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RAINFALL CHARACTERISTICS IN SEMI-ARID ENVIRONMENTS 
 

F.G. Carolloa, M.A. Serioa, V. Ferroa 
  
a Dipartimento Scienze Agrarie e Forestali, University of Palermo, Italy, 
francescogiuseppe.carollo@unipa.it 
 
 
Water soil erosion is a process of detachment and transport of soil particles due to rainfall and 
runoff and it is a normal aspect of landscape development. The acceleration of the process 
through anthropogenic perturbation has severe impacts on soil and environmental quality. 
Rainfall erosivity, i.e. the capability of rainfall to detach soil particles, is the most important 
parameter for quantifying erosion processes and it can be represented by its kinetic energy per 
unit time and area, named kinetic power, Pn.  

Many researchers proposed empirical relationships estimating kinetic power by rainfall 
intensity and having different mathematical forms (polynomial, exponential, logarithmical, and 
power type (Salles et al., 2002)). The most commonly used relationship estimating Pn as 
function of rainfall intensity is that proposed by Wischmeier and Smith (1978) according to 
which the ratio between kinetic power and rainfall intensity, Pn/I, increases for rainfall 
intensity value less than or equal to a threshold value, It, equal to 76 mm h-1 and then it 
becomes constant for rainfall intensity greater than It. Wischmeier and Smith (1978) justified 
this threshold value suggesting that the median volume diameter, D0, (i.e. the diameter that 
divides the drop size distribution (DSD) in two parts of equal volume) does not increase when 
rainfall intensities exceed It. Salles et al. (2002), carrying out an overview of many empirical 
relationships Pn-I showed that, for a fixed rainfall intensity, these relationships yield to very 
different values of kinetic power. Salles et al. (2002) concluded that a global parameter, as 
rainfall intensity I or median volume diameter D0, is not sufficient to determine the rainfall 
erosivity since that the kinetic power measurements are also dependent on other parameters 
such as rain type, altitude, climate and method of measurement.  

Kinetic power may be also determined by adding the contribution of single raindrops 
once their mass and terminal velocity are known. In other words, detachability of soil due to a 
rainfall event can be indirectly measured if the DSD and a relationship between terminal 
velocity and drop diameter are known. In particular, combining the Gamma distribution of 
Ulbrich (1983) and the terminal velocity relationship proposed by Ferro (2001), Carollo and 
Ferro (2015) deduced theoretically a relationship linking the ratio between kinetic power and 

rainfall intensity, Pn/I, to parameters m and L ƻŦ ¦ƭōǊƛŎƘΩǎ ŘƛǎǘǊƛōǳǘƛƻƴΣ ǳƴŘŜǊƭƛƴƛƴƎ ǘƘŀǘ tn/I 
depends on the intrinsic characteristics of rainfall. 

In this paper the measurements of DSD carried out in Palermo (Italy) and in El Teularet 
(Spain), using an optical disdrometer are presented. Both sites are located in Mediterranean 
area at the same latitude but they are characterized by different climate condition. 
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Experimental site of Palermo is located at 50 m a.s.l. and its climate is typically Mediterranean 
ς temperate (dry and hot summer and mild and rainy winter). The site El Teularet, which is 
located at 760 m a.s.l. and at 100 km southwest from Valencia, is characterized by a 
Mediterranean continental climate (cool winter and hot summer with rainfall irregularly 
distributed). 

The used optical disdrometer (model ODM 70 made by Eigenbrodt) measures drop 
diameters in the range 0.035 - 0.60 cm. Drop diameter is measured by registering light 
damping due to the passage of the drop in the control volume bounded by two diodes. The 
disdrometer divides the diameter range into 128 classes and gives the number of drops 
belonging to a particular class for each recording minute. For excluding both rainfalls having 
low erosive power and DSDs having a small sample size, only the DSDs for which the rainfall 
intensity was greater than 0.5 mm/h and the measured diameter classes were at least 20 were 
analyzed. 

Using this filter, more than 42000 DSDs registered during the 523 rainfall events 
occurred at Palermo in the period June 2006 ς March 2014 were obtained. From July 2015 to 
date, the disdrometer is installed at El Teularet and, during the 41 rainfall events occurred in 
the period July 2015 ς January 2016, the disdrometer recorded over than 2500 DSDs.  

For both datasets, in order to better focus the influence of rainfall intensity on DSD and 
rainfall energetic characteristics, the DSDs were aggregated in intensity classes. The Sicilian 
DSDs are characterized by rainfall intensity variable in the range 0.5-203 mm/h, while Spanish 
dataset is characterized by 0.5 < I < 470 mm/h. However, the 10 DSDs registered at El Teularet 
for I > 150 mm/h were not analyzed because they present a behavior (mean, standard 
deviation, median diameter and D0) very different from the DSDs registered for I < 150 mm/h 
(it is possible that they are referred to hailstorm events).   

The DSD analysis highlighted that, for a given rainfall intensity, the DSDs registered at 
Palermo present mean, median  diameter and standard deviation values greater than the ones 
detected in El Teularet.  Instead, the median volume diameter (D0) values are practically 
overlapped. In other words, for a given intensity, the rainfall occurring at El Teularet presents 
characteristics different from the one detected in Palermo. In any case, both dataset are 
characterized by similar trend with I: the mean and median diameter showed an increasing 
trend for lowest values of rainfall intensity (I <15 mm/h), while no trend can be observed for I 
> 15 mm/h; the standard deviation and D0 increase with rainfall intensity values until I = 40 
mm/h and then become quasi-constant.  

The reliabilƛǘȅ ƻŦ ¦ƭōǊƛŎƘΩǎ ƭŀǿ ŦƻǊ ǊŜǇǊƻŘǳŎƛƴƎ ƳŜŀǎǳǊŜŘ 5{5ǎ ƛƴ ōƻǘƘ ǎƛǘŜǎ ǿŀǎ 

positively verified using both maximum likelihood and momentum methods for estimating m 

and L parameters of the distribution. These two parameters resulted correlated each other 

even if the experimental pairs (m,L) relative to the two datasets are not overlapped.  
The raindrop size measurements were used to determine the experimental rainfall 

kinetic power values, Pn. The experimental pairs (I, Pn/I) obtained by the two datasets are 
overlapped. This circumstance implies that, in the two experimental sites, the same rainfall 
intensity determines different DSDs and similar kinetic power values. As well as D0, the ratio 
Pn/I  increases with rainfall intensity for I less or equal to 40 mm/h and then it becomes quasi-
constant. This trend agrees with Wischmeier and Smith (1978) approach even if the threshold 
value It= 40 mm/h resulted less than the one proposed by Wischmeier and Smith (1978) (It = 76 
mm/h). This result can be justified taking into account that the unstable large drops break into 
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small drops (disaggregation) and this circumstance, determining an increase of the number of 
drops, promotes an effect of collapse of drops. For small rainfall intensity (I < 40 mm h-1) the 
drop collapse effect prevails on the disaggregation phenomenon and the rainfall kinetic power 
increases more rapidly than rainfall intensity. For high intensity (I > 40 mm/h) an equilibrium 
condition between disaggregation and collapse is reached and, as a consequence, the DSD and 
D0 become quasi-invariable. In other words, when the rainfall intensity increases the total 

number of drops increases too without varying the DSD (m and L become constant) and, 
according to the relationship proposed by Carollo and Ferro (2015 ),the kinetic power becomes 
proportional to I. Using Wischmeier and Smith (1978) relationship with It= 76 mm/h implies a 
mean error on estimate of Pn equal to 5.2 % and 10.7% for Palermo and El Teularet data, 
respectively. Setting It = 40 mm/h, the mean error results equal to 4.1% for Sicilian data while 
no appreciable improvement occurs changing It value for El Teularet data.  

