site   was defined as follows: 

        
           

 

   
 
                                                                                                        (3.2.6) 
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A positive value of MRD for a certain location indicates that the location is wetter or is 

characterized by larger throughfall  than the plot average. Conversely, a negative value of MRD 

indicates that the location is drier or there is large interception of precipitation by the canopy. 

The SDRD gives a measure of the variability of the estimate. A MRD close to zero combined to a 

low SDRD for a location indicates that the location is temporally stable and it is the most 

representative site of the spatial soil moisture (or throughfall) mean. 

3.2.5. Estimation of vegetation characteristics in the throughfall plot 

One aim of this study is the assessment of the relation between tree canopies and throughfall 

temporal stability. Therefore, distance from the nearest tree, canopy openness, LAI and 

weighted basal area (WBA) were estimated for each bucket. 

Canopy openness was determined with two different sampling campaigns on 16/09/2013 and 

19/06/2014. During the first campaign pictures were taken with a 24 mm lens (covering an 

angle of 84°) upward from each bucket and rain gauge (Fig. 3.2.7). Then, canopy openness was 

estimated selecting thresholds between dark (canopy) and light (sky) areas using the software 

Adobe Photoshop CS6 (Adobe Systems Inc., USA). During the second field campaign on 

19/06/2014, pictures were taken upward from each bucket by a digital camera with a fisheye 

lens (Fig. 3.2.8). The software Gap Light Analyzer (GLA), developed by the Institute of 

Ecosystem Studies, Simon Fraser University (Canada), was used for the computation of canopy 

openness and LAI (e.g., Konishi et al., 2006). The two methods yielded different results: canopy 

openness ranged between 2.9 and 7.9% and between 5.0 and 11.6% for pictures taken with the 

24 mm lens and the fisheye lens, respectively. Furthermore, the values of canopy openness 

obtained with the two sampling campaigns were not significantly correlated, probably due to 

small-scale variability in canopy openness (there were no large gaps in the canopy). LAI, 

computed with the software GLA for the pictures taken with the fisheye lens, ranged between 

2.6 and 4.2, with an average of 3.3. 

The distance between each bucket and the nearest tree was computed after the field survey on 

16/09/2013 to determine the location and the basal area of each tree (Fig. 3.2.5). The distances 

from the nearest tree ranged between 0.24 and 1.80 m. In addition, WBA (Tromp-van Meerveld 

and McDonnell, 2006c) was computed for each bucket (BK) as follows: 

       
      

           
                                                                                                          (3.2.7) 
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where        is the basal area of a tree,             is the distance between the tree and the 

bucket and   is a constant determining how rapidly the weighting of a tree declines with the 

distance. 

 

Fig. 3.2.7. Picture of the canopy above BK 13, taken with a 24 mm lens on 16/09/2013. 

 

Fig. 3.2.8. Picture of the canopy above BK 13, taken with a fisheye lens on 19/06/2014. 

3.2.6. Evaluation of the controls on temporal stability of near-surface soil moisture 

The soil moisture dynamics model (Teuling and Troch, 2005) described in Section 3.1.2 was 

used to investigate how the variability in saturated hydraulic conductivity and vegetation 

parameters control soil moisture temporal stability and the correlation with throughfall 

patterns. Soil moisture variability dynamics were simulated for 50 independent soil columns of 
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7 and 12 cm depth, with vertically uniform hydraulic characteristics. The spatial variability of 

saturated hydraulic conductivity was simulated by the generation of sets of values drawn from 

lognormal distributions (Teuling and Troch, 2005; Martinez et al., 2013) with different values of 

mean (   
) and standard deviation (   

) of saturated hydraulic conductivity (Fig. 3.2.9 and 

3.2.10; Table 3.2.2). 

 

Fig. 3.2.9. Cumulative frequency distributions of simulated saturated hydraulic conductivity with a mean 

of 50 mm/d and different values of standard deviation (logarithmic scale).  
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Fig. 3.2.10. Cumulative frequency distributions of simulated saturated hydraulic conductivity with a 

mean of 1600 mm/d and different values of standard deviation (logarithmic scale). 

   
 (mm/d)       

 (-)       
 (-) 

50 3.91 0.2, 0.5, 0.8, 1.0 

100 4.61 0.2, 0.5, 0.8, 1.0 

200 5.30 0.2, 0.5, 0.8, 1.0 

400 5.99 0.2, 0.5, 0.8, 1.0 

800 6.68 0.2, 0.5, 0.8, 1.0 

1600 7.38 0.2, 0.5, 0.8, 1.0 

3200 8.07 0.2, 0.5 

Table 3.2.2. Mean and standard deviation values of logarithmic    used in the simulations. 

The effect of vegetation on temporal stability of soil moisture was assessed using three sets of 

parameters (Table 3.2.3) and each of these was run for each distribution of   , yielding a total 

of 78 combinations of parameters for a soil layer. In the first set of parameters for the 

vegetation, root fraction in the soil layer (  ) and LAI were considered uniform in the plot. The 

second and the third set of parameters were characterized by spatial variability in    and LAI, 

which were assumed to follow a normal distribution. Mean (  ) and standard deviation (  ) of 

LAI were fitted from observations (Section 3.2.5). In the third set of parameters LAI and    were 

assumed to have a positive linear correlation with   .  To allow a comparison with observed soil 

moisture, a variability due to a measurement error ( ) was also accounted. Arrays of pseudo-

random numbers whose elements were normally distributed (mean    and variance   ) 
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were generated at each time step and scaled by a constant of 0.03. Then, the random numbers 

were multiplied by the soil moisture values and added to the original soil moisture data. 

Simulation parameters 
Homogeneous 

vegetation 
Heterogeneous 

vegetation 
Heterogeneous vegetation 
and correlated   ,    and   

   0.25  0.25  0.25  

  ,    3.32, 0.0 3.32, 0.35 3.32, 0.35 

  0.55 0.55 0.55 

   ,     0.75, 0.0 0.75, 0.15 0.75, 0.15 

   
 between   ,    and   0.0 0.0 0.9 

  ,   ,    0.5, 91, 213 0.5, 91, 213 0.5, 91, 213 

  0.03 0.03 0.03 

Table 3.2.3. Parameter values used in the simulations. 

The model was applied at the daily time step from January 2013 to March 2014 (455 days in 

total), using local rainfall and potential evapotranspiration data (estimated by means of the 

Hargreaves method). The daily time step was preferred to the hourly time step to reduce 

computational times and because the average duration of the observed 24 rainfall events was 

larger than a day. In total 200 simulations were performed for each set of parameters. 

In contrast to Teuling and Troch (2005), throughfall was not considered proportional to LAI. 

Throughfall amounts at each sampling site were modeled by a simple regression model, which 

relates throughfall to gross rainfall (Jackson, 1975). The spatial variability of throughfall was 

simulated drawing values of slopes, intercepts and inflexion point (parameters of the regression 

model used by Jackson (1975)) from normal distributions with a specific mean and standard 

deviation. The mean and the standard deviation of the slopes, the intercepts and the inflexion 

point were calibrated based on the percentiles (i.e., 5th, 10th, 25th, 50th, 75th, 90th and 95th) of 

the MRD and SDRD distributions obtained from throughfall observations (Fig. 3.2.11). Estimates 

of the simple linear regression (i.e., slope, intercept and coefficient of determination) 

computed between percentiles of the observed and simulated MRD and SDRD distributions 

were used to verify the adequacy of the parameters of the throughfall model to reproduce the 

observed temporal stability (Fig. 3.2.12. and 3.2.13). 
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Fig. 3.2.11. Example of ranked MRD of throughfall measured by buckets (all 24 sampling times were 

considered) with indication of the percentiles of the distribution. 

 

Fig. 3.2.12. Relation between percentiles (i.e., 5th, 10th, 25th, 50th, 75th, 90th and 95th) of the 

observed and the simulated MRD distributions of throughfall. The simulated values shown in the plot 

are the averages obtained from 200 simulations, while the error bars represent the standard deviations. 

The black solid line represents the 1:1 line. 
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Fig. 3.2.13. Relation between percentiles (i.e., 5th, 10th, 25th, 50th, 75th, 90th and 95th) of the observed and 

the simulated SDRD distributions of throughfall. The simulated values shown in the plot are the averages 

obtained from 200 simulations, while the error bars represent the standard deviations. The black solid 

line represents the 1:1 line. 

Percentiles of the observed MRD and SDRD distributions of soil moisture at 0-7 and 0-12 cm 

depth were used for comparison with the simulated MRD and SDRD distributions. Furthermore, 

the effects of    and vegetation parameters on the correlation between throughfall and soil 

moisture temporal stability were evaluated comparing the observed    with the distribution of 

the    obtained from the 200 simulations. 
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3.3. Quantification of subsurface connectivity in five headwater catchments 

Subsurface connectivity was quantified in five catchments (Table 3.3.1) in the Italian Alps 

(Bridge Creek (BCC) and Larch Creek (LCC) catchment in the Dolomites; Penna et al., 2015a; 

Camporese et al., 2014) and the Swiss pre-Alps (C1, C2 and C3; Rinderer et al., 2014, 2015). The 

five catchments differ in area, elevation range, dominant geology, soil type and presence of a 

riparian zone. Groundwater levels were monitored by a network of piezometers (Fig. 3.3.1 and 

Table 3.3.2) installed with a different sampling design in the five catchments. We quantified the 

number of piezometers being activated during and between rainfall-runoff events. We defined 

a piezometer activation as the presence of water in the piezometers in BCC and LCC catchments 

or in the oxidized soil layer in the piezometers in C1, C2 and C3 catchments. We used a graph-

theory approach (Blume and van Meerveld, 2015;  Phillips et al., 2011) to quantify subsurface 

connectivity at the catchment or the hillslope scale. Directed graphs were drawn for each 

catchment (Fig. 3.3.1): the stream and the piezometers represented nodes, while connections 

(edges) between piezometers and between piezometers and the stream were established 

based on the main flow directions. We assumed that a piezometer was connected to the 

stream network whether i) it was active and ii) connected to the stream by an edge or a series 

of edges and active nodes. Individual nodes contributed to decrease connectivity when they 

became inactive and prevented active nodes to be connected to the stream network 

(gatekeepers in Table 3.3.2). A weight, based on the Thiessen polygon method, was assigned to 

each piezometer. Weights allowed for considering the spatial distribution of the piezometers 

and their representativeness at the catchment scale in C1, C2 and C3 catchments or at the 

hillslope scale in BCC and LCC catchments, and to determine the areas of the catchments that 

were connected to the stream. The degree of subsurface connectivity was quantified for each 

time step summing the weights of each piezometer connected to the stream network and 

multiplying by 100. 
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 Catchments 

 BCC LCC C1 C2 C3 

Area (ha) 13.96 3.32 0.26 0.23 0.99 

Mean 
precipitation 
(mm/yr) 

1220 1220 2300 2300 2300 

Mean 
temperature 
(°C/yr) 

4.1 4.1 6.0 6.0 6.0 

Elevation range 
(m a.s.l.) 

1932-2515 1974-2128 1388-1425 1593-1650 1307-1388 

Mean slope (°) 29.9 25.9 26.2 26.1 21.7 

Mean exposure South East  West West Southwest 

Dominant 
geology 

Dolomite Dolomite Flysch Flysch Flysch 

Soil type 
Cambisol 
with mull 

Cambisol with 
mull 

Gleysol Gleysol Gleysol 

Soil texture 
Clay: 45-73% 
Silt: 16-28% 
Sand: 3-25% 

Clay: up to 
73% 

Silt: up to 28% 
Sand: up to 9% 

Clay: 43-49 %, 
Silt: 42-46 % 

Sand: 5-15 %2,3 

Clay: 43-49 %, 
Silt: 42-46 %, 

Sand: 5-15 %2,3 

Clay: 43-49 %, 
Silt: 42-46 %, 

Sand: 5-15 %2,3 

Land cover grassland 
grassland, 

sparse trees 
light forest 

grassland, 
sparse trees 

grassland, light 
forest 

Riparian zone (% 
of catchment 
area) 

8.6 4.4 <1 0 <1 

Permanently 
saturated areas 

YES YES YES YES YES 

Table 3.3.1. Main characteristics of the catchments. 
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Fig. 3.3.1. Locations of the piezometers in the five catchments and directed graphs of piezometers-

stream networks. 
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 Catchments 

 BCC LCC C1 C2 C3 

Number of wells 
/ number of 
connections to 
the stream 

16/6 12/5 8/8 8/1 7/5 

Number of 
nodes / number 
of edges 

17/21 13/12 9/8 9/8 8/7 

Potential 
gatekeepers 

10 3 0 4 2 

Gatekeepers 2 0 0 4 2 

Mean weighted 
area (m2) / 
standard 
deviation 

2957/1175 399/237 330/209 285/119 1321/190 

Median 
weighted area 
(m2) / mean 
absolute 
deviation (m2) 

2546/933 354/188 317/166 252/101 1551/124 

Table 3.3.2. Main characteristics of the connectivity network in the five catchments. 
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3.4. Development of a hysteresis index for hydrological variables at the runoff event 

timescale 

3.4.1. Development of the index 

The index is developed for hysteretic loops where the independent variable (    ) increases 

from its initial value, reaches a peak and then decreases. In hydrological applications, this is 

typically the case of streamflow, groundwater levels or soil moisture content, which increase 

during rainfall, snowmelt or glacier melt events and then decline. The dependent variable 

(    ) can increase or decrease during the event. It is assume that the evolution of the 

dependent variable is related to that of the independent variable. In the examples reported in 

Section 3.4.2 and Section 8, the relation between streamflow and other hydrological variables 

at the runoff event timescale is investigated, so that   is streamflow.  