However, the comparison between the pairs (I, Pn/I and (I, D0) corresponding to 
datasets of present investigation with the ones obtained in other sites of the world (Marshall 
Islands, New Jersey, Alaska, Indonesia, Oregon, Hong Kong, Ethiopia) by different 
measurement techniques (drop camera, piezoelectric force transducer, blotting paper) 
highlighted that these datasets did not overlap. Therefore a single relationship Pn/I - I or D0 - I  
is not reliable for estimating rainfall kinetic power at any site. In other words, according to 
Salles et al. (2002), rainfall intensity I is not sufficient to determine the rainfall kinetic power or 
median volume diameter D0, since that the these measurements are also dependent on other 
parameters (as rain type, altitude, climate and method of measurement). Instead, the 
experimental pairs (D0, Pn/I) relative to all available datasets resulted quasi-perfectly aligned 
around a single increasing curve. This circumstance confirms  that trend of Pn depends strictly 
on the D0 one, confirming the Wischmeier and Smith (1978) hypothesis. Finally, in contrast 
with Salles et. al. (2002), the global parameter D0 is sufficient to determine the ratio Pn/I and it 
is a variable free from at site effects and useful to characterized rainfall erosivity.  

The exponential distribution of Marshall and Palmer (1948), when it is referred to the 
unit area and time, can be assumed formally identical to a Gamma distribution (Ulbrich, 1983) 

setting m = 0.67. According to  Ulbrich (1983), D0 is linked only to L and m parameters so that, 

assuming  m=0.67, L parameter can be deduced by only D0 value. Therefore, the relationship 

theoretically deduced by Carollo and Ferro (2015) for estimating kinetic power by m and 

L values can be rewritten obtaining that the ratio Pn/I depends directly on median volume 
diameter D0. This theoretically derived relationship resulted fully applicable to all available 
datasets. This relationship represents a theoretical confirmation of the Wischmeier and Smith 
(1978) hypothesis that Pn/I depends on median volume diameter. 

Further investigations are necessary to understand if other variables, in addition to 
rainfall intensity,  influence the median drop diameter and, as consequence, the rainfall kinetic 
power. 
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INTERNAL STRUCTURE OF EROSIVE AND NON-EROSIVE STORM 
EVENTS FOR INTERPRETATION OF EROSIVE PROCESSES 
 
F. Todiscoa 
 
aDipartimento Scienze Agrarie, Alimentari e Forestali, University of Perugia, Italy, 
francesca.todisco@unipg.it 
 
 
The talk is focused on the importance of the intra-storm characteristics analysis for the 
interpretation of the erosive processes. Rainfall characteristics and rainfall intra-event 
temporal dynamics affect the detachment of soil particles by impacting water, the entrapping 
and transport of soil particles by flowing water. Rainfall profile has therefore an impact on the 
soil physical and topographical characteristics, the spatial configuration of the connections, the 
distribution of energy-transport pathways and in general affects hydrological and sediment 
connectivity at plot scale but also at hillslope and basin scale. An understanding of intra-storm 
variations has been proven to be very important, not only in runoff generation and soil erosion 
studies (Dunkerley, 2012; Frauenfeld and Truman, 2004; Ran et al., 2012), but also in 
partitioning water among interception, evaporation, infiltration, ponding, and overland flow 
(Hanke et al., 2004; Struthers et al., 2007) in the landslides activation (Melillo et al., 2015), in 
the geomorphologic evolution and, in general, in the hydrological and sediment connectivity. 
During the first stages of soil wetting many processes linked to the variation of the aggregate 
stability occur (Le Bissonais, 2016). All these processes affect connectivity (Antoine et al., 2009) 
and their dynamic is extremely influenced by rainfall intensity and rainfall fluctuation. Further 
during the rill formation process the system experiences much stronger subsequent 
connectivity (Bracken et al. 2015). Threshold conditions for rill initiation can be found in the 
soil strength (Torri et al. 1987) that is even so dependent on rainfall characteristics (both 
antecedent and during the erosive event). The parameter that includes all the soil 
characteristics (both static and dynamic) is typically the soil erodibility representing the soil's 
response to rainfall and runoff erosivity. The erodibility should therefore reflect intra-event 
dynamics and the specific characteristics of the rainfall (Borselli et al., 2012).  

In literature discipline-specific exploration analyzing the influence of the temporal 
variability of rain on the processes are infrequent (Parsons and Stone, 2006; Ran et al., 2012). 
Rainfall is typically described using overall properties (e.g. mean intensity, total depth and 
duration), or properties related to rainfall sub-periods (e.g. maximum intensity in a specific 
time interval, Xie et al, 2002). Drop size and kinetic energy are evaluated in rainfall simulation 
even if the key rainfall properties employed to date lack a complete correspondence with that 
of natural erosive events. Indeed the simulated rain rates are typically both constant and too 
high in comparison to the natural ones and often are designed to represent only different 
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wetting rapidity (Dunkerley, 2008; 2012; Iserloh et al., 2013; Parsons and Stone 2006; Ran et 
al., 2012). 

Simplified functions to describe soil and erosion processes initiation and dynamics in 
terms of rainfall characteristics (both antecedent and during the erosive event) are therefore 
recommended to drive change of input parameters in various soil erosion estimation models 
such as the Revised Universal Soil loss Equation (RUSLE). To this purpose the knowledge of 
intra-event natural erosive rainfall characteristics should be useful also in rainfall simulation. In 
other words, knowing the time distribution of rainfall in erosive storms (rill and/or interrill) is 
of the utmost importance for use in various research and applied fields, and therefore requires 
further investigation as this aspect has been partially explored only in few papers until now.  
The analysis of the 228 rainfall event (selected according to Wischmeier and Smith, 1978) 
recorded at Masse (Central Italy) has extensively shown that a large amount of the total rain 
falls within a small fraction of its duration. It has also been clarified that in comparison with 
non-erosive rainfall time series, erosive rainfall time series are characterized by several 
sequences of positive deviations from normal conditions that are also of long duration. On this 
basis the methodology proposed (Todisco, 2014) introduces concepts of rainfall disaggregation 
and of rainfall deviation sequences using reference values in erosion studies.  The goal is to 
develop ways of representing the time distribution of rainfall that might have explanatory 
power in terms of soil loss. The statistics describing the internal structure of the high intensity 
wet periods that have positive deviations (runs) from a reference value (p0) is used to 
formulate compound criteria to select erosive storms from pluviograph records and then to 
design erosive rainfall profiles for rainfall simulation.  

The rainfall events characterized by at least one run are included in the analysis and 
are referred to as storms. At Masse, for p0=9.6 mm/h (corresponding to a cumulative 
probability of 0.95), the 98% of the erosive events  and only the 30% of the non-erosive events 
are storms.  

For storm classification, the analysis is initially focused on the overall rainfall 
characteristics (P, depth; D, duration; Sr, total severity of the runs). In Central Italy the 
condition P < 7.6 mm is incompatible with an erosive event and P > 19 mm or D > 19 h or Sr > 
5.5 mm with a non-erosive event. A rainfall storm with at least one run and 8 < P < 20 mm, D < 
19 h, and Sr < 5.5 mm could be either erosive or not erosive. The presence of a transition zone 
proves that in some cases the difference between an erosive and non-erosive events might be 
attributed to the event profile characteristics that the overall variables cannot represent. 

The effects of P and D are further investigated using a class frequency analysis. The 
time distribution models are presented as probability distributions (Huff, 1967) and provide 
quantitative measures of both the inter-storm variability and the general characteristics of the 
time sequence of precipitation in storms. Very shortly the analysis shows that: the non-erosive 
storms are concentrated almost entirely within the burst that contains the highest run (r-I) 
around which the probability distributions grows rapidly. On the average the erosive events 
instead focus the 30% of P on the burst that contains r-I, and one-third of that burst is above 
the threshold. The probability curves gradually grows. 

For the characterization of the rainfall dynamic within the storms, the high intensity 
periods are deepened analyzed.  Specification of the number of runs per event, n-r, or of the 
duration of the runs, d-r, are additional criteria selected to identify the erosive events among 
the storms. Very shortly the analysis shows that: on average the erosive storms have n-r=4 
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(maximum n-r= 15, median n-r=4, and standard deviation of 2.6) and non-erosive n-r=1.2 on 
average (maximum n-r= 3, median n-r= 1, and standard deviation of 0.5). A storm with more 
than 2ς3 runs is almost certainly erosive. A storm that has runs with durations, d-r, higher than 
10 min is almost certainly erosive. 

Furthermore the statistical properties of the characteristics (s-r, d-r, initial time) of 
the more severe runs and of the corresponding surrounding rainfall, burst, (start-end  time, 
severity before and after the run, antecedent rainfall depth) are derived and expressed as 
percentage of P or D.    

All the information derived, adequately used, provide both compound criteria for 
erosive storm identification and statistics to design rainfalls corresponding with those of 
natural erosive events in Central Italy.  
The step-procedure for the erosive rainfall design is: 1) choose P and D according to the 
compound criteria identified; 2) select the probability level and the corresponding probability 
time distribution. Thus the shape of the probabilistic hyetograph is set; 3) select the number of 
runs and use the statistics on the more severe runs for realistically disaggregate the 
hyetograph. 

The same procedure can also be applied to characterize and reproduce rain events 
that lead to the formation of rills.  
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HOW MUCH IMPORTANCE DOES THE SOIL HYDROLOGIC 
BEHAVIOR PLAY ON WATER DYNAMICS IN THE SOIL-
VEGETATION-ATMOSPHERE SYSTEM? A VOYAGE OF RECENT 
PROGRESS THROUGH SCALES  
 

N. Romanoa,b 
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Engineering, University of Napoli Federico II, Italy. 
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Major limitations of current studies on assessing the impacts of climate and land-use changes 
are lack of: (i) good quality observational data and model parameters, especially the soil 
hydraulic characteristics, and (ii) information on how the nature of spatial variability of soils 
affects the soil hydrologic response over a range of scales. Traditional methods for soil 
hydraulic characterization are burdensome, whereas information on soil spatial variability are 
particularly relevant for certain studies, such as distributed hydrologic modelling and precision 
agriculture. All these issues are particularly relevant when assessing the effects that hydrologic 
and sediment connectivity exerts on land and water resources management and soil erosion. 
 

 

At pedon scale, optimal performance of numerical modeling of the soil-vegetation-atmosphere 
(SVA) system mandates accurate assessment and description of the soil hydraulic properties, 
namely the water retention (WRF) and hydraulic conductivity (HCF) functions. These functions 
are commonly described by simple unimodal analytical relations that guarantee mathematical 
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flexibility with few parameters in the majority of soil types. However, many soils are 
characterized by a complex structure yielding a bimodal or even a multimodal distribution of 
pore sizes. In these cases, reliable hydrologic predictions can be obtained resorting to more 
complex hydraulic functions, yet more accurate and robust ones. To overcome some 
drawbacks of the classic unimodal hydraulic relationships, Romano et al. (2011) have 
developed closed-form bimodal lognormal relations for improving the description of both WRF 
and HCF. The reliability of this description of the soil hydraulic behavior is often tested at the 
curve fitting level only, but comparisons between unimodal and bimodal soil hydraulic 
relationships are more effective and informative when performed in functional terms as 
recently shown by Romano and Nasta (2016). 

Direct determinations of the soil hydraulic properties are somewhat impracticable 
already for surveys to be carried out at field and hillslope scales, but become definitely 
challenging, and probably unfeasible, for large-scale modeling applications. Pedotransfer 
functions (PTFs) are empirical relationships between parameters of soil models and more 
easily obtainable data on soil properties. PTFs have become an indispensable tool in modeling 
soil processes. As alternative methods to direct measurements, they bridge the data we have 
and data we need by using soil survey and monitoring data to enable modeling for real-world 
applications. PTFs are extensively used in soil models addressing the most pressing 
environmental issues. If predictions of PTFs are distributed in space, then they require a spatial 
evaluation. Three aspects of performance can be considered in the evaluation of a spatially 
distributed PTF: a) the correlation of observed and predicted quantities across different spatial 
scales, b) the reproduction of observed variance across different spatial scales, and c) the 
spatial pattern of the model error. 

 
When moving to the larger spatial scales, the following problem usually arises: water 
movement through the vadose zone is generally described in detail by the Richards equation 
(RE), which however is capable of simulating complex hydrologic processes only for local-scale 
studies (at core- or plot-scale) with accessible direct measurements. Due to field-scale 
heterogeneity, hydrologic applications at such scales mandatorily require a large amount of 
distributed information and high computational power that undermine the performances of 
RE-based hydrologic models and usually force users to rely on alternative solutions based on 
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strong assumptions and over-simplifications, such as the bucket hydrologic model. A trade-off 
between model simplification and model reliability depends strongly on the technique 
ŜƳǇƭƻȅŜŘ ǘƻ ƻōǘŀƛƴ ǘƘŜ άeffectiveέ ƘȅŘǊŀǳƭƛŎ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ǘƘŜ ǳƴƛŦƻǊƳΣ ǎƛƴƎƭŜ-layer soil 
profile that should be able to generate the same hydrologic response as the corresponding 
actual multi-layered soil profile. This talk will also summarize some key parts of a recent and 
novel study carried out by Nasta and Romano (2016), who addressed the question of 
identifying the effective soil hydraulic parameterization of a layered soil profile by using a 
conventional unsteady drainage experiment leading to field capacity. 