The index is based on the computation of definite integrals on the increasing and decreasing 

curve of the independent variable. The rising curve is defined as the part of the curve of the 

independent variable that goes from the initial value to its highest value, and the falling curve 

as the part of the curve of the independent variable that goes from the peak to the last 

observed value. The last observed value is used as loops do not always close (i.e., the variables 

do not always return to their initial state). We define eight main hysteresis classes: clockwise 

(classes: I and V), anti-clockwise (classes: IV and VIII), or eight-shaped (or more complex), where 

the main direction is clockwise (classes: II and VI) or anti-clockwise (classes: III and VII) (Table 

3.4.1). Class I to IV describe the situation where the dependent variable increases during the 

rising curve of the independent variable, while classes V-VIII describe the situation where the 

dependent variable mainly decreases during the rising curve of the independent variable. If the 

dependent variable remains constant during the rising curve of the independent variable, then 

the classification of the loops is based on whether the dependent variable mainly increases or 

decreases during the falling curve. The hysteresis index is structured so that it can classify 

hysteretic loops into these eight classes.  

 

 

 

 

 



62 

 

Hysteresis class Loop Dependent variable               

I 
 

increase from the initial state > 0 > 0 > 0 

II 
 

increase from the initial state ≤ 0 > 0 ≥ 0 

III 
 

increase from the initial state < 0 ≥ 0 < 0 

IV 
 

increase from the initial state < 0 < 0 < 0 

V 
 

decrease from the initial state > 0 > 0 > 0 

VI 
 

decrease from the initial state ≤ 0 > 0 ≥ 0 

VII 
 

decrease from the initial state < 0 ≥ 0 < 0 

VIII 
 

decrease from the initial state < 0 < 0 < 0 

Table 3.4.1. The eight main hysteresis classes for independent variables that increase from the initial 

state, reach a peak and then decrease, with the corresponding minimum (     ) and maximum 

(     ) values of the difference between the integrals         (equation (3.4.5)) and their sum,  . 

The computation of the hysteresis index involves four steps, which were implemented in 

MATLAB scripts (MathWorks, Inc., USA) and a stand-alone tool in Java: 

1) Normalization of the two variables (columns a and b in Fig. 3.4.1), as: 

     
         

         
                                                                                                                               (3.4.1) 

     
         

         
                                                                                                                               (3.4.2) 

where      and      are the two variables at time  ,     ,     ,      and      are the 

minimum and maximum values of the independent and dependent variables, respectively, and 

     and      are the normalized values of      and     , respectively. The two normalized 

variables range between 0 and 1. Typically,      should be the independent variable at its 

initial state, so that normally       . 

2) Computation of the definite integrals,         and         of the functions       and       on 

intervals       for the rising ( ) and the falling ( ) curve, as: 

                
 

 
                                                                                                                     (3.4.3) 

                
 

 
                                                                                                                     (3.4.4) 
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where   and   represent the lower and upper limit of integration, respectively, and can assume 

all the values from     to    . The integrals can be computed on intervals of different 

widths delimited by selected points,   and  , of the independent variable   (column c and d in 

Fig. 3.4.1). The choice of the intervals of integrations should depend on the quality and 

resolution of the data and the rate at which the dependent variable changes with respect to the 

independent variable. In the examples in Section 3.4.2, we computed 17 integrals of equal 

width (intervals of 0.05 from        to    ) for the rising and for the falling curve, using a 

linear function. 

The definite integrals for the rising and the falling curves can be plotted as a function of   

(column d in Fig. 3.4.1). For clockwise loops the integrals of the rising curve are always larger 

than the integrals of the falling curve (Fig. 3.4.1 column d, hysteresis class I), for anti-clockwise 

loops the integrals of the falling curve are always larger than those of the rising curve (Fig. 3.4.1 

column d, hysteresis class IV), while for eight-shaped or other complex hysteretic loops the 

integrals of the two curves cross (i.e., some integrals of the rising curve are larger than those on 

the falling curve, while others are smaller than those of the falling curve; Fig. 3.4.1 column d, 

hysteresis class II and III). 

3) Determination of the difference between the definite integrals on the rising and the falling 

curve computed for the same interval,      , as: 

                                                                                                                                     (3.4.5) 

Clockwise loops have all          , anti-clockwise loops have all          , linear relations 

(no hysteresis) have all          , while eight-shaped hysteretic patterns are characterized by 

        and         (column e in Fig. 3.4.1 and Table 3.4.1), where       and       

are the minimum and maximum value of        , respectively. 

4) Quantification of the   index, as: 

          
 
                                                                                                                                 (3.4.6) 

where   is the number of intervals (     in the examples in Section 3.4.2). 

Clockwise hysteresis is characterized by    , anti-clockwise loops have    , while     

indicates no hysteresis or a symmetrical eight-shaped or complex loop (Table 3.4.1). For 

complex eight-shaped loops, the dominant direction is defined by the relative size of the two 

(or more) loops. The value of the index is also a measure of the size of the hysteretic loop: the 

larger the hysteretic loop, the further   is from 0. 
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Fig. 3.4.1. Examples of hysteretic relations between streamflow and soil moisture representing the four 

main hysteresis classes where the dependent variable increases during an event (column a) and the 

main steps in the computation of the hysteresis index (columns b-e). The circles and diamonds in 

column c represent the selected points ( ) delimiting the intervals of integration on the rising and the 

falling limb, respectively. The symbol colors change from yellow to dark red to cyan during a runoff 

event. The horizontal black line in column e represents     . 

3.4.2. Instrumentation and datasets used to test the hysteresis index 

The hysteresis index was tested with hydrological data from three experimental catchments in 

Italy (Fig. 3.4.2). The index was applied to the hysteretic relation between streamflow and four 

typical runoff response variables: soil moisture, depth to water table, isotopic composition of 

stream water (δ2H) and electrical conductivity (EC) of stream water (Fig. 3.4.3). These variables 

were chosen because i) they show different responses during rainfall and snowmelt events (soil 

moisture and groundwater level typically increase during the event, EC usually decreases, while 

the stream water isotopic composition can increase or decrease depending on the isotopic 

signature of the rain or snowmelt); ii) they have different signs (soil moisture and EC are 

positive, whereas isotopic composition is generally a negative number, and groundwater level 

can be positive, water level above the bottom of the well, or negative, distance from the 
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surface); and iii) previous studies have shown hysteretic relation with streamflow (Penna et al., 

2011; McGlynn et al., 2004; Wetzel, 2003). 

 

Fig. 3.4.2. Location of Alta Val de La Mare, Ressi and Bridge Creek catchment in Italy. 

In order to apply the hysteresis index to the field data (Fig. 3.4.3) we selected equal intervals of 

0.05 from        to     on the rising and the falling curve. The number of selected 

intervals represents a reasonable frequency for the applications, leaving out possible noise for 

low flow observations (      ). The use of different intervals did not change the results. 

Linear interpolation between two observations was used to determine the corresponding 

values of the dependent variable,      when data for the dependent variable at the selected 

times of   were missing in the dataset (i.e., the time stamp of the two datasets was not exactly 

the same). 
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Fig. 3.4.3. Normalized hysteretic loops between streamflow and soil moisture in the Ressi catchment (a: 

clockwise; b: anti-clockwise), depth to water table in a piezometer in the Bridge Creek catchment (c: 

eight-shaped; d: anti-clockwise), δ2H in the Ressi catchment (e: eight-shaped), and EC in the Alta Val de 

La Mare catchment (f: anti-clockwise). Values of      ,       and   are reported in Table 8.2.1. Circles 

and diamonds represent selected points delimiting the 0.05 intervals of integration on the rising and the 

falling curve, respectively. The symbol colors change from yellow to dark red to cyan during a runoff 

event. See Fig. 3.4.4 for the time series. 
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Fig. 3.4.4. Time series of streamflow, soil moisture (a, b), depth to water table (c, d), δ2H of streamwater 

(e) and stream water EC (f) for the hysteretic loops shown in Fig. 3.4.3. 

Ressi catchment 

For the application of the hysteresis index on field data, soil moisture and streamflow data from 

the Ressi catchment were used (Section 3.2.1). 30 rainfall-runoff events (event total 

precipitation larger than 10 mm) between August 2012 and July 2013 were analyzed (Penna et 

al., 2015b). Precipitation amount ranged between 11.8 and 266.2 mm, while event-average 

rainfall intensity varied between 2.0 and 11.1 mm/hr. Soil moisture was measured at 0-30 cm 

depth by the four time domain reflectometers installed at different positions along the 

hillslope-riparian zone transect. Soil moisture was measured at a 5-min interval from mid 

August 2012 until the end of November 2012, when the resolution was changed to 10 minutes. 

The increase in streamflow (i.e., the difference between the minimum and maximum 
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streamflow during an event) varied between 0.4 and 63.1 L/s for the 30 rainfall-runoff events. 

Because of the fast streamflow response, the rainfall-runoff events were analyzed using a 5-min 

resolution data for both streamflow and soil moisture. Therefore, a linear interpolation was 

used to estimate soil moisture at 5-min intervals from December 2012 to July 2013, when 5-min 

time resolution data were not available (17 out of the 30 events). We used the streamflow-soil 

moisture relation (Fig. 3.4.3a, b) to evaluate the temporal variability of  , as well as the 

classification of the hysteretic loops (Table 3.4.1), and their relation to event characteristics 

(e.g., average and maximum rainfall intensity, rainfall depth and runoff coefficient) and the 

antecedent soil moisture index (   ): 

                                                                                                                                            (3.4.7) 

where   is the volumetric soil moisture content (m3/m3) measured by each probe and   is the 

installation depth (0.3 m) (Haga et al., 2005; Detty and McGuire, 2010a, b). The correlation 

between the hysteresis index and the rainfall event characteristics was assessed using the 

Spearman rank correlation analysis (  ). 

In addition to the soil moisture data, the index was tested for the hysteretic relation between 

streamflow and the isotopic composition of stream water during a 50-mm rainfall event on 

05/05/2013 (Fig. 3.4.3e). Additional information on water sampling and determination of the 

isotopic composition can be found in Penna et al. (2015b). 

Bridge Creek catchment 

Figures 3.4.3c shows the hysteretic relation between streamflow and depth to water table 

measured with a pressure transducer in a piezometer on a hillslope during a 49-mm rain-on-

snow event on 04/11/2012 at the Bridge Creek catchment (BCC, 46°29’32.34’’ N, 11°50’38.66’’ 

E; Eastern Italian Alps). Figure 3.4.3d shows the hysteretic relation between streamflow and 

depth to water table in a different piezometer (125 m away) measured with a capacitance 

sensor during a 20-mm rainfall event on 05/08/2011. Stream stage at BCC was measured 

behind a V-notch weir with a pressure transducer. Streamflow was obtained by the weir 

equation, which was checked with bucket measurements. All data were collected at a 15-min 

interval. Information on the catchment and a detailed description of the groundwater 

responses can be found in Penna et al. (2011; 2015a). 

Alta Val de La Mare catchment 

Figure 3.4.3f shows the hysteretic relation between streamflow and stream water EC for a 

snowmelt event in the Noce Nero, a stream fed by snowmelt and spring water (Alta Val de La 
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Mare catchment, 46°24’51.30’’ N, 10°40’50.90’’ E; Eastern Italian Alps, Carturan et al., 2012). 

Stream stage and EC were measured at a 15-min interval by a Dipper-PTEC (SEBA Hydrometrie 

GmbH & Co., Germany) multi-parameter sensor. Streamflow was measured during different 

flow conditions using the salt dilution method. 
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4. ANALYSIS AND MODELING SOIL MOISTURE SPATIAL VARIABILITY AT THE PLOT 

SCALE 

4.1. Observed soil moisture variability 

Due to the varying temporal sampling over the three years, there was a different availability of 

daily soil moisture data. Table 4.1.1 summarizes the main characteristics of the observed data, 

including the averages of the spatial means and standard deviations. Inspection of the data 

shows that mean soil moisture was larger for vineyard than for the meadow at both depths 

(Fig. 4.1.1 and Table 4.1.1); correspondingly, the average of the spatial variability of soil 

moisture (expressed by the standard deviation) was larger for the meadow than for the 

vineyard. This is consistent with earlier observations (Penna et al., 2009, 2013) and indicates 

that the variability of soil moisture distributions decreases when the mean soil moisture value 

increases. As expected, soil moisture increased quite fast after a rainfall pulse especially at the 

shallow layer and mean soil moisture was larger during the winter period (Fig. 4.1.1).  