 

Finally, one key aspect toward the process-based understanding of hydrologic and sediment 
connectivity is the determination of soil moisture values and the characterization of their 
spatial patterns (Romano, 2014; Tarolli et al., 2014). This talk will briefly review the recent 
ŎƻƴŎŜǇǘ ƻŦ ŜǎǘŀōƭƛǎƘƛƴƎ ƴŜǘǿƻǊƪǎ ƻŦ 9ŀǊǘƘΩǎ /ǊƛǘƛŎŀƭ ½ƻƴŜ hōǎŜǊǾŀǘƻǊƛŜǎ ό/½hǎύ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 
modeling tools employed for the analysis of the gathered information. 
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INFILTRATION MEASUREMENTS FOR SOIL HYDRAULIC 
CHARACTERIZATION 
 

Rafael Angulo-Jaramilloa, Laurent Lassabatèreb 
  
a,bUniversity of Lyon; Ecology of Natural and Man-impacted Hydrosystems laboratory LEHNA, 
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The appropriate measurement strategy for soil water status and soil hydraulic properties in 
conjunction with transfer studies must recognize characteristic process of soil water 
conditions. Infiltration based experiments are then a preferred technique to conventional 
laboratory or long term field observation to investigate soil hydraulic properties. A detailed 
analysis of infiltration methods is given in the forthcoming book: άLƴŦƛƭǘǊŀǘƛƻƴ ƳŜŀǎǳǊŜƳŜƴǘǎ 
ŦƻǊ ǎƻƛƭ ƘȅŘǊŀǳƭƛŎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴέ ōȅ w. Angulo-Jaramillo, V. Bagarello, M. Iovino and L. 
Lassabatère (ed. Springer, 2016, in press). Among the large number of existing methods and 
references described in the book, a recent one is the Beerkan method. 

The Beerkan method along with BEST algorithms (Beerkan Estimation of Soil Transfer 
parameters) is an alternative technique to conventional laboratory or field measurements for 
rapid and low-cost estimation of soil hydraulic properties (Lassabatere et al., 2006; BEST 
software can be downloaded for free at https://bestsoilhydro.wordpress.com). The method 

was developed to accurately determine the soil water retention curve, h(q), and hydraulic 

conductivity curve, K(q). BEST relies on both analysis of a single ring infiltration and easily 
collected soil texture and soil structure data (i.e., cumulative particle size distribution, dry bulk 
density, initial and final volumetric water contents). The analysis used in BEST relies on the 
formulations of 3D cumulative infiltration developed by Haverkamp et al. (1994). They 
postulate that the cumulative infiltration in 3D corresponds to the infiltration in 1D plus a term 
proportional to time; the proportionality coefficient being a function of sorptivity, the radius of 

the ring and a shape coefficient g. Cumulative infiltration in 1D is a function of time, the soil 

properties and another shape coefficient b. These coefficients are supposed to be constant, to 

be slightly dependent upon the kind of soil and thus usually taken as b=0.6 and g=0.75. 
The goals of the presentation are: to briefly introduce BEST method and the errors in 

the estimations of hydraulic curves h(q) and K(q) by considering constant g and b values or 
specific values depending on soil type; and to report two different studies where BEST has 
played an important role. These two studies where carried out on different environmental 
contexts when adequate water management is required to improve the efficiency and 
sustainability of agricultural systems. 
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Estimation of unsaturated soil hydraulic properties with BEST 
Numerical model was used to calculate reference infiltrations under 1D and 3D, for several 
initial conditions and different soil types (i.e., sand, loam, silt and silty-clay). Numerically 

optimized values for g and b are then proposed depending upon soil type. Inverse analysis of 
infiltration was performed to derive Ks and sorptivity, S. 

The values for g and b could be optimized to improve the fitting of numerical data. 
Optimal values differ from usual constant values and depend upon the soil type. The 

implementation of BEST with the new values for g and b improve BEST results.  

Temporal variability of soil hydraulic properties under drip irrigation 
The identification of a temporal variation in soil hydraulic properties in the course of a 
cropping season subject to drip irrigation can contribute to the improvement of water use 
efficiency and the mitigation of adverse environmental effects. Saturated hydraulic 
conductivity, Ks and the characteristic effective pore radius (i.e., the mean characteristic 
dimension of hydraulically functional pore), m˅, are fundamental parameters governing water 
transfer in soil under drip irrigation. Series of Beerkan infiltration tests were carried out on a 
loamy soil of a corn field drip irrigated in the southern of France (Mubarak et al., 2009). 

Two treatments: a full (FT) and a limited (LT) irrigation treatment were investigated. 
Infiltration measurement were taken within each treatment on the top soil layer during the 
cropping season. The 1st set of measurements was done before 1st irrigation. Six to eight 
infiltration measurements were performed on a 9m² sub-plot. For both irrigation treatments, 
soil hydraulic properties are strongly affected by the first irrigation. Parameters Ks ŀƴŘ ˅m 
drastically decrease with cumulative water application depth from the first irrigation until the 
root systems approximately reach its maximal value. Then these two parameters seem to re-
increase slowly with time. At the beginning, this temporal evolution could be due to the soil 
restructuration process under irrigation. While, at the end of irrigation season, where irrigation 
decreased due to lower water requirements for the both treatments, the irrigation effect was 
overlaid by the biological activity and the root development effect creating new channels or 
continuity between existing pores. The processes affecting these properties are similar for 
both irrigation treatments, but with a different response intensity. imited drip irrigation 
treatment (LT) presents higher mean values for both Ks ŀƴŘ ˅m than those of the full irrigation 
treatment (FT). This can be due to the different water amounts applied to the treatments 
especially at the beginning of the irrigation season. This can be also attributed to the 
alternated daily effects of wetting and drying cycles of the soil during limited treatment (LT). 

As a consequence of irrigation and root development, soil hydraulic properties showed 
a dynamic evolution in time. This state of fact raises the question about the interest to take 
into account temporal variability of hydraulic properties for improving water use efficiency.  

Comparison of field and laboratory methods for estimating unsaturated hydraulic properties 
under different land uses 
The aim of the second study was to determine unsaturated soil hydraulic properties under 
different land uses and to compare the results obtained with different measurement methods 
(i.e. Beerkan, tension disc infiltrometer, Wind method or pedotransfer function). The study has 
been realized on a tropical sandy soil in a small watershed in NE Thailand (Siltecho et al., 
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2014). The experimental plots were positioned in a rubber tree plantation in different 
positions along a slope, in ruzi grass pasture and in an original forest site. 

Non parametric statistics demonstrated that van Genuchten (1980) unsaturated soil 

parameters (Ks, a and n), were significantly different according to the measurement methods 
employed whereas location was not a significant discriminating factor when all methods were 

considered together. However within each method, parameters n and a were statistically 
different according to the land use and the topographic position. A decrease in hydraulic 
conductivity downwards the slope in the rubber tree plantation was systematically observed, 
and could probably be related to translocation of finer particles downslope. Despite showing 
slightly higher level of organic matter and unlike what would commonly be expected, forest 
soil had the lowest hydraulic conductivity. The higher content in finer particles (clay and silt) 
was most probably responsible for lower Ks values in the forest site and in some extend in the 
ruzi grass site. During the early stages of the rubber tree plantation, the soil surface was not 
covered and therefore more vulnerable to erosion. The fine soil particles were translocated 
downslope and down the soil profile. 

Estimated parameters were used in Hydrus 1D for a one year water flow simulation. 
Computed water pressure head did not show noticeable differences for the various sets of 
parameters, highlighting the fact that for modelling purposes, any of these measurement 
methods could be successfully employed. The choice of the measurement method would 
therefore be motivated by its simplicity, robustness and low cost. 

Ongoing research 
In our research we aim to contribute to understanding how water-solute-particles flow 
through unsaturated soils, what cognitive and sense making processes can be incorporate to 
BEST method and how to improve them. Specifically, the research explores different topics. 
(i) A new version of BEST infiltration is developed for water and solute transport studies. This 
method aims the use of new devices like the new automated tension disc infiltrometer (Di 
Prima, 2015), and lies within the framework of collaboration with University of Palermo. The 
use of the new automated infiltration device will be an important asset. The automated Sicilian 
infiltrometer revealed be very efficient for hydraulic characterization of different type of soils 
(Di Prima et al., 2015). 

We continue the improvement of new or revisited numerical and analytical models to 
increase the robustness and precision of existing BEST method. In particular to account for 
multiple-porosity, hydrophobicity and organic matter effects on infiltration. These factors 
controls clogging and preferential flow.  

Our research objective continues on the design of new strategies for estimation of soil 
hydraulic and solute transfer parameters, among which the saturated-unsaturated hydraulic 
conductivity and sorptivity, which are fundamental in soil science. 
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INFILTRATION PROCESSES INTO MACROPOROUS SOILS 
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In the vadose zone, preferential flow is more a rule than the exception (Köhne et al., 2009). 
During infiltration into the vadose zone, water flow may be uneven with rapid movement of 
water and solutes through restricted zones of the porous media and water and solute 
exchange with stagnant pockets of water. Despite the fact that flow pathways develop in 
restricted zones of the soil, water infiltration at soil surface may provide no evidence of 
preferential flow. The development of preferential flow may be linked to the soil 
macroporosity (macropores and cracks), soil hydrophobicity or fingered flow due to hydraulic 
instability. Macroporosity includes cylindrical biopores made by burrowing soil animals and 
plant roots, planar fissures formed by wetting/drying or freezing/thawing cycles, and 
ƛǊǊŜƎǳƭŀǊƭȅ ǎƘŀǇŜŘ ΨǇŀŎƪƛƴƎ ǾƻƛŘǎΩ ōŜǘǿŜŜƴ ŘŜƴǎŜǊ ŀƎƎǊŜƎŀǘŜǎ ƛƴ ǎǘǊǳŎǘǳǊŜŘ ǘƻǇǎƻƛƭǎΦ 
Macroporosity may be activated when water pressure is high enough, leading to the 
development of flow essentially into the macropores and to non-equilibrium and preferential 
flow phenomena in the soil.  

Concepts and related models developed for preferential flow in macroporous soils are 
often classified into single porosity with non-equilibrium flow, dual porosity, dual permeability 
and multi-ǊŜƎƛƻƴ ƳƻŘŜƭǎ ό~ƛƳǻƴŜƪ Ŝǘ ŀƭΦΣ нллоύΦ 5ǳŀƭ-permeability approaches hypothesize 
that water flow in and between two pore regions, i. e. matrix with slow flow and a fast-flow 
ǊŜƎƛƻƴΦ ¢ƘŜǎŜ ƳƻŘŜƭǎ ŜƴŎƻƳǇŀǎǎ Ƴƻǎǘ ŎŀǎŜǎ ƻŦ ǇǊŜŦŜǊŜƴǘƛŀƭ Ŧƭƻǿ ό~ƛƳǻƴŜƪ Ŝǘ ŀƭΦΣ нллоύΦ Lƴ ǘƘƛǎ 
article, we present successively the conceptual models developed for the description of 
preferential flow (Lassabatere et al., 2014) and related analytical and numerical models, and 
we demonstrate the utility of dual-permeability approaches for the detection or preferential 
flow and soil hydraulic characterization using infiltration experiments. 

Modelling infiltration processes in macroporous soils 
Dual porosity and dual-permeability models are among the most famous approaches for 
modelling preferential flow in soils. For dual porosity model, water flow is restricted to the 
fractures or the inter-aggregate pores and macropores, whereas water does not move at all in 
ǘƘŜ ƳŀǘǊƛȄΦ wƛŎƘŀǊŘǎΩ Ŝǉǳŀǘƛƻƴ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŦƻǊ ǘƘŜ Ŧƭƻǿ ƻŦ ƳƻōƛƭŜ ǿŀǘŜǊΣ ǿƛǘƘ ŀƴ ŀŘŘƛǘƛƻƴŀƭ 
term to account for water exchange between the mobile and stagnant zones. The dual-
permeability model considers two single-permeability media separated by a permeable 
interface. Several alternative models were proposed on the basis of the dual flow approach, 
but flow equations are modified for the macropore or fast-flow region. Such changes are 
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required by the physics of flow that no longer follow Darcy-.ǳŎƪƛƴƎƘŀƳ ƭŀǿ ŀƴŘ wƛŎƘŀǊŘǎΩ 
equations. Usually, alternative laws are considered for the description of flow into the fast-
flow region. Some alternatives consider that capillarity is negligible in the fast-flow region 
(large size of macropores) and that flow is mainly driven by gravity and viscous forces. In such 
case, water flux is defined in function to water content by power low and kinematic wave 
equations are used (Germann, 2014). More complex physics like non-laminar and turbulent 
flow can also occur and require specific models. The choice of the model depends on the 
physics of flow and Coppola et al. (2009) proposed a conceptual classification for preferential 
flow according to field conditions and types of soil: (i) preferential flow in real non-capillary 
macropores, (ii) preferential flow in inter-aggregate pores considered as capillary pores, (iii) 
fingering flow due to the instability of the wetting fronts, often encountered at the interface 
between two materials with a lower unsaturated hydraulic conductivity below, and (iv) 
ǇǊŜŦŜǊŜƴǘƛŀƭ Ŧƭƻǿ ŘǳŜ ǘƻ ǎǇŀǘƛŀƭ ƛǊǊŜƎǳƭŀǊƛǘƛŜǎ ƻǊ ǘŜƳǇƻǊŀƭ ŘȅƴŀƳƛŎǎ ƛƴ ǎƻƛƭ ǿŜǘǘŀōƛƭƛǘȅΦ wƛŎƘŀǊŘǎΩ 
equation applies to the two pore domains (matrix and fast-flow region) in cases (ii), (iii) and (iv) 
and thus dual permeability approaches may be considered. For the first case, the kinematic 
wave equation or Hagen-Poiseuille equation should be considered instead. 

The boom of computer science and facilities may explain the great development of 
numerical approaches to the detriment of analytical approaches. Indeed, several numerical 
tools were developed for the conceptual models described above. However, Lassabatere et al. 
(2014) extended the model proposed by Haverkamp et al. (1994) developed for water 
infiltration into homogeneous soils the case of dual-permeability soils. Lassabatere et al. 
(2014) summed the cumulative infiltration over matrix and fast-flow regions proportionally to 
volumetric ratios occupied by each region, to compute the total cumulative infiltration. This 
model addresses the cases of 1D water infiltration and 3D water infiltration over a disc source 
into dual permeability soils. 
 