Summary statistics Meadow Vineyard 

Depth (cm) 0-30 0-60 0-30 0-60 

Sampling points 9 8 12 11 

Sampling times 650 681 700 670 

Mean (%) 12.9 14.4 16.2 15.6 

Mean of standard deviation (%) 1.2 0.8 1.0 1.3 

Table 4.1.1. Summary of soil moisture statistics over the two land uses for 2006-2008 (only common 

sampling times are considered). 
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Fig. 4.1.1. Time series of spatial mean soil moisture, rainfall and potential evapotranspiration (PET). The 

purple line in the upper plot is the moving average of PET. 

Figure 4.1.2 and 4.1.3 show the distributions of soil moisture spatial statistics: spatial mean and 

spatial standard deviation for the three years. The statistics are reported for the growing (from 

April to September) and for the dormant season (from October to March) at 0-30 and 0-60 cm 

depth. Consistently with the observations reported in Table 4.1.1, the mean spatial soil 

moisture was significantly (Mann-Whitney test p < 0.001) larger in the vineyard than in the 

meadow for both seasons and at both depths. Not surprisingly, the spatial variability of soil 

moisture was significantly (Mann-Whitney test p < 0.001) larger for the meadow than for the 

vineyard for both seasons at 0-30 cm depth (Fig. 4.1.3). Particularly, the standard deviation in 

the vineyard is much larger for the growing period than for the dormant period, implying the 
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effect of the plant growth during the growing season. On the other hand, the spatial standard 

deviation of soil moisture was found larger in the vineyard than in the meadow at 0-60 cm 

depth, likely due to an increased heterogeneity in the deeper soil layers. 

 

Fig. 4.1.2. Boxplots of the spatial mean soil moisture for 2006-2008. The statistics are reported for the 

meadow and the vineyard at both depths, for the growing season (April to September) and the dormant 

season (October to March). The boxes indicate the 25th and 75th percentile, the whiskers indicate the 

10th and 90th percentile, the horizontal line within the box marks the median. 
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Fig. 4.1.3. Boxplots of the spatial standard deviation of soil moisture for 2006-2008. The statistics are 

reported for the meadow and the vineyard at both depths, for the growing season (April to September) 

and the dormant season (October to March). The boxes indicate the 25th and 75th percentile, the 

whiskers indicate the 10th and 90th percentile, the horizontal line within the box marks the median. 

 

Fig. 4.1.4. Relation between the spatial mean soil moisture at 0-30 cm and at 0-60 cm depth. 
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The spatial mean soil moisture was significantly correlated between the two soil depths (0-30 

and 0-60 cm depth), but during dry conditions soil moisture was higher at the deeper layer 

compared to the shallow one, probably due to the evaporation processes affecting most soil 

moisture at the soil surface (Fig. 4.1.4). 

Figure 4.1.5 shows that the coefficient of variation decreased when the mean soil moisture 

value increased (Penna et al., 2009, 2013). As expected, the coefficients of variation were larger 

during days characterized by high evapotranspiration, underlining the role of the seasonal 

growth of the vegetation. 

 

Fig. 4.1.5. Relation between the spatial mean soil moisture and the coefficient of variation. 

4.2. Modeling soil moisture spatial variability 

Table 4.2.1 reports the values for the calibration and the verification periods for the meadow 

and the vineyards at 0-30 cm depth, obtained by the application of the soil moisture model 

described in Section 3.1.2. The values show a good predictive capability of the model, 

particularly when considering that 2008 was much wetter than the other two years. The 

parameters identified by means of the calibration process are reported in Table 4.2.2, showing 

a good correspondence with similar parameters obtained in the model application exercise 

described in previous works (Baudena et al., 2012). The comparison between the time series of 

simulated and observed daily values is reported for the year 2008, showing both good 
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simulation performances (particularly during the spring and fall months) and less good 

modeling capability in the late summer season for the meadow site (Fig. 4.2.1). 

 
Meadow Vineyard 

2006 2007 2008 2006 2007 2008 

NS 0.80 0.52 0.74 0.82 0.65 0.72 

RMSE 2.05 2.77 2.60 1.78 2.37 2.77 

Table 4.2.1. Indexes of performance between observed and simulated mean soil moisture data. NS: 

Nash-Sutcliffe efficiency index; RMSE: Root Mean Square Error. 

Simulation parameters Meadow Vineyard 

   
,    

 8.6, 0.32 7.8, 0.40 

   0.19  0.25  

   0.22  0.31  

  ,    1.6, 0.1 3.5, 0.6 

  0.55 0.55 

   0.8 0.8 

  ,   ,    0.5, 1, 260 0.5, 60, 260 

Table 4.2.2. Parameter values used in the simulation. 

In Table 4.2.2    
 and     are mean and standard deviation for spatial distribution of       ,   

represents porosity,    is the wilting point,    is critical moisture content,   ,    are mean and 

standard deviation for spatial distribution of LAI at its maximum (    ),   is a light use 

efficiency parameter,    is root fraction in the layer of depth   (         ) and   ,   ,    are 

parameters that specify the seasonal development of LAI. 
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Fig. 4.2.1. Time series of rainfall and spatial mean soil moisture for the year 2008 for (a) meadow and (b) 

vineyard at 0-30 cm depth. 

 

Table 4.2.3 reports the comparison between simulated and observed average values of soil 

moisture spatial statistics, for both meadow and vineyard. Inspection of these statistics shows 

that the model reproduces well the spatial statistics in the two sites.  

A more complete representation of the distribution of both the spatial mean values and the 

spatial standard deviation is reported in Fig. 4.2.2, corresponding to the period June-September 

2008. The simulated mean soil moisture reproduces well the observations, for both the 
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meadow and the vineyard. The simulation of the distribution of the spatial standard deviation 

captures the main differences between the two land uses, with a lower standard deviation for 

the vineyard than for the meadow. However, the ranges of the values are not well reproduced. 

 
Meadow Vineyard 

2006 2007 2008 2006 2007 2008 

No. of sampling times  150 205 291 150 205 291 

Mean (%) 
Observed 11.6 12.9 13.5 14.4 15.8 17.2 

Simulated 12.0 13.1 13.1 15.0 15.2 15.7 

Mean of standard 
deviation (%) 

Observed 1.1 1.2 1.3 0.9 1.0 1.0 

Simulated 1.2 1.2 1.3 0.9 0.9 1.0 

Table 4.2.3. Summary of soil moisture statistics over the two land uses (0-30 cm depth) for 2006-2008. 

 

 

Fig. 4.2.2. Boxplots of the spatial mean soil moisture and standard deviation for the period June-

September in 2008. The boxes indicate the 25th and 75th percentile, the whiskers indicate the 10th and 

90th percentile, the horizontal line within the box marks the median and the dash line marks the mean. 
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While the results reported so far show that there are limitations in the model capability in 

reproducing the fine characteristics of the distribution of the spatial standard deviation, the 

model seems to be adequate to summarize the main differences between the two types of 

vegetation. 
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5. COMPARING TWO DIFFERENT TYPES OF THROUGHFALL COLLECTORS 

Comparing the differences in throughfall means measured by buckets and rain gauges (Section 

3.2.2) a significant difference (      ) was found for only two measurements in fall, when 

beech and chestnut usually shed their leaves (31/10/2013 and 11/11/2013; Fig. 5.1). A negative 

difference in mean throughfall (i.e., a larger mean throughfall for the rain gauges than for the 

buckets) was detected for 15 of the 21 sampling times, likely due to the different number of 

dripping points detected by the buckets and rain gauges. Indeed, the difference between the 

90th percentile of throughfall (that includes the dripping points) measured by buckets and rain 

gauges ranged between 0.6% and -26.3% (mean: -10.9%). The difference between the 

throughfall means appeared to be independent from the gross rainfall amount. The non-

significant difference in mean throughfall indicates that the arrangement of the collectors 

(sample size, collecting area and spatial distribution) was sufficient and did not affect mean 

throughfall measured in the study plot. The assessment of the optimum sample size for each 

measurement day showed that the number of collectors required to measure throughfall 

within 10% of the mean with a 95% confidence interval ranged between 9 and 36 for buckets 

and between 12 and 185 for rain gauges (Fig. 5.2). These optimum sample sizes indicated that 

the number of required buckets was smaller than the number of samplers deployed in the field 

(n = 50) but that more rain gauges were needed to determine throughfall during small rainfall 

events. As expected, the optimum sample sizes ( ) decreased with increasing gross rainfall ( ) 

(Fig. 3) following an exponential decay relation (                 , R2 = 0.28, n = 21 for 

buckets;                   , R2 = 0.52, n = 21 for rain gauges) because the spatial 

variability of throughfall decreased with increasing gross rainfall. There was a significant 

negative correlation between gross rainfall and the 95% confidence interval (Spearman’s    =    

-0.51, p < 0.05, n = 21). 
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Fig. 5.1. Difference between mean throughfall measured by the buckets and rain gauges for the 21 

measurements. Means and 95% confidence intervals were computed after application of the 

bootstrapping re-sampling method. The differences between the two means are significant when the 

confidence intervals do not intersect zero (red solid line). A positive difference between the means 

indicates that the buckets collected more throughfall than the rain gauges. 
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Fig. 5.2. The relation between gross rainfall and optimum sample size computed for buckets (BK) and 

rain gauges (RG). 

The observed spatial variability in throughfall was larger for the rain gauges than the buckets 

(Fig. 5.3). This difference in the observed spatial variability was probably related to the 

difference in the area of the two collectors: buckets have a larger collecting area than rain 

gauges, thus they integrate more small scale variability and consequently the variability 

between individual measurement locations is smaller. The difference between the standard 

errors of throughfall measured by the buckets and rain gauges as a fraction of precipitation (%) 

tended to decrease with increasing rainfall (Fig. 5.3d), suggesting less variability in throughfall 

and a reduced difference in spatial variability of throughfall measured by the two types of 

collectors for large events. 
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Fig. 5.3. The relation between gross rainfall and the difference between standard errors (SE) of 

throughfall measured by the buckets (BK) and rain gauges (RG) (a and d) and the relation between the 

standard deviation (b and e) and interquartile range (c and f) of throughfall measured by the buckets 

(BK) and the rain gauges (RG). The measured throughfall is expressed as amount (mm) (a-c) and as a 

fraction of precipitation (%) (d-f). A negative difference indicates larger standard errors for rain gauges 

than for buckets. Symbols represent different event size classes; the pink solid line represents the 1:1 

line (b, c, e and f). 

More significant local spatial clusters and outliers were identified in throughfall measured by 

the buckets than for rain gauges (Fig. 5.4a and b). The average number of measurements sites 

that were considered outliers was 2.3% (buckets) and 1.5% (rain gauges) for high throughfall 

sites surrounded by low throughfall (HL) and 1.4% (buckets) and 1.3% (rain gauges) for low 

throughfall sites surrounded by high throughfall (LH). The average number of high throughfall 

clusters (HH) was 2.1% (for buckets) and 0.7% (for rain gauges); the average number of low 

throughfall clusters (LL) was 0.7% (for buckets) and 0.6% (for rain gauges). We hypothesize that 

the difference in the number of significant local outliers and clusters was due to the spatial 

arrangement of buckets and rain gauges in the plot. However, further analyses are needed to 

assess if the sample size and spatial arrangement have an effect on the identification of 

significant locations of large or small throughfall amounts. Local outliers, and especially 

dripping points (HL), were more frequent than local clusters, suggesting the importance of 

dripping points in shaping the spatial variability of throughfall. The overall low number of 
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significant local clusters and outliers indicates the presence of a near random pattern in 

measured throughfall. 

Fig. 5.4. Frequency of significant local outliers and clusters of throughfall for each sampling date in 

buckets (a) and rain gauges (b) and location of the gauges that were significant local outliers or clusters 

for more than 10% of the measurement dates: high throughfall surrounded by low throughfall (HL) (c); 

low throughfall surrounded by high throughfall (LH) (d); clusters of high throughfall (HH) (e); clusters of 

low throughfall (LL) (f). The locations of the buckets are shown with circles, the locations of the rain 

gauges with diamonds. 

Dripping points (HL) displayed the highest persistence (i.e., temporal stability up to 38% of the 

sampling times for the highest-frequency locations) (Fig. 5.4c), confirming the important role of 

dripping points in the spatial distribution of throughfall. When comparing the spatial 



86 

 

distribution of the significant local spatial clusters and outliers, it appears that the clusters 

identified for bucket measurements were not far from the ones identified for the rain gauges 

when HL or LH were considered. However, locations where the canopy intercepted more 

rainfall (LL) were far from similar locations for the rain gauges. In addition, sites that were 

significant high clusters for more than 10% of the measurements for the buckets were not 

identified as high throughfall clusters by the rain gauge measurements. This suggests that the 

size of the collectors and the number of measurements influenced both the observed spatial 

variability and the spatial patterns of throughfall. 
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6. ANALYSIS AND MODELING OF TEMPORAL STABILITY OF THROUGHFALL AND 

SOIL MOISTURE 

6.1. Relation between throughfall and rainfall characteristics 

Based on the results obtained in Section 5, throughfall amounts measured by buckets were 

considered for the analysis of temporal persistence of throughfall patterns and their relation 

with near-surface soil moisture. 

The mean throughfall of 24 measurements between April 2013 and March 2014 was 80.4% of 

the gross rainfall. The relation between rainfall characteristics and throughfall spatial mean 

suggests that throughfall amounts tend to increase with the increasing rainfall amount (gross 

rainfall; Fig. 6.1.1) and mean rainfall intensity (Fig. 6.1.2). Large throughfall amounts are likely 

due to the more uniform saturation of canopy during large events, which leads to increasing 

fraction of precipitation reaching the ground. Significant correlations were found between 

throughfall spatial mean and gross rainfall (   = 0.53, p < 0.01), mean rainfall intensity (   = 

0.56, p < 0.01) and maximum rainfall intensity (   = 0.51, p < 0.05). Considering each sampling 

location separately it was found that only 42% of the 50 buckets were characterized by a 

significant correlation (p < 0.05) between throughfall and gross rainfall and throughfall and 

mean rainfall intensity. The significant correlations decreased to 28% when considering the 

relation between throughfall and maximum rainfall intensity. 

 

Fig. 6.1.1. Relation between gross rainfall and throughfall spatial mean. The red dashed line represents 

the mean throughfall computed for 24 measurements using the buckets, while the error bars are the 

standard errors. 
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Fig. 6.1.2. Relation between mean rainfall intensity and throughfall spatial mean computed for 24 

measurements using buckets. The error bars represent the standard errors. 

As expected, the variability in throughfall spatial patterns decreased with the increasing gross 

rainfall (Staelens et al., 2006). Large coefficients of variation were found for small rainfall 

events (Fig. 6.1.3) likely due to a heterogeneous saturation of the tree canopies. Similarly to 

Staelens et al. (2006), the median spatial coefficient of variation of throughfall was larger 

during the growing/leafed season (April-October; 18 sampling times) than for the dormant 

season (November-March; six sampling times). The difference in the median spatial coefficient 

of variation was not significant (Mann-Whitney rank sum test, p = 0.07). However, the reduced 

sample size for the dormant season could have influenced the obtained result, which needs 

additional measurements to be confirmed. 

The Shapiro-Wilk test was used to assess whether the throughfall samples followed a normal 

distribution. For 14 sampling dates throughfall data matched the normal distribution. The 

results of the tests were not explained by the analyzed rainfall characteristics. For instance, non 

normality of the samples was found both for small and large rainfall amounts and for low and 

high rainfall intensities. 
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Fig. 6.1.3. Relation between gross rainfall and spatial coefficient of variation of throughfall. 

For each sampling date, the number (and frequency) of buckets collecting throughfall amounts 

> 105% (these locations were considered as dripping points) and < 65% (these buckets were 

considered as affected by larger interception than the other locations) were computed. Figure 

6.1.4 shows that the frequency of dripping points ranged between 0 and 18% and no significant 

correlation was found with gross rainfall and mean rainfall intensity. On the contrary, canopy 

interception strongly decreased with increasing gross rainfall and intensity. These results 

suggest that the frequency of dripping points is almost constant during both large and small 

events, while rainfall characteristics have a strong effect on the amount of throughfall reaching 

the ground.  
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Fig. 6.1.4. Frequency of buckets with throughfall amount > 105% and < 65% for each sampling date, in 

relation to gross rainfall and mean rainfall intensity. 

6.2. Temporal stability of throughfall and relation with vegetation characteristics 

The analysis of the temporal stability of throughfall showed that positive and significant 

correlation coefficients (p < 0.05) were found between all the pairs of consecutive observation 

times (Fig. 6.2.1). The positive and significant correlation coefficients indicate that sampling 

sites tend to maintain proportionally larger or smaller throughfall amounts for the following 

rainfall event. Similarly, significant and positive correlations occurred for 95% of all the possible 

253 event pairings. The correlation coefficients (  ) were examined to determine if temporal 

lag between two consecutive samplings or the difference in rainfall characteristics (gross 
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rainfall, mean and maximum rainfall intensity and duration) could explain the correlation 

between the spatial patterns (Zimmermann et al., 2008; Carlyle-Moses and Lishman, 2015). In 

contrast to Zimmermann et al. (2008) and Carlyle-Moses and Lishman (2015), the temporal lag 

between pairs of consecutive sampling times was not a good predictor for   . The difference in 

rainfall characteristics and the seasonality could also not explain the variability in the 

correlation coefficients. 

 

Fig. 6.2.1. Time series of throughfall spatial mean and correlation coefficients between pairs of 

throughfall sampling times. 

 

Fig. 6.2.2. Ranked MRD of throughfall measured by buckets (all 24 sampling times were considered). 

Error bars are SDRD computed for each sampling site, the red solid line represents MRD = 0. 

Ranked MRD of throughfall ranged between -0.37 (for BK 39) and 0.33 (for BK 11). BK 49 was 

the location most representative of the throughfall spatial mean (it had the MRD value closest 

to zero) (Fig. 6.2.2). SDRD values were not correlated to MRD values and they ranged between 
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0.06 and 0.38, with an average of 0.11. BK 20, BK 31 and BK 11 were characterized by very large 

SDRD: these locations had amounts of throughfall both larger and smaller than the spatial 

mean. Indeed, these locations had throughfall both > 105% and < 65%; this likely suggests that 

very small-scale characteristics of the vegetation (e.g., the inclination of a branch) could affect 

the throughfall amount. 

Correlation coefficients computed between MRD and SDRD of throughfall and characteristics of 

the vegetation (distance from the nearest tree, canopy openness, LAI and weighted basal area 

(WBA); Table 6.2.1) were very small. MRD was negatively correlated with WBA and   values 

were small (0.5 and 1.0). This indicates that large basal areas corresponded to small MRD (i.e., 

there is more interception). However, the small    imply that WBA or the other vegetation 

characteristics cannot be used as good predictors of the temporal stability of throughfall.    

   MRD SDRD 

Distance from the nearest tree 0.06 -0.08 

Canopy openness (84° lens) -0.12 0.43 (**) 

Canopy openness (fisheye lens) 0.02 -0.03 

LAI -0.01 0.00 

WBA (  = 0.5) -0.38 (**) 0.15 

WBA (  = 1.0) -0.32 (*) 0.24 

WBA (  = 2.0) -0.26 0.32 (*) 

WBA (  = 4.0) -0.14 0.15 
Significance codes: * = 0.05; ** = 0.01; *** = 0.001.    

Table 6.2.1. Spearman correlation coefficients computed for the relation between MRD and SDRD and 

vegetation characteristics (Section 3.2.5). 

6.3. Variability of near-surface soil moisture data 

As expected, soil moisture increased after a rainfall pulse especially at the shallow layer (Fig. 

6.3.1). Inspection of the data shows that mean soil moisture was larger for 0-7 cm depth than 

for the 0-12 cm.  
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Fig. 6.3.1. Time series of spatial mean soil moisture at 0-7 and 0-12 cm depth, rainfall and potential 

evapotranspiration (PET). 

 

Fig. 6.3.2. Relation between the spatial mean soil moisture at 0-7 cm and at 0-12 cm depth. 
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The spatial mean soil moisture was significantly correlated between the two depths (0-7 and 0-

12 cm depth) and mean soil moisture was always larger at the shallow layer (Fig. 6.3.2). 

Figure 6.3.3 shows that the coefficient of variation at the two depths decreased when the mean 

soil moisture value increased (Penna et al., 2009, 2013). The largest coefficient of variation was 

found on 13th August 2013 during a dry period. 

 

Fig. 6.3.3. Relation between the spatial mean soil moisture and the coefficient of variation. at 0-7 cm 

and at 0-12 cm depth. 
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6.4. Temporal stability of near-surface soil moisture 

The analysis of the temporal stability of throughfall showed that positive and significant 

correlation coefficients (p < 0.05) were found between all the pairs of consecutive observation 

times (Fig. 6.4.1). The correlation coefficients (  ) were examined to determine if temporal lag 

between two consecutive samplings could explain the correlation between the spatial patterns. 

In contrast to the results for throughfall (Section 6.2), the temporal lag between pairs of 

consecutive sampling times of soil moisture was negatively correlated with   . This indicates 

that for both depths soil moisture tends to have a larger stability when the temporal lag 

between measurements is small.  

 

Fig. 6.4.1. Time series of soil moisture spatial mean at 0-7 and 0-12 cm depth and correlation 

coefficients between pairs of soil moisture sampling times. 
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Fig. 6.4.2. Ranked MRD of soil moisture measured at 0-7 and 0-12 cm depth. Error bars are SDRD 

computed for each sampling site, the red solid line represents MRD = 0. 

Ranked MRD of soil moisture at 0-7 cm depth ranged between -0.15 (for the site upslope BK 38) 

and 0.15 (for the site upslope BK 21). The location upslope BK 17 was the most representative 

of the soil moisture spatial mean at 0-7 cm depth (Fig. 6.4.2). Ranked MRD of soil moisture at 0-

12 cm depth ranged between -0.15 (for the site upslope BK 38) and 0.20 (for the site upslope 

BK 21). The location upslope BK 17 was the most representative of the soil moisture spatial 

mean at 0-12 cm depth (Fig. 6.4.2). The ranked MRD for the two soil moisture depths were 

quite similar, but they were quite different compared to the ranked MRD of throughfall (Fig. 

6.2.2). The range of MRD was also larger for throughfall than for MRD of soil moisture. 

SDRD values of soil moisture at 0-7 cm depth ranged between 0.05 and 0.13, with an average of 

0.09. SDRD values of soil moisture at 0-12 cm depth ranged between 0.06 and 0.14, with an 

average of 0.09. Compared to the SDRD range for throughfall, soil moisture had smaller range 

and most importantly SDRD of the different sampling sites were similar. 

The large range for MRD and SDRD of throughfall suggest that throughfall is characterized by 

smaller temporal stability compared to soil moisture. 
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Correlation coefficients computed between MRD and SDRD of soil moisture and characteristics 

of the vegetation (distance from the nearest tree, canopy openness, LAI and weighted basal 

area (WBA)) were not significant (p > 0.05). This probably means that soil moisture temporal 

stability is not related to surface vegetation characteristics and the results of this correlation 

analysis cannot be used to infer the influence of root fraction on near-surface soil moisture. 

The correlations computed between MRD of throughfall and soil moisture were not significant. 

This implies that soil properties and/or vegetation characteristics could weaken the effect of 

throughfall spatial patterns on soil moisture. No significant correlations were also found 

between throughfall and differences between soil moisture measured, at 0-7 cm and 0-12 cm 

depth, before and after the throughfall sampling. Similarly, no significant or weak correlations 

were found between throughfall and post rainfall event soil moisture (Fig. 6.5.1). Shachnovich 

et al. (2008) found similar results and related the absence of correlation between the spatial 

patterns to a horizontal movement of water on the soil surface or within the soil matrix. 

Fig. 6.4.3. Spearman rank correlation coefficients computed between throughfall measured by buckets 

and post-event soil moisture at the two soil depths, 0-7 cm (left panel) and 0-12 cm (right panel). Red 

lines indicate significance level with   = 0.05. 

6.5. Factors controlling the temporal stability of near-surface soil moisture patterns 

This Section of the thesis focuses on the simulation of the temporal stability of soil moisture at 

the two depths by using the model described in Section 3.1.2 with the sets of parameters 

reported in Section 3.2.6. 

Homogeneous vegetation sets of parameters and relatively small spatial variability in the 

saturated hydraulic conductivity yielded a small range in the simulated MRD values of soil 

moisture compared to the observed range of MRD (Fig. 6.5.1). Similarly, simulated SDRD of soil 
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moisture had smaller values compared to the observed SDRD (Fig. 6.5.2). The analysis of the 

correlation between the simulated MRD distributions of throughfall and soil moisture 

highlighted that the two patterns were highly correlated (Fig. 6.5.3). Large correlation 

coefficients between MRD distributions of throughfall and soil moisture were obtained when 

the spatial variability of the saturated hydraulic conductivity was rather small. 

On the other hand, the simulated SDRD distributions of throughfall and soil moisture were not 

significantly correlated (Fig. 6.5.4) for all the sets of parameters (this is likely due to the 

measurement error used in the simulations; Table 3.2.3). 

The spatial variability in    had an important effect on the temporal stability of soil moisture: a 

larger variability was responsible for a larger range for MRD (Martinez et al., 2013) 

 

 

Fig. 6.5.1. Relation between percentiles (i.e., 5th, 10th, 25th, 50th, 75th, 90th and 95th) of the observed 

and the simulated MRD distributions of post rainfall event soil moisture at 0-7 cm. The simulated values 

shown in the plot are the averages obtained from 200 simulations, while the error bars represent the 

standard deviations. The black solid line represents the 1:1 line. The vegetation was simulated as 

spatially homogeneous, while the mean    was 200 mm/d and    
 was 0.2. 
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Fig. 6.5.2. Relation between percentiles (i.e., 5th, 10th, 25th, 50th, 75th, 90th and 95th) of the observed 

and the simulated SDRD distributions of post rainfall event soil moisture at 0-7 cm. The simulated values 

shown in the plot are the averages obtained from 200 simulations, while the error bars represent the 

standard deviations. The black solid line represents the 1:1 line. The vegetation was simulated as 

spatially homogeneous, while the mean    was 200 mm/d and    
 was 0.2. 