Characterizing dual permeability soils using water infiltration experiments 
Modelling water infiltration by dual-permeability models or any models accounting for 
preferential flow demonstrates that preferential flow enhances water infiltration but does not 
disrupt the shape of cumulative infiltration. Clearly, with infiltration data, there is no way to 
discriminate between the hypothesis of highly permeable soil or dual permeability soil. As a 
consequence, the Beerkan method (water infiltration into ponded single rings) along with BEST 
method is insufficient to detect and characterize dual permeability behavior and may lead to 
incoherent and unreliable results. In this study, we clearly demonstrate such inadequacy, using 
the model developed by Lassabatere et al. (2014) to generate synthetic numerical data. In 
opposite, we demonstrate that multiple tension infiltration experiments can be used to detect 
dual permeability behavior. In particular, the analysis of errors showed a strong 
autocorrelation of errors, with underestimation of cumulative infiltration for the lowest and 
highest water pressure heads along with over-estimation at intermediate water pressure 
heads. Dual-permeability behavior induces a sharp increase of cumulative infiltration close to 
zero for water pressure head applied at surface increases. Based on the presented results, it 
can be concluded that multi-tension experiments are needed to detect dual permeability soil 
and proposed the following advice: (i) the values of the applied water pressure head should be 
chosen so as to activate the matrix and the fast-flow region progressively, (ii) volume of water 
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infiltrated during the application of water pressure heads should be of the same order, 
meaning much longer times for the lowest water pressure heads. 

On this basis, a method is proposed to extend BEST approach to the case of dual-
permeability soils. The final objective is to characterize the complete set of unsaturated 
hydraulic properties of the matrix and the macropore. The new BEST-2K method is dedicated 
to dual permeability soils and combines water infiltration at two water pressure heads, the 
related measures of water contents, and soil texture data. Cumulative infiltration at the lower 
water pressure head is analyzed using BEST method to derive the set of hydraulic parameters 
of the matrix. The difference in cumulative infiltration is assigned to the macropore domain 
only and analyzed with the BEST method to derive related hydraulic parameters. This approach 
is illustrated on both experimental data and numerically generated data and are discussed in 
light of other numerical and experimental studies combining water infiltration experiments 
with additional experimental procedures and observations (solute injection, dyes, etc.). BEST-
2K developments are the very first proposed extensions of the BEST method for dual 
permeability soils. These appear quite promising and, along with inverse numerical method 
address the challenging topic of hydraulic characterization of dual-permeability soils. This 
challenge is a prerequisite for the understanding of preferential water flow and solute 
transport in the vadose zone. 
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HYDROLOGICAL RESPONSE OF WATERSHEDS IN ARID AND 
SEMIARID AREAS 
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Natural arid and semi-arid environments present low vegetation cover and relatively large 
areas with bare soil surfaces. They are also characterized by short rainfall events with peaks of 
very high intensity. High kinetic energy raindrops impacting on a bare soil induces the 
formation of a disturbed, more compacted, layer with reduced hydraulic conductivity at the 
surface, described as seal or crust layer (Assouline, 2004). Therefore, the formation of the seal 
layer affects significantly the hydrological response of arid and semiarid watersheds to short 
but intense rainfall events. A brief description of the conceptual model of soil surface sealing 
proposed by Assouline and Mualem (1997) is presented. The conceptual model relates the seal 
properties to those of the undisturbed soil and to those of the applied rainfall, under the given 
initial and boundary conditions that define the flow system. The dynamics of the seal 
formation is related to the rainfall intensity, the variance of the drop size distribution, the 
maximal drop diameter, the limit of compaction of the undisturbed soil, and its initial shear 
strenght which depends upon its initial bulk density and water content. The model is applied to 
illustrate the effect of soil surface sealing on infiltration, ponding, rainfall excess, and runoff. 
The impact of the areal heterogeneity of the soil is also illustrated. 

Applying the cell model of Diskin et al. (1984), the runoff hydrograph, at the outlet of a 
hypothetical small bare catchment, could be simulated. Two water catchments types, 
homogeneous and heterogeneous, with two different soil surface states, unsealed (mulched) 
and sealed, were considered. Relative to the runoff produced in the homogeneous unsealed 
catchment, the runoff was augmented by a factor of 10 during soil surface sealing and by a 
factor of 20, when the soil surface was already sealed. On a relative basis, the impact of soil 
sealing on runoff is much more important than that of soil heterogeneity. Assuming four 
different spatial organizations of the 10 cells composing the heterogeneous catchment, all 
representing the same distribution of Ks, the importance of the deterministic spatial 
distribution of soil properties affecting local connectivity on the hydrological response of small 
watersheds could be shown (Assouline and Mualem, 2006). 

The combined impact of soil surface sealing, microtopography and vegetation patches 
on surface hydrological processes in a semiarid hillslope at the Lehavim LTER, in the Negev, 
southern Israel, is also presented. A modeling approach including a two-layer conceptual 
infiltration model and a two-dimensional surface runoff model was developed to study the 
related rainfall-runoff relationships (Chen et al., 2013). The resulting  combined model is 
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applicable to heterogeneous areas with spatially varying soil properties, landscape and land 
cover characteristics. Data from a runoff plot at the LTER under two natural storms were used 
to validate the model and analyze fundamental hydrological mechanisms. Results indicate that 
the seal layer, microtopography and vegetation all play an important role in dryland runoff 
processes: seal layer controls runoff generation; vegetation patches affect overland flow by 
enhancing locally infiltration rates; microtopography has a small impact on the total amount of 
runoff, but shapes the spatial pattern of overland flow. The presence of vegetation patches 
amplifies the effect of microtopography by increasing the spatial variability of infiltration and 
runoff. Results also show that water resources allocation favors vegetation patches through 
surface runoff, with maximum local cumulative infiltration being one order of magnitude 
higher than the amount of water available from rainfall. This suggests a sophisticated 
mechanism of water resources distribution in semiarid ecosystems through complex 
interactions among essential environmental factors. 

Upscaling to the hillslope level (Chen et al., 2016), results show that runoff depth 
decreases with increasing the scale following a power-law relationships, mainly due to run-on 
mechanism. The spatial distribution of the vegetation cover affecting local connectivity slightly 
impacts on the scaling law, cumulative runoff, and runoff hydrograph. 
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HYDROLOGICAL PROCESSES IN HYDRO-REPELLENT SOIL 
CONDITIONS. SOME EXAMPLES IN THE MEDITERRANEAN 
 
A. Cerdà, M. Burguet,  
 
University of Valencia, Spain. 
 