 

Fig. 6.5.3. Frequency of the Spearman correlation coefficients computed between the simulated MRD 

distributions of throughfall and post rainfall event soil moisture measured at 0-7 cm depth. The red 

vertical line represents the observed correlation. The vegetation was simulated as spatially 

homogeneous, while the mean    was 200 mm/d and    
 was 0.2. 
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Fig. 6.5.4. Frequency of the Spearman correlation coefficients computed between the simulated SDRD 

distributions of throughfall and post rainfall event soil moisture measured at 0-7 cm depth. The red 

vertical line represents the observed correlation. The vegetation was simulated as spatially 

homogeneous, while the mean    was 200 mm/d and    
 was 0.2. 

Heterogeneous vegetation sets of parameters, correlated with   , and relatively large spatial 

variability in    yielded a range in the simulated MRD values of soil moisture similar to the 

observed range of MRD (Fig. 6.5.5). Similarly, the simulated SDRD values of soil moisture were 

similar to the observed range of SDRD (Fig. 6.5.6). The analysis of the correlation between the 

simulated MRD distributions of throughfall and soil moisture highlighted that the two patterns 

were less significantly correlated (Fig. 6.5.7) compared to sets of parameters simulating a 

homogeneous vegetation. 
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Fig. 6.5.5. Relation between percentiles (i.e., 5th, 10th, 25th, 50th, 75th, 90th and 95th) of the observed 

and the simulated MRD distributions of post rainfall event soil moisture at 0-7 cm. The simulated values 

shown in the plot are the averages obtained from 200 simulations, while the error bars represent the 

standard deviations. The black solid line represents the 1:1 line. The vegetation was simulated as 

spatially heterogeneous and correlated with   , the mean    was 400 mm/d and    
 was 0.8. 

 

Fig. 6.5.6. Relation between percentiles (i.e., 5th, 10th, 25th, 50th, 75th, 90th and 95th) of the observed 

and the simulated SDRD distributions of post rainfall event soil moisture at 0-7 cm. The simulated values 

shown in the plot are the averages obtained from 200 simulations, while the error bars represent the 

standard deviations. The black solid line represents the 1:1 line. The vegetation was simulated as 

spatially heterogeneous and correlated with   , the mean    was 400 mm/d and    
 was 0.8. 
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Fig. 6.5.7. Frequency of the Spearman correlation coefficients computed between the simulated MRD 

distributions of throughfall and post rainfall event soil moisture measured at 0-7 cm depth. The red 

vertical line represents the observed correlation. The vegetation was simulated as spatially 

heterogeneous and correlated with   , the mean    was 400 mm/d and    
 was 0.8. 

 

Fig. 6.5.8. Frequency of the Spearman correlation coefficients computed between the simulated MRD 

distributions of throughfall and post rainfall event soil moisture measured at 0-7 cm depth. The red 

vertical line represents the observed correlation. The vegetation was simulated as spatially 

heterogeneous and correlated with   , the mean    was 400 mm/d and    
 was 0.8. 
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Fig. 6.5.9. Relation between the median of 200 Spearman correlation coefficients, computed between 

the simulated MRD of throughfall and soil moisture at 0-7 cm depth, and the standard deviation of     

(   
). Colors of the dots were grouped by the mean   . The red solid line represents the value of the 

observed Spearman correlation coefficient computed between the MRD of throughfall and soil moisture 

at 0-7 cm depth. The vegetation was simulated as spatially homogeneous. 

 

 



104 

 

 

Fig. 6.5.10. Relation between the median of 200 Spearman correlation coefficients, computed between 

the simulated MRD of throughfall and soil moisture at 0-7 cm depth, and the standard deviation of     

(   
). Colors of the dots were grouped by the mean   . The red solid line represents the value of the 

observed Spearman correlation coefficient computed between the MRD of throughfall and soil moisture 

at 0-7 cm depth. The vegetation was simulated as spatially heterogeneous. 
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Fig. 6.5.11. Relation between the median of 200 Spearman correlation coefficients, computed between 

the simulated MRD of throughfall and soil moisture at 0-7 cm depth, and the standard deviation of     

(   
). Colors of the dots were grouped by the mean   . The red solid line represents the value of the 

observed Spearman correlation coefficient computed between the MRD of throughfall and soil moisture 

at 0-7 cm depth. The vegetation was simulated as spatially heterogeneous and correlated with   . 

Figures 6.5.9, 6.5.10 and 6.5.11 show the median value of the 200 Spearman correlation 

coefficients computed between the simulated MRD of throughfall and soil moisture at 0-7 cm 

depth. The simulated correlation coefficients were more similar to the observed when the 

spatial variability of the saturated hydraulic conductivity (   
) was very large. This was found 

for all the three combinations of parameter values used for the vegetation. Simulations of a 

spatially heterogeneous vegetation (Fig. 6.5.10) yielded better results compared to the 

homogeneous vegetation, especially when the spatial variability of    was small (   
= 0.2). 

However, the combination of a large spatial variability of    with a spatially heterogeneous 

vegetation had the stronger effect in weakening the correlation between the MRD of 

throughfall and soil moisture. Positively correlated spatial patterns of saturated hydraulic 

conductivity and LAI and root fraction in the soil layer imply a larger presence of more 

permeable soil layers and/or macropores close to the roots.   
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7. COMPARING SUBSURFACE CONNECTIVITY IN FIVE HEADWATER CATCHMENTS 

Subsurface connectivity increased and decreased reflecting the dynamics of streamflow (Fig. 

7.1). For all the five headwater catchments, subsurface connectivity increased rapidly during 

the rising limb of the hydrographs, reached a maximum and then declined slowly during the 

falling limb of the hydrographs. However, connectivity was characterized by a lower variability 

compared to the streamflow, especially during low flow conditions and small rainfall events. 

This implies differences in the synchronicity between runoff and subsurface connectivity and 

consequently in the areas getting connected to the stream network. 

 

 

Fig. 7.1. Time series of rainfall, streamflow and subsurface connectivity (area-weighted) for BCC. Green 

dots represent time steps during which gatekeepers control connectivity. 
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Fig. 7.2. Relation between connectivity (area-weighted) and streamflow during rainfall-runoff events 

(red dots: rising limb of the hydrograph; blue dots: falling limb of the hydrograph). 

The analysis of rainfall-runoff events highlighted the different synchronicity in the peaks of 

streamflow and maximum connectivity. Hysteretic relations between streamflow and 

subsurface connectivity were found for all the five catchments. The hysteresis index (Section 

3.4; Zuecco et al., 2015) was used to quantify and classify the loops (Fig. 7.3). Eight-shaped 

hysteresis with a main anti-clockwise loop (class III) and anti-clockwise hysteresis (class IV) were 

the most common. Class III had the largest frequency in BCC, C1 and C3, while linear relations 

and class II (eight-shaped hysteresis with a main clockwise loop) were the most common in LCC 

and C2, respectively. The dominating anti-clockwise loops suggest a delayed response of 

connectivity compared to the streamflow. 
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Fig. 7.3. Frequency distribution of the hysteresis classes for the five catchments. 

The five headwater catchments had different hydrological responses to rainfall-runoff events. 

While BCC and LCC were characterized by a constant baseflow and small stormflow amounts, 

C1, C2 and C3 displayed quick responses to rainfall events and large stormflow amounts (Fig. 

7.4). Total rainfall amounts (P) combined to antecedent precipitation in the two days prior to 

the event (AP2) explained most of the variation in the maximum connectivity in BCC and LCC 

(Table 7.1. and Fig. 7.4). In particular, thresholds could be identified in the relation between 

maximum connectivity and P+AP2 and between maximum connectivity and stormflow in BCC 

and LCC catchments (Fig. 7.5). On the contrary, maximum connectivity increased more linearly 

with increasing P+AP2 in C1 and C2. This is likely due to a more variable activation of the 

piezometers during a rainfall-runoff event in C1 and C2 and to specific areas of the catchments 

which became connected only during very wet conditions. 
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 Stormflow Max connectivity 

 BCC LCC C1 C2 C3 BCC LCC C1 C2 C3 

Total rainfall 
(P) 

0.79 0.91 0.90 0.75 0.93 0.60 0.61 0.66 - 0.46 

Pre-event 
streamflow 

- - 0.30 - - - - 0.29 - - 

Pre-event 
connectivity 

- - - - - - 0.61 0.29 - - 

Max 1-hour 
intensity 

- 0.55 0.69 - 0.56 0.41 - 0.57 - 0.33 

Mean 1-hour 
intensity 

- - 0.54 - 0.41 - - 0.34 -0.45 - 

Max 
streamflow 

0.90 0.91 0.81 0.75 0.93 0.71 0.77 0.63 - 0.47 

Max 
connectivity 

0.77 0.74 0.69 0.53 0.46      

Duration 0.94 0.67 0.54 0.85 0.28 0.64 - 0.40 0.62 - 

AP1 - - - - - - - - 0.47 - 

AP2 - - - - - 0.44 - 0.25 0.58 - 

AP3 - - - - - - - - 0.55 - 

AP4 - - - - - - - - 0.46 - 

P+AP1 0.85 0.89 0.86 0.71 0.90 0.69 0.71 0.69 0.48 0.41 

P+AP2 0.84 0.77 0.79 0.68 0.81 0.73 0.81 0.69 0.49 0.42 

P+AP3 0.75 0.60 0.71 0.62 0.66 0.69 0.77 0.64 0.56 0.32 

P+AP4 0.71 0.56 0.67 0.58 0.67 0.70 0.76 0.59 0.55 0.34 

Hysteresis 
index 

- -0.56 - 0.47 0.60 0.40 - - - - 

Hysteresis area - 0.45 - - -0.62 - - - - - 

Table 7.1. Significant Spearman rank correlation coefficients (p < 0.05) computed between stormflow 

and maximum connectivity and characteristics of the rainfall-runoff events. 
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Fig. 7.4. Relation between sum of rainfall amount and antecedent precipitation in the previous two days 

(P+AP2) and maximum connectivity and between P+AP2 and stormflow of rainfall-runoff events. 
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Fig. 7.5. Relation between maximum connectivity and stormflow of rainfall-runoff events. 
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Fig. 7.6. Frequency of total time that a piezometer was active in BCC, LCC, C1, C2 and C3 catchment. 
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Fig. 7.7. Frequency of total time that a piezometer was connected to the stream in BCC, LCC, C1, C2 and 

C3 catchment. 

 

 

 

 

 

 

 

 

 

 

 

 



115 

 

 
Piezometric response (% of the time) 

Connection to the stream (% of the 
time) 

 BCC LCC C1 C2 C3 BCC LCC C1 C2 C3 

Flow 
accumulation 

(D8) 
0.61 - - - - 0.54 - - - - 

Flow 
accumulation 

(based on 
multi 

triangular 
flow 

directions) 

- - 0.90 0.76 - - - 0.90 0.76 - 

Max slope (%) - - -0.79 - - - - -0.79 - - 

Max slope (°) - - -0.79 - - - - -0.79 - - 

Curvature - - - - - - - - - - 

Plan 
curvature 

- - - -0.74 - - - - -0.74 - 

Profile 
curvature 

- - - - - - - - - - 

TWI - - 0.93 0.81 - - - 0.93 0.81 - 

Aspect - - - - - - - - - - 

Overland flow 
distance to 
the nearest 

stream 

- - - - - -0.65 - - - - 

Horizontal 
component of 
the overland 
flow distance 
to the nearest 

stream 

- - - - - -0.66 - - - - 

Vertical 
component of 
the overland 
flow distance 
to the nearest 

stream 

- - - - - -0.68 - - - - 

Table 7.2. Significant Spearman rank correlation coefficients (p < 0.05) computed between the 

frequency of total time during which piezometers were responding and topographic characteristics of 

piezometers and significant Spearman rank correlation coefficients  computed between the frequency 

of total time during which piezometers were connected to the stream and topographic characteristics of 

piezometers. 

 

Table 7.2 shows that for two Swiss pre-alpine catchments (C1 and C2) the duration that 

piezometers were connected to the stream was significantly correlated to the local and upslope 

site characteristics, such as the topographic wetness index, local slope and curvature. For the 
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dolomitic catchment with the largest riparian zone (BCC), the time that piezometers were 

connected to the stream was correlated with downslope site characteristics, such as the 

vertical distance to the nearest stream. 
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8. APPLICATION AND TESTING OF THE HYSTERESIS INDEX FOR HYDROLOGICAL 

VARIABLES AT THE RUNOFF EVENT TIMESCALE 

8.1. Application to synthetic data 

We used synthetic loops to test the ability of the hysteresis index  ,       and       to 

quantify the direction and the size of the loops. We also compared the index to i) the   index 

developed by Langlois et al. (2005), ii)       computed according to Lawler et al. (2006) and iii) 

its modified version,       , where instead of using the ratio of the dependent variable at the 

mid-point of  , the ratio is averaged for multiple pairs, and iv) the    index developed by Aich 

et al. (2014) (Tables 8.1.1 and 8.1.2). We set equal-width intervals of 0.05, from     to    , 

for the computation of  . The selected independent variable points for the computation of 

       were similarly set from 0.05 to 0.95 in equal intervals of 0.05. The results show that  , 

Langlois et al. (2005)’s   index, Aich et al. (2014)’s    index and Lawler et al. (2006)’s       

were able to detect the direction of the loops correctly (clockwise or anti-clockwise) (Table 

8.1.1).  ,       (Lawler et al., 2006) and    (Aich et al., 2014) also provided symmetry across 

the range of clockwise and anti-clockwise hysteretic loops.        (Lawler et al., 2006) was 

also able to detect the direction correctly but the index was affected by the presence of at least 

one value of zero in the ratio (either in the numerator or denominator) (Table 8.1.1). In 

hydrological applications the dependent variable can be equal to zero (e.g., water table and 

isotopic composition or tracer concentration) or not change from its initial value, therefore 

methods that are not sensitive to this are preferable. 
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Hysteretic loop 
                    

this 
study 

Langlois et 
al., 2005 

Lawler et 
al., 2006 

Lawler et 
al., 2006 

Aich et al., 
2014 

 

A1 0.09 1.20 0.22 0.47 0.07 

A2 -0.09 0.83 -0.22 -0.47 -0.07 

 

B1 0.18 1.44 0.50 * 0.14 

B2 -0.18 0.69 -0.50 * -0.14 

 

C1 0.34 2.03 1.33 * 0.28 

C2 -0.34 0.49 -1.33 * -0.28 

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

Table 8.1.1. Synthetic loops with a different area (A, B, C) and direction (clockwise: black solid line and 

loop name in black; anti-clockwise: red dashed line and loop name in red) used for testing the hysteresis 

indices and the corresponding values of   (equation 3.4.6), the   index developed by Langlois et al. 

(2005),  the        and       indices of Lawler et al. (2006),  and the    index of Aich et al. (2014). 

We also tested the indices for synthetic eight-shaped loops (Table 8.1.2). The methods for the 

computation of   (Langlois et al., 2005),       (Lawler et al., 2006) and    (Aich et al., 2014) 

do not give information about complex loops but the indices were able to detect the perfect 

symmetry (   ,         and     ) for the symmetric loops (B1 and B2 in Table 8.1.2). 

The index   and the associated values of       and       can characterise the direction 

correctly for the eight-shaped loops with an identifiable main direction (A1, A2, C1, C2, D1, D2, 

E1, E2 in Table 8.1.2) and identify the symmetry of the shape (B1 and B2). The values of        

were different for B1 and B2 because the computation is based on ratios, which do not 

perfectly identify the symmetry of the shape. A comparison of the loops with the same area 

and main direction but with a different location of the largest loop (i.e., A1 and C2, and A2 and 

C1) shows that the value of        depends on the position of the largest portion of the loop 

(i.e., close or far from the peak of  ) and the skewness of the distribution of the ratios (D1 and 

D2 in Table 8.1.2). The values of  ,  ,       and        reflected the different areas of the 
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loops (e.g., C2, D2 and E2 and C1, D1 and E1 in Table 8.1.2) and thus the differences in the 

extent of hysteresis. On the contrary,    (Aich et al., 2014) did not detect differences in the 

shape or the extent of the loops. 

Hysteretic loop 
                    

this study 
Langlois et 
al., 2005 

Lawler et 
al., 2006 

Lawler et 
al., 2006 

Aich et al., 
2014 

 

A1 0.10 1.22** 0.00** * 0.28** 

A2 -0.10 0.82** 0.00** * -0.28** 

 

B1 0.00 1.00** 0.00** 0.32 0.00** 

B2 0.00 1.00** 0.00** -0.32 0.00** 

 

C1 -0.10 0.82** 0.00** 0.13 -0.28** 

C2 0.10 1.22** 0.00** -0.13 0.28** 

 

D1 -0.05 0.90** 0.22** 0.24 -0.28** 

D2 0.05 1.11** -0.22** -0.24 0.28** 

 

E1 -0.15 0.74** -0.75** -0.03 -0.28** 

E2 0.15 1.35** 0.75** 0.03 0.28** 

* the index was affected by a division that included a zero (either in the numerator or the denominator) 
** the index did not identify the eight-shaped loop 

Table 8.1.2. The synthetic eight-shaped loops used for testing the hysteresis indices with the values of  , 

the index developed by Langlois et al. (2005),  , the indices developed by Lawler et al. (2006),      , 

and its modified version       , and the index of Aich et al. (2014),   . The arrows indicate the starting 

points of the loops: for values of   close to 0 on the rising limb, the black solid loops have larger values 

of   compared to the red dashed loops. 
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8.2. Application to field data: identification of the different hysteretic relations 

The hysteresis index correctly represented the type of hysteretic loop: the clockwise loop (Fig. 

3.4.3a) had     and the anti-clockwise loops (Fig. 3.4.3b, d and f) had     (Table 8.2.1). 

The range of         confirmed that the clockwise loop had all           (Fig. 3.4.3a), the anti-

clockwise loops had all           (Fig. 3.4.3b, d and f) and the eight-shaped hysteretic 

patterns were characterized by         and         (Fig. 3.4.3c and e) (Table 8.2.1). In 

particular, the values of       and       were useful to identify the eight-shaped loops (Fig. 

3.4.3c and e), where a small change in the hysteretic pattern occurred near the streamflow 

peak. 

Examples in 
Fig. 3.4.3 

Variables (x; y) 
Sign of 

dependent 
variable 

Hysteresis 
class 

      (-)      (-)   (-) 

a) 
streamflow; soil 

moisture 
+ I 0.001 0.018 0.128 

b) 
streamflow; soil 

moisture 
+ IV -0.049 -0.003 -0.634 

c) 
streamflow; 
water table 

- II -0.015 0.009 0.021 

d) 
streamflow; 
water table 

- IV -0.044 -0.006 -0.567 

e) streamflow; δ2H - II -0.003 0.038 0.383 

f) streamflow; EC + VIII -0.026 -0.004 -0.360 

Table 8.2.1. Independent and dependent variables, sign of the dependent variable, hysteresis classes 

(see Table 3.4.1), and values of      ,       and   for the examples shown in Fig. 3.4.3. 

We also computed the indices developed by Langlois et al. (2005), Lawler et al. (2006) and Aich 

et al. (2014) for the six examples (Table 8.2.2). The three indices captured the direction of the 

loops correctly when the dependent variables were expressed by positive signs. The direction 

of the loops with dependent variables with a negative sign (Fig. 3.4.3c-e) were not correctly 

identified without any additional normalization or conditional statements:  ,      and        

gave a wrong interpretation of the direction, while    gave a correct interpretation of the 

direction but the normalization procedure reversed the loop. Eight-shaped hysteretic loops (Fig. 

3.4.3c and e) could not be correctly detected by any of these previous indices. 
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Examples 
in Fig. 
3.4.3 

Hysteresis 
class 

  - Langlois et al. (2005) 
(notes) 

      - Lawler et al. 
(2006) (notes) 

   - Aich et al. (2014) 
(notes) 

a) I 1.040 (correct) 0.050 (correct) 0.051 (correct) 

b) IV 0.843 (correct) -0.277 (correct) -0.227 (correct) 

c) II 

1.011 (theoretically 
incorrect because of the 

negative sign of the 
dependent variable; 

difficult interpretation 
because it is an eight-

shaped loop) 

-0.101 (theoretically 
incorrect because of the 

negative sign of the 
dependent variable; no 
information about the 

eight shape) 

-0.136 (correct for 
the normalized loop, 
but the normalization 
reverses the original 
loop; no information 

about the eight 
shape) 

d) IV 
1.475 (incorrect because 

of the negative sign of the 
dependent variable) 

0.407 (incorrect because 
of the negative sign of 

the dependent variable) 

0.734 (correct for the 
normalized loop, but 

the normalization 
reverses the direction 
of the original loop) 

e) II 

0.900 (incorrect because 
of the negative sign of the 

dependent variable; 
also correlation coefficient 

< 0.90) 

-0.111 (incorrect 
because of the negative 
sign of the dependent 

variable) 

-0.269 (correct for 
the normalized loop, 
but the normalization 
reverses the direction 
of the original loop) 

f) VIII 0.983 (correct) -0.026 (correct) -0.029 (correct) 

Table 8.2.2. Values for   (Langlois et al., 2005),       (Lawler et al. (2006) and    (Aich et al., 2014) 

with notes about the interpretation of the direction of hysteretic loops for the examples shown in Fig. 

3.4.3. The indices were applied without additional conditional statements or normalizations of the data. 

The values for      ,       and   are shown in Table 8.2.1. 

 

8.3. Temporal variability in the hysteretic relation between soil moisture and 

streamflow 

The application of the hysteresis index to soil moisture and streamflow data for 30 events in the 

Ressi catchment showed that hysteretic loops between streamflow and riparian soil moisture 

(SM1 and SM2, Fig. 8.3.1) were generally clockwise, with a few anti-clockwise loops for events 

in May and June 2013. Conversely, hysteretic relations between streamflow and hillslope soil 

moisture (SM3 and SM4, Fig. 8.3.1) followed a seasonal pattern, with clockwise loops during 

large events in autumn and anti-clockwise loops occurring more commonly in spring and 

summer. Differences in the type of hysteretic loop for the hillslope and the riparian zone were 

most pronounced in late summer and late spring and smaller during the wet periods (autumn 

2012 and early spring 2013) and at the start of the dry season (end of May 2013) (Fig. 8.3.2). 

Because previous studies showed a threshold relation between streamflow and the sum of 

antecedent wetness conditions and total rainfall (ASI+P) at the Ressi catchment (Penna et al., 
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2015b), we investigated the relation between ASI+P and   for the four soil moisture 

measurement locations. The hysteresis index   for the hillslope sites was significantly 

correlated with ASI+P (  = 0.69 and 0.73 for SM3 and SM4, respectively, p < 0.01, n = 30) and 

also with event rainfall amount (   = 0.72 and 0.73 for SM3 and SM4, respectively, p < 0.01, n = 

30). The hysteretic relation between hillslope soil moisture and streamflow tended to be 

clockwise for high values of ASI+P and anti-clockwise hysteresis for dry conditions and small 

events (Fig. 8.3.3). These seasonal changes in the direction of the hysteresis suggest that 

streamflow generally peaked before hillslope soil moisture during dry periods and small rainfall 

events, while hillslope soil moisture peaked earlier than streamflow during the wet period. 

Runoff coefficients were also positively correlated with  , with stronger correlations for the 

hillslope than for the riparian zone (   = 0.50, 0.33, 0.67 and 0.86 for SM1 (p < 0.01), SM2 (p < 

0.10), SM3 (p < 0.01) and SM4 (p < 0.01), respectively, n = 30). 

 

Fig. 8.3.1. Values of the hysteresis index ( ) computed for the streamflow-soil moisture relations at four 

different locations (SM1: riparian zone; SM2: footslope; SM3: midslope; SM4: upper hillslope) in the 

Ressi catchment. The horizontal black line represents the threshold between mainly clockwise (> 0) and 

anti-clockwise (< 0) loops. Shaded bars indicate eight-shaped or complex loops. 
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Fig. 8.3.2. The hysteresis classes for the 30 rainfall-runoff events for the relation between streamflow 

and soil moisture at four different locations along the riparian-hillslope transect in Ressi (SM1: riparian 

zone; SM2: footslope; SM3: midslope; SM4: upper hillslope; I = clockwise loop; II = eight-shaped or 

complex loop with a predominant clockwise loop; III = eight-shaped or complex loop with a predominant 

anti-clockwise loop; IV = anti-clockwise loop). 

The relation between   and ASI+P for the riparian sites was more scattered than for the 

hillslope sites (  = 0.43 and 0.16 for SM1 (p < 0.05) and SM2 (p > 0.10), respectively, n = 30), 

suggesting that hysteresis between streamflow and riparian soil moisture was not 

predominantly related to antecedent wetness conditions and rainfall amount. Instead, the 

hysteresis index for the relation between streamflow and riparian soil moisture at SM1 was 

negatively correlated with the average (  = -0.52, p < 0.01, n = 30) and maximum rainfall 

intensity (  = -0.55, p < 0.01, n = 30), implying that the time lag between streamflow and soil 

moisture decreased during high rainfall intensity events. 
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Fig. 8.3.3. Relation between the value of the hysteresis index ( ) for the relation between streamflow 

and soil moisture and ASI+P for the different locations along the riparian-hillslope transect at the Ressi 

catchment. The horizontal black line represents the threshold between the mainly clockwise (> 0) and 

anti-clockwise (< 0) loops. 