 
!ƭǘƘƻǳƎƘ ǳƴǘƛƭ ǘƘŜ флΩǎ ǘƘŜ ǎƻƛƭ ǿŀǘŜǊ ǊŜǇŜƭƭŜƴŎȅ ǿŀǎ ǎŜŜƛƴƎ ŀǎ ŀƴ ǳƴŎƻƳƳƻƴ ǎƻƛƭ 
characteristic, now is considered a key soil property to understand the soil hydrology. Some 
authors demonstrated that the soil water repellency (SWR) occurrence over different soils, 
bedrocks, climate and vegetation types, is well recognized across the Planet. And this is why in 
the last decade it was found a growing interest to understand the origin and causes of the soil 
water repellecy. Soil water repellency first found in citrus orchards in Florida, and later in the 
5ǳǘŎƘ {ŀƴŘ 5ǳƴŜǎΧ ǿŀǎ ŀƭǎƻ ƳŜŀǎǳǊŜŘ ƛƴ ǘƘŜ aŜŘƛǘŜǊǊŀƴŜŀƴ ǎƻƛƭǎ ǎǳŎƘ ŀǎ ǿŜ ǿƛƭƭ ǎƘƻǿ ƘŜǊŜΦ 
Now water repellency is a soil property that is relevant to understand the connectivity of the 
flows from mm to m scales and probably to slope and watershed scale. The source of the SWR 
may be linked to biological interface of the soils. Our research is focussed in the water 
repellency in agriculture land, forest and fire affected ecosistems. We found that agriculture 
lands are having almost no water repellency, but once abandoned or once applied organic 
farming strategies the water repellency is recovered. Forest soils show water repellent 
responses during the dry seasons, mainly in Summer, and fire use to remove the water 
repellency, or translocate the hydrophobic substances some cm deeper in the soil profile.  

Soil water repellency is still no fully understood in Mediterranean Type Ecosystems and 
we need to discuss the role the soil water repellency plays in the runoff generation and the 
water redistribution in the soil profile, slope and watersheds. This will be discussed in our 
presentation. 
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L. Broccaa, S. Camicia, C. Massaria, L. Ciabattaa, S. Barbettaa, A. Tarpanellia, G. Zuccoa,  
P. Maccionia, T. Moramarcoa 
 
a Research Institute for Geo-Hydrological Protection, National Research Council, Italy, 
stefania.camici@irpi.cnr.it 
 
 
The understanding of the physical processes governing the interaction between the land 
surface and the atmosphere is fundamental for improving our capability to make robust and 
reliable hydrological predictions of extreme events. Floods, landslides and erosion processes 
are among the most dangerous and costly of all natural disasters causing extensive economic 
and social damages worldwide. This issue is compounded by the recent intensification of the 
frequency and magnitude of extreme events (e.g., heavy precipitation, storms) likely due to 
climate change (Camici et al., 2014). In this context, the development of innovative methods 
for improving hydrological predictions is required for the mitigation of the impact of natural 
hazards on society. 

In hydrological sciences, it is widely recognized that the two most important climate 
variables influencing runoff generation, and consequently also landslide triggering and erosion 
processes, are rainfall and soil moisture. In particular, in flood modelling, rainfall represents 
the main input determining the magnitude of the flood event, which, in turn, is strongly 
influenced by the soil moisture conditions at the beginning of the rainfall event (Massari et al., 
2014). The advanced monitoring of these two variables (rainfall and soil moisture) is highly 
required and, recently, remote sensing techniques are becoming more and more accurate for 
this purpose. 

Specifically to soil moisture, currently, several satellite-derived products are freely 
available on a global scale and they can be efficiently used for the monitoring of soil moisture 
in ungauged and remote areas. These products are characterized by different spatial and 
temporal resolutions. For instance, data with a (nearly) daily revisit time, but with a coarse 
spatial resolution (~30 km), are provided by the SMAP (Soil Moisture Active and Passive) 
mission, the SMOS (Soil Moisture and Ocean Salinity) mission, and the ASCAT (Advanced 
SCATterometer) sensor onboard MetOp (Meteorological Operational) satellites. Soil moisture 
observations with a higher spatial resolution are expected to be available in the near future by 
Sentinel-1 (~1 km), but with a lower revisit time (6-12 days), and by the Second Generation 
Scatterometer sensors (MetOp-SG SCA) that will be characterized by a spatial resolution of 15 
km and a daily revisit time. The exploitation of these satellite-derived datasets is an exciting 
and promising research activity that will provide valuable information on their effective use for 
natural hazards mitigation. 
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In the recent five years, the άHydrology groupέ of the Research Institute for Geo-
Hydrological Protection has developed a series of innovative methods that demonstrate that 
satellite soil moisture data can provide significant benefits for the management and 
monitoring of natural hazards. These techniques, relies upon the ingestion of remotely sensed 
information of soil moisture in models for the prediction of floods, landslides, and soil losses 
estimation. 

For instance, in flood modelling, Massari et al. (2014) developed a Simplified 
Continuous Rainfall-Runoff Model (SCRRM) that exploits at best satellite soil moisture 
information, and it is highly suitable for operational applications. In SCRRM there is no need 
for continuous and uninterrupted rainfall/evapotranspiration time-series as in the standard 
continuous approach, and it is easy to use and flexible. SCRRM was firstly applied for a small 
catchment in Greece in the context of a European project addressing the development of an 
early warning system for flood and fire risk assessment and management (FLIRE, 
http://www.flire.eu/en/). More recently, Massari et al. (2015) used SCRRM to model floods in 
a database of more than 30 basins throughout Italy (Figure 1, left) by using satellite soil 
moisture products from the H-{!C ǇǊƻƧŜŎǘ όά9¦a9¢SAT Satellite Application Facility on Support 
ǘƻ hǇŜǊŀǘƛƻƴŀƭ IȅŘǊƻƭƻƎȅ ŀƴŘ ²ŀǘŜǊ aŀƴŀƎŜƳŜƴǘέύΦ  

 
Figure 1: LEFT: Application of SCRRM model to 35 basins throughout the Italian territory. The 
upper panels show the Nash-Sutcliffe efficiency, NS, obtained for each basin by using two 
different soil moisture products (SM-DAS-2 and SM-OBS-1). The lower panel shows the 
application to the Po River at Carigliano gauging station or the 9 flood events occurred in the 
study period 2010-2013.   
RIGHT: Comparison between observed (green) and estimated (red) crack aperture for the 
Torgiovannetto landslide: (aςd) time series, and (eςh) scatter plots (r: correlation coefficient, 
RMSE: root mean square error). The predictors are: (a,e) rainfall variables (i.e., total rainfall 
and maximum rainfall for duration of 1 h; (b,f) rainfall and Antecedent Precipitation Index, 
API20; (c,g) rainfall and ASCAT Soil Water Index, SWI75; (d,h) rainfall, API20 and SWI75. 
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In this experiment, SCRRM has demonstrated to have a great potential as an 
operational tool for flood detection and monitoring in the whole Mediterranean region, 
particularly in poorly gauged areas where ground observations are scarcely available (or of low 
quality, e.g., precipitation data). 

For landslides, Brocca et al. (2012) used ASCAT soil moisture observations for the 
monitoring the Torgiovannetto landslide in central Italy. Notwithstanding the coarse spatial 
resolution (25 km) of the used satellite data, ASCAT soil moisture index was found to be very 
useful for the prediction of landslide movement on a local scale (Figure 1, right). These 
findings, although valid for a specific area, presented a new opportunity for the effective use 
of satellite-derived soil moisture estimates to improve the detection and prediction of 
landslide events. 