 

8.4. Sensitivity to the temporal resolution of the data 

The sensitivity of the hysteresis index   and the determination of the hysteresis classes based 

on   and the associated values of       and       to the temporal resolution of the data was 

analysed for the hysteretic relation between streamflow and soil moisture at the mid-hillslope 

(SM3) location at Ressi. To determine the sensitivity of the hysteresis index to the temporal 

resolution of the data, data points from the streamflow and soil moisture datasets were 

systematically removed to simulate measurement intervals of 10-, 15-, 20- and 30-mins, and  , 

      and       were computed for the events with both the original data (5-min) and the 

simulated lower temporal resolution data. Cohen’s kappa,   (Cohen, 1960), was used to assess 

the agreement between the classifications of the hysteretic loops with the original and the 

simulated data: 
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                                                                                                                                           (8.4.1) 

where    is the relative observed agreement among the classifications with the original and the 

simulated data and    is the relative agreement due to chance. Cohen’s kappa varies between 0 

(there is no agreement other than what would be expected by chance) and 1 (perfect 

agreement between the classifications). 

Overall, the analysis reveals a very good agreement between the classification with the original 

and the simulated data at a different temporal resolution (  = 0.86, 0.86, 0.86 and 0.85 for the 

agreement between the classification with the original 5-min data and the 10-, 15-, 20- and 30-

min interval data, respectively). Most loops were still classified similarly as for the original data 

(66.7% to 100% of loops identified using 10-, 15-, 20- or 30-minute data were classified similar 

as the loops based on the original data; Table 8.4.1). Only four hysteretic loops were classified 

differently after decreasing the temporal resolution of the data (i.e., rainfall-runoff events on 

26/09/2012, 05/05/2013, 23/06/2013 and 07/07/2013). Two of these events (23/06/2013 and 

07/07/2013) were characterized by a small change in soil moisture (only 0.25 and 0.29% for 

23/06/2013 and 07/07/2013, respectively), one had a very steep rising limb (05/05/2013) with 

few data points on the rising limb, while the fourth event (26/09/2012) had a loop with a very 

complex shape. Decreasing the temporal resolution of the data for these events significantly 

influenced the number of data points on the rising limb and, not surprisingly, significantly 

affected the shape of the hysteretic loops and the calculated values of  ,       and      . 

Therefore, caution should be used when applying the index to events with only a few 

measurements on the rising (and the falling) limb. 

 

 

 

 

 

 

 

 

 

 

 



126 

 

a 
 

10 min temporal 
resolution 

Frequency (%) b 
 

15 min temporal 
resolution 

Frequency (%) 

I II III IV I II III IV 

23.3 13.3 20.0 43.3 23.3 13.3 20.0 43.3 

Fr
e

q
u

en
cy

 (
%

) 

I 23.3 100.0 0.0 0.0 0.0 

Fr
e

q
u

en
cy

 (
%

) 

I 23.3 100.0 0.0 0.0 0.0 

II 13.3 0.0 75.0 16.7 0.0 II 13.3 0.0 75.0 16.7 0.0 

III 23.3 0.0 25.0 83.3 7.7 III 23.3 0.0 25.0 83.3 7.7 

IV 40.0 0.0 0.0 0.0 92.3 IV 40.0 0.0 0.0 0.0 92.3 

c 
 

20 min temporal 
resolution 

Frequency (%) d 
 

30 min temporal 
resolution * 

Frequency (%) 

I II III IV I II III IV 

23.3 13.3 20.0 43.3 23.3 13.3 20.0 43.3 

Fr
e

q
u

e
n

cy
 (

%
) 

I 23.3 100.0 0.0 0.0 0.0 
Fr

e
q

u
e

n
cy

 (
%

) 
I 26.7 100.0 0.0 16.7 0.0 

II 13.3 0.0 75.0 16.7 0.0 II 10.0 0.0 75.0 0.0 0.0 

III 20.0 0.0 0.0 83.3 7.7 III 16.7 0.0 25.0 66.7 0.0 

IV 43.3 0.0 25.0 0.0 92.3 IV 40.0 0.0 0.0 16.7 84.6 

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

Table 8.4.1. Frequency of the 30 rainfall-runoff events belonging to the four hysteresis classes (I-IV) for 

the observed data (columns) and for data with a 10- (a), 15- (b), 20- (c) and 30-min (d) temporal 

resolution (rows). The inner squares show the percentage of loops from a certain class that were 

reclassified to that class when the temporal resolution of the data was changed. For instance, 83.3% of 

the type III loops based on the original 5-minute data were still characterized as a type III loop when 

using 10-minute, 15-minute or 20-minute data (panel a, b and c, respectively), while 16.7% of the type III 

loops were reclassified as a type II loop using 10-minute, 15-minute or 20-minute data (panel a, b and c, 

respectively). See Table 3.4.1 for the definition of hysteresis classes. 

 

8.5. Sensitivity to noise in the data 

We also studied the sensitivity of the hysteresis index to instrumental error or noise in the 

input data. Gaussian noise was simulated independently for streamflow and soil moisture by 

generating arrays of pseudo-random numbers whose elements were normally distributed 

(mean    and variance   ). The random numbers were scaled by 1% and 5%, multiplied by 

the original data and then added to the original values to generate a disturbed (noisy) signal. 
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We iterated the process 1000 times for each event and determined the hysteresis class and the 

value of  . The median and the interquartile ranges of   were compared to the value calculated 

for the original data.  

 

Fig. 8.5.1. Simulated and observed values of   for the relation between streamflow and soil moisture at 

the midslope (SM3 location) at Ressi catchment for the 30 studied rainfall-runoff events. Random 

instrumental noise was simulated 1000 times with a scaling factor of 1% (left) and 5% (right). The dots 

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

Cohen’s kappa results suggest that there was a good (  = 0.72) and a fair (  = 0.29) agreement 

between the classifications with the original and the 1%- and 5%-scaled noisy data, 

respectively. The medians of   for the 1%-scaled noisy data were similar to   for the original 

data, but the interquartile ranges were large for some rainfall-runoff events (Fig. 8.5.1). For 27 

out of the 30 events the most common hysteresis class for the simulations with 1% noise was 

similar to the hysteresis class obtained based on the original data (79.6% of agreement 

between the classifications) (Table 8.5.1). Conversely, the medians of   for the 5%-scaled noisy 

data and the value computed for the original data were similar for some events but different 

for other events (Fig. 8.5.1). The agreement of the classification of the hysteretic loops was also 

poorer than for the 1%-scaled noisy loops: the majority of the simulated loops corresponded to 

the classification obtained using the original data for only 16 events (44.4% of agreement 

between the classifications) (Table 8.5.1). The interquartile ranges of   were particularly large 

for rainfall-runoff events with small changes in streamflow and soil moisture and short events. 

These results suggest that the hysteresis index can be considered quite robust when 
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measurements errors occur for large and long rainfall events but that the index should be used 

with caution when noise or errors affect the two measurements during small events. 

Rainfall 
event 

 Frequency (%) 
 

Frequency (%) 

I II III IV I II III IV 

01/09/12 

1
%

 s
ca

lin
g 

fa
ct

o
r 

0.0 0.0 0.0 100.0 

5
%

 s
ca

lin
g 

fa
ct

o
r 

0.0 0.1 35.7 64.2 

03/09/12 0.0 0.0 0.0 100.0 0.0 0.0 13.9 86.1 

04/09/12 0.0 0.1 99.8 0.1 0.0 33.3 66.5 0.2 

12/09/12 0.0 0.0 0.7 99.3 0.0 0.0 51.4 48.6 

24/09/12 0.0 0.0 0.0 100.0 0.0 0.0 4.5 95.5 

26/09/12 0.0 3.2 96.8 0.0 0.1 44.0 55.9 0.0 

01/10/12 0.0 0.0 0.0 100.0 0.0 0.3 51.2 48.5 

14/10/12 91.4 8.6 0.0 0.0 9.6 89.7 0.7 0.0 

26/10/12 74.7 25.3 0.0 0.0 10.0 89.8 0.2 0.0 

31/10/12 100.0 0.0 0.0 0.0 52.9 47.1 0.0 0.0 

03/11/12 99.8 0.2 0.0 0.0 46.8 53.2 0.0 0.0 

10/11/12 95.5 4.5 0.0 0.0 52.2 47.8 0.0 0.0 

27/11/12 5.9 94.1 0.0 0.0 16.7 83.3 0.0 0.0 

30/03/13 75.4 24.6 0.0 0.0 3.0 94.7 2.3 0.0 

04/04/13 0.0 2.5 96.5 1.0 0.0 41.8 58.2 0.0 

11/04/13 0.0 1.6 97.1 1.3 0.0 40.8 59.1 0.1 

20/04/13 70.0 30.0 0.0 0.0 5.2 94.7 0.1 0.0 

27/04/13 0.0 21.0 79.0 0.0 0.1 48.2 51.7 0.0 

03/05/13 0.0 4.0 53.7 42.3 2.8 32.9 51.5 12.8 

05/05/13 0.0 0.0 0.0 100.0 0.0 0.0 23.7 76.3 

07/05/13 0.0 0.0 38.4 61.6 0.0 12.9 85.1 2.0 

10/05/13 0.0 0.0 46.9 53.1 0.0 0.3 80.2 19.5 

15/05/13 6.2 93.8 0.0 0.0 10.3 89.7 0.0 0.0 

19/05/13 0.0 0.0 34.2 65.8 0.0 5.7 88.8 5.5 

23/05/13 0.0 100.0 0.0 0.0 0.7 97.3 2.0 0.0 

29/05/13 0.0 0.3 85.0 14.7 0.0 21.0 74.7 4.3 

09/06/13 0.0 0.0 22.2 77.8 0.0 0.1 67.3 32.6 

23/06/13 0.0 44.4 55.5 0.1 0.8 47.1 51.7 0.4 

27/06/13 0.0 0.0 82.7 17.3 0.0 0.9 92.5 6.6 

07/07/13 13.4 35.5 34.7 16.4 14.0 36.7 34.8 14.5 

Table 8.5.1. Frequency of the hysteresis classes (I-IV) for the 1000 simulations with noisy data for each 

rainfall event (left: 1% scaling factor; right: 5% scaling factor). Gray squares represent the hysteresis 

class for the observed data, bold values indicate the most frequently assigned hysteresis class with the 

noisy data for each rainfall event. See Table 3.4.1 for the definition of the hysteresis classes. 

 

8.6. Comparison with previous indices 

Several quantitative indices have been developed to characterize hysteresis in the past. Most of 

these indices were tested for the relation between streamflow and suspended sediment 

concentrations (e.g., Aich et al., 2014; Lawler et al., 2006; Langlois et al., 2005) or streamflow 

and solute concentrations (e.g., Butturini et al., 2006). The hysteresis index presented in this 
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study can be used for a wide range of (hydrological) variables, making it more versatile than 

most of the previously developed indices. The hysteresis index is consistent with the theoretical 

interpretation of the direction of the loops when using dependent variables that have positive 

(e.g., soil moisture, water level and EC) and negative values (e.g., isotopic composition and 

depth to water table) that increase (e.g., soil moisture or water table level) or decrease (e.g., 

EC, depth to water table) during a runoff event. There are a few similarities and substantial 

differences between the new index and the previous indices. The   index shares a common 

background with   (Langlois et al., 2005), since both methods are based on the computation of 

definite integrals. However, our method is more robust because it does not rely on the fitted 

regression lines for the rising and falling limb of the hydrograph in the hysteretic plot (Langlois 

et al., 2005). Noise in the data and some loop shapes (e.g., Fig. 3.4.3e) can result in a poor fit of 

the best regression equation to the observed data, influencing the value of  . Conversely, the 

application of the   index is less constrained by noise in the data and can be applied to complex 

hysteretic loops. The interpretation of the new versatile index is also similar to the index 

developed by Lawler et al. (2006). Both indices are positive for mainly clockwise loops and 

negative for anti-clockwise loops, providing symmetry across the range of clockwise and anti-

clockwise hysteretic loops. Compared to       and        (Lawler et al., 2006),   solves the 

possible issue of initially non-changing dependent variables and is not affected by values that 

are equal to zero. 

The first step for the computation of HI index of Aich et al. (2014) is a normalization of the data 

series, which is similar to the computation of our index. However, we use a minimum-maximum 

normalization that allows us to narrow the range of values to      , even for variables with a 

negative sign. Furthermore, the HI index of Aich et al. (2014) relies on data at the end of the 

runoff event, implying a degree of subjectivity because the length and the slope of the line 

connecting the last point to the peak of the independent variable changes depending on when 

the last data point is collected. This is particularly important when hysteretic relations are 

examined for non-continuous data, such as water quality samples, or a new event occurs 

shortly after the previous event. Because multiple values of         are used for the calculation 

of   (i.e.,   is a metric that summarises the shape of the loops), the computation does not 

depend on only two observed values, especially the last sample or the end of the event. 

The ΔR index developed by Butturini et al. (2006) has been demonstrated to be efficient in its 

applications (e.g., Bieroza and Heathwaite, 2015; Butturini et al., 2006) because it relies on the 

direct measurement of the extent of the loops (i.e., the computation of the area) and on the 
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rotational parameter, R, which describes the direction of the hysteresis. However,   has to be 

determined by visual inspection of each loop (Bieroza and Heathwaite, 2015), which limits the 

automatic application of the index for large datasets. Conversely, the new hysteresis index and 

the indices developed by Langlois et al. (2005), Lawler et al. (2006) and Aich et al. (2014) can 

easily be implemented to automatically detect the direction of hysteresis and can thus be used 

to analyze large datasets or to compare measurements and model results. 

The tests with synthetic data (Table 2 and 3) were useful to compare the index we presented 

here to the indices developed by Langlois et al. (2005), Lawler et al. (2006) and Aich et al. 

(2014). Although the indices are based on different methods to assess the ‘fatness’ of the loops 

(i.e.,   and   on integrals computed for the rising and the falling limb,       and        on 

ratios,    on the maximum distance between the rising and the falling limb of the hysteretic 

loop and the line that links the maximum value of the independent variable to the last data 

point), all of them captured the change in the extent of hysteresis for simple loops (Table 8.1.1). 

The comparison of the synthetic eight-shaped loops (Table 8.1.2) showed that       and    

are less useful to detect differences in the shape and the extent of eight-shaped loops because 

they characterize hysteresis at only one point of the independent variable (     ) or by just 

two distances (  ). 

The application of the different indices to different datasets from experimental catchments 

(Fig. 3.4.3) showed that unlike the previously developed indices, our index,  , and the 

associated values of       and      , can correctly identify all major hysteresis classes, 

including the eight-shaped loops, and is applicable to negative data and datasets where the 

dependent variable decreases during an event. It can even be applied when the dependent 

variable remains constant at the start of the event or has a value of zero. Additional conditional 

statements for       and        (Lawler et al., 2006) and   (Langlois et al., 2005), and a 

different normalization for    (Aich et al., 2014) could allow these indices to also correctly 

identify the direction of the hysteresis for dependent variables with negative values. However, 

the additional conditional statements would make the outcome of the indices less intuitive. 

 

8.7. Potential use and limits of the hysteresis index 

The hysteresis index presented in this study provides objective and concise information on the 

direction and the shape of the hysteretic loops. Clockwise, anti-clockwise and eight-shaped 

loops are easily determined by four computational steps. The normalization of the two 

variables (step 1) is needed to compare different hysteretic loops and allows for the correct 
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interpretation of the direction of the hysteresis for different dependent variables. The 

computation of the definite integrals on the rising and the falling curve (step 2) and the 

differences between them (       ; step 3) enables the determination of the direction and the 

shape of the loops, while the sum of the differences (step 4) summarizes the hysteretic loop 

and ensures that the index is not significantly influenced by outliers. The metrics introduced in 

steps 3 and 4 (        and  ) can easily be related to the characteristics of the runoff event, 

providing insight into the factors that lead to different hysteretic loops. These metrics can thus 

be used to assess changes in hysteresis in long data series with multiple events or to assess 

model performance. The computation of the index does not require a loop to be closed and   

can be calculated for different independent-variable intervals. The index is therefore versatile 

and can be applied to a wide range of datasets. 

The sensitivity analysis showed a high level of agreement between the classification based on 

the original data and the classifications obtained for data with a lower temporal resolution, 

suggesting that the sensitivity of the index to the temporal resolution of the measurements is 

low. However, caution should be used if the index is applied when only one or two 

measurements are available for the rising (or falling) limb. Application of the index to very noisy 

data (e.g., data that show large measurement errors and relatively small responses) should be 

done with caution as well. 

Application of the versatile index to synthetic data highlighted the ability of the index to predict 

the direction of hysteresis and also showed that   becomes larger with an increasing extent of 

the loop. 

Previous studies did not test the sensitivity of the various hysteresis indices to the temporal 

resolution of the data or noise in the measurements. However, this is important when indices 

are applied to many events or different catchments to study differences in runoff responses, or 

when indices are used for model calibration or validation. The results obtained from the 

application on field data and the sensitivity analyses revealed that the index introduced here is 

a powerful tool for the study of long-time series and comparative analyses of different runoff 

events because it was not very sensitive to noisy data or the temporal resolution of the data as 

long as the response was large relative to the noise and there were several data points on the 

rising and falling limb of the hydrograph. Consequently, the index can be used to study the 

seasonal variations in the hysteretic patterns (Bieroza and Heathwaite, 2015; Aich et al., 2014) 

or to compare hysteresis at different spatial scales or for different catchments (Smith and 

Dragovich, 2009). The hysteresis index can also be used in the assessment of models in their 
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ability to reproduce the internal behavior of catchments (e.g., Fovet et al., 2015). The only 

condition for a correct application of the index is that the independent variable has to increase 

from its starting value to the peak (i.e., the normalized data vary from 0 to 1). The index can 

therefore be used for a wide range of hydrological studies and in other fields across the earth 

system sciences. 

Complex events characterized by multiple peaks are approximated by one overall hysteretic 

pattern because the computation of the index is based on the highest peak of the independent 

variable. The index therefore does not quantify the hysteretic loop of each individual runoff 

response that interrupts the recession curve of the first event. These multiple peak events will 

instead be classified as complex loops. However, the user can choose to analyze the different 

peaks of the independent variable as separate events and the corresponding hysteretic loops 

separately. This allows for the analysis of changes in hysteresis with each individual rainfall 

pulse or sub-event. 

We used the index to detect seasonal changes in the direction of hysteresis between 

streamflow and soil moisture for 30 rainfall-runoff events in the Ressi catchment. The results 

showed seasonal changes in the direction of the hysteretic relation between hillslope soil 

moisture and streamflow, with the streamflow peak generally occurring before peak hillslope 

soil moisture during dry periods and small rainfall events, and after peak soil moisture during 

the wet period. These observations on the hysteretic relations between hillslope soil moisture 

and streamflow agree with previous studies on the role of hillslopes in generating runoff during 

wet conditions and large rainfall events (McGlynn et al., 2004; Wenninger et al., 2004; Ocampo 

et al., 2006; Penna et al., 2011, 2015b; von Freyberg et al., 2014) and show the value of 

analyzing hysteretic patterns to study (changes in) hydrological processes. 
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CONCLUSIONS 

The comprehension of the hydrological response of a catchment is closely related to the 

observations of spatial and temporal patterns and the assessment of the underlying 

hydrological processes. Improving the knowledge of how structural characteristics of the 

landscape (e.g., topography, geology, soils and vegetation) interact in relation with the driving 

forces (precipitation and evapotranspiration) and the antecedent wetness conditions is 

fundamental for the prediction of floods, erosion and sedimentation processes and dispersion 

of pollutants. This thesis presents the results of the analysis of spatial and temporal variability 

of water content in the unsaturated and saturated zone in relation to streamflow dynamics to 

improve the understanding of the hydrological behavior of small catchments.  

Understanding and characterizing the soil moisture spatial and temporal variability and its 

relevant physical controls is a main challenge in hydrological sciences. In this thesis the spatial 

variability was analyzed for soil moisture data at 0-30 and 0-60 cm depth collected over three 

years on a plot in Grugliasco (Po Plain, Northern Italy). The plot was divided into two subplots: 

one covered by grapevine plants, the other covered homogeneously by grass. Examination of 

the data showed higher soil moisture values in the vineyard than in the meadow, implying the 

influence of vegetation cover during the growing season; correspondingly, the spatial soil 

moisture variability was lower in the vineyard than in the meadow at 0-30 cm depth. Evaluation 

of the main physical controls on the spatial mean and the variability of soil moisture was carried 

out by using a simple bucket model, forced by using local rainfall and evapotranspiration data. 

The model was calibrated by using mean soil moisture daily time series over one year for the 

two sites at 0-30 cm depth. The model accuracy was verified for the other two years, showing a 

relatively good prediction capability. The model was also shown to be able to capture the main 

differences between the two sites in terms of spatial variability of soil moisture. 

The spatial and temporal variability of soil moisture was also analyzed in relation to throughfall 

spatial patterns in a 500 m2 plot on a forested hillslope dominated by beech and chestnut trees 

in the Italian pre-Alps. Throughfall was measured using two types of throughfall collectors: 

buckets and rain gauges. The collectors differed in size, number and spatial arrangement. The 

results from this experimental study on the representativeness of different collectors for 

monitoring throughfall amount and spatial variability showed that buckets and rain gauges 

measured similar throughfall amounts during rainfall events, except during the fall. However, 

findings indicate that different collectors and their spatial arrangement can lead to differences 
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in the quantified spatial variability of throughfall and presence of local clusters and outliers. 

These differences should be considered when planning throughfall monitoring strategies to 

determine the effects of throughfall on soil moisture and soil water chemistry, but need to be 

confirmed at other study sites as well. 

Near-surface soil moisture was measured upslope of each bucket, at two depths (0-7 and 0-12 

cm) before and after rainfall events. For the measured events throughfall and soil moisture 

spatial patterns were not significantly or only weakly correlated, likely due to the lateral and 

vertical redistribution of water in the soil profile during the 2-36 hour period between the end 

of the rainfall event and the start of the soil moisture measurements. The temporal stability of 

soil moisture was larger than the temporal stability of throughfall and they were also not 

significantly correlated. The patterns of temporal stability were also not related to canopy 

characteristics (openness and leaf area index), suggesting that the spatial variability in 

throughfall is probably linked to small scale characteristics of the canopy. The simple bucket 

model was used to test which combination of soil properties and vegetation characteristics 

leads to uncorrelated patterns of temporal stability of throughfall and soil moisture. The 

application of the model revealed that a large spatial variability in saturated hydraulic 

conductivity that is correlated with the spatial variability in leaf area index and root fraction 

weaken the correlation between throughfall and soil moisture patterns. The analysis of field 

data combined with the model application suggests that in this specific forested hillslope the 

spatial organization of soil moisture is dominated by a combination of soil properties and 

vegetation characteristics, rather than by the throughfall spatial patterns. 

Saturation at the soil-bedrock interface or the rise of shallow groundwater into more 

permeable soil layers results in subsurface stormflow and can lead to hillslope-stream 

connectivity. Despite the importance of subsurface connectivity for streamflow and 

streamwater chemistry, the factors controlling its spatial and temporal variability are still poorly 

understood. Networks of spatially-distributed piezometers in five small (< 14 ha) headwater 

catchments in the Italian Dolomites and the Swiss pre-Alps were used to quantify and compare 

the spatial and temporal variability of subsurface connectivity and its relation to streamflow 

dynamics. Results showed that for two Swiss pre-alpine catchments the duration that 

piezometers were connected to the stream was significantly correlated to the local and upslope 

site characteristics, such as the topographic wetness index, local slope and curvature. For the 

dolomitic catchment with the largest riparian zone, the time that piezometers were connected 
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to the stream was correlated with downslope site characteristics, such as the vertical distance 

to the nearest stream. The temporal changes in the area of the catchment that was connected 

to the stream reflected the streamflow dynamics for all catchments. Subsurface connectivity 

increased during rainfall events but there was a short delay compared to streamflow, 

suggesting that other processes (e.g., direct channel precipitation, runoff from near stream 

saturated areas) contributed to streamflow at the beginning of the event. Groundwater levels 

declined later and slower than streamflow, resulting in complex but mainly anti-clockwise 

hysteretic relations between streamflow and the area that was connected to the stream. 

Threshold-like relations between maximum connectivity and total stormflow and between 

maximum connectivity and the sum of total rainfall plus antecedent rainfall were more evident 

for the dolomitic catchments, where the riparian zone is characterized by a groundwater table 

near the soil surface. A sudden increase in connectivity for these catchments could represent 

the connection of hillslopes to the stream. These preliminary results suggest that the delayed 

increase in subsurface connectivity relative to streamflow is likely not affected by the presence 

of a riparian zone. However, further analyses are needed to determine if the climate and/or 

morphology of the catchments affect the observed relations between subsurface connectivity 

and total stormflow. 

Finally, this thesis attempted to develop an index for the quantification of hysteretic loops 

between hydrological variables at the runoff event timescale. The index provides information 

on the direction, the shape and the extent of the loop. The index was tested with synthetic data 

and field data from experimental catchments in Northern Italy. Hysteretic relations between 

streamflow (the independent variable) and soil moisture, depth to water table, isotopic 

composition and electrical conductivity of stream water (dependent variables) were correctly 

identified and quantified by the index. The objective quantification of hysteresis by the index 

allows for the automatic classification of hysteretic loops and thus the determination of 

differences in hydrological responses during different events. The index was used to examine 

the seasonal dynamics in the relation between streamflow and soil moisture and captured the 

switch in the direction of the loop with changes in event size and antecedent wetness 

conditions. The sensitivity of the index to the temporal resolution of the measurements and 

measurement errors was also tested. The index can successfully quantify hysteresis, except for 

very noisy data or when the temporal resolution of the measurements is not well suited to 

study hysteresis between the variables. Overall, this metric can be used to test if models 
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reproduce a similar seasonal variability in hysteresis between streamflow and soil moisture or 

to compare hydrological responses in different catchments or at different spatial scales. 
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