Very recently, Todisco et al. (2015) developed a new formulation of USLE (Universal 
Soil Loss Equation), named Soil Moisture for Erosion (SM4E), which directly incorporates soil 
moisture information for the estimation of (event) soil losses at the plot scale. SM4E was 
applied in the Masse area, in central Italy, by using modelled soil moisture data and satellite 
observations obtained from ASCAT. The obtained agreement between observed and estimated 
soil losses through SM4E was fairly satisfactory with significant consequences for the 
operational estimation of soil losses. Indeed, through satellite data, there is the potential of 
applying the SM4E model for large-scale monitoring and quantification of the soil erosion 
process. 

The hydrological models, the satellite observations and the results briefly mentioned 
above will be presented at the meeting. Specifically, we expect to understand how the role of 
connectivity in controlling runoff and erosion might be incorporated in the developed 
approaches to further increase their reliability and the accuracy. 
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The understanding of hydrological connectivity is often broken down into two distinct types: 
functional and structural (see Bracken et al 2013).  Functional connectivity refers to the 
dynamic feedbacks that occur within the short timescale of storm events, such as surface flow 
dynamics and erosion ς deposition of the soil surface. Structural connectivity refers to the 
controls that the fixed characteristics of the environment, for example, landscape topography 
and vegetation pattern, have on the strength of the connectivity over long time scales. This 
paper presents how both functional and structural connectivity can be modelled and examples 
of how the structural connectivity approach has been used as a key dataset within a spatial 
decision support system.  

An approach to the representation of the structural, time integrated, hydrological and 
sediment connectivity is the Network Index (Lane et al. 2004). This connectivity index is 
derived from the analysis of a detailed digital elevation model (DEM), normally either NextMap 
or Lidar based dataset. The analysis is made up to two steps: Firstly, the propensity for runoff 
generation at each point in the landscape is calculated using the topographic wetness index 
(Beven and Kirkby, 1979). This calculation determines the wetness and runoff generation 
characteristics for each point in the landscape as a function of the upslope contributing area 
and the local slope gradient. The second step uses a flow path tracing algorithm to analyse the 
runoff transmission characteristics of the points on the downslope flow path to the river or 
lake. This flow tracing determines the landscape scale wetness required for each point to be 
capable of generating runoff and for there to be a connected pathway to the river or lake. This 
index gives the relative pattern of connectivity potential across the landscape.  

The relative pattern of connectivity potential can be converted into long-term 
probabilities of connection through the use of a fully distributed landscape scale catchment 
hydrological simulation model (Lane et al. 2009). The CRUM3 model was used to simulate the 
soil moisture patterns and at each model temporal iteration (between every 50 seconds and 
every six hours depending on rainfall), the connected areas were calculated using the network 
index approach. These connections were processed to give the average amount of time each 
location was connected to the river channel for. These values can then be related to the 
network index to enable prediction of connection potentials based on the computationally 
efficient DEM analysis rather than the time consuming hydrological model which takes on the 
order of 1,000,000x longer to compute.  
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The Network Index has been integrated in to a decision support tool for the 
identification of the potential source areas of diffuse pollution, SCIMAP (Reaney et al. 2011). 
The SCIMAP tool uses a combination of the hydrological connectivity, the spatial pattern of 
sediment risk and an observed pattern of sediment concentrations. The approach has been 
applied to consider the impacts of diffuse pollution on in-stream ecology using salmon and 
trout as indicators (Reaney et al. 2011) and on geochemicals using nitrogen and phosphorus as 
the indicators (Milledge et al. 2012). The SCIMAP tool is freely available as a library within an 
open source GIS system (SAGA GIS) and is also available as a web application 
(http://my.scimap.org.uk). The approach is widely used within the UK by both governmental 
(including the Environment Agency and Natural England) and third sector groups (including 
many individual Rivers Trusts and community groups). These organisations are using the 
SCIMAP tool to target where to undertake mitigation works, such as tree planting, the creation 
of buffer strips and land management modifications within their catchments, to reduce the 
diffuse pollution pressure and move the water bodies towards attaining Good Ecological Status 
under the Water Framework Directive.  

To simulate the temporally dynamic functional connectivity, a novel flow tracing 
algorithm was created based on software agents. The hydroAgent approach (Reaney 2008) 
ǘǊŀŎŜǎ ǘƘŜ ƳƻǾŜƳŜƴǘ ƻŦ мллΣлллΩǎ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ŀ ŘȅƴŀƳƛŎŀƭƭȅ 
changing hydrological environment. The CRUM2D hydrological model (Reaney et al 2007) 
generated the environment and each individual hydroAgent makes its own decisions regarding 
its movement in response to the local hydrological conditions (the amount of water infiltrating, 
the flow speeds and the flow direction). This modelling approach is capable of predicting for 
river flow, where and when the water originally fell in the landscape as rainfall, how long it 
took to reach the river and the details of the flow path travelled along. This approach 
therefore gives a detailed insight into the functional connectivity of the water flows within the 
simulation model.  

These approaches to modelling functional and structural connectivity have been 
applied in semi-arid and temperate contexts and for a range of applications. The structural 
connectivity index, the Network Index, has been implemented within a decision support 
system that is widely used within the UK. These modelling tools provide a useful experimental 
toolkit for investigations into the dynamics of hydrological and sediment connectivity at the 
small catchment to landscape scale. 
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The 1988/1989 algea disaster urged the North Sea and Skagerrak countries to take 
orchestrated measures to control the outflow of sediment and nutrient rich water to the sea 
(Øygarden et al., 2007). Many of these measures aim at the reduction of sediment loss from 
agricultural soils. Flooding is another spearpoint in the Norwegian authorities' policies that 
concern hydrology. Temperature and precipitation characteristics of the majority of the 
climate scenarios for Norway indicate increased flooding risk at an increased number of 
locations (Kelman, 2011). Because it is the largest non-point source of water pollution, 
agriculture has a significant potential to improve water quality. Policies and subsidies are since 
in place to encourage agronomic practices that conserve soil, e.g. timing and type of tillage, 
riparian buffers and grassed waterways. 

The suitability and effectiveness of these measures were estimated based on field 
trials at plot scale. Much less is know about the compound effect of measures at the 
catchment scale. To find out more about the effect of conservation measures at this scale, a 
long term monitoring programme, run by NIBIO, has been in place for over 20 years. Runoff 
and sediment load are recorded, as well as farmers' agronomic records in a total of 13 
catchment with sizes ranging from 0.5 to 30 km². No obvious or unambiguous results about 
the effectiveness of the implemented measures are documented as yet. The reason for this is 
that the scale of the effect of weather variability may exceed the effect of the measures. 
Another reason might be that there is insufficient understanding of the effectiveness of 
measures within the hydrological topology. The effect of a soil conservation measure will at 
least partially depend on its position in the path from source to sink (i.e. the freshwater 
system). 

Strategies to decrease sediment delivery and peak runoff could roughly be divided into 
measures aimed at the sources and those aimed at the pathways. Years of field trials and 
modelling has resulted in a body of knowledge about sediment and runoff sources. Water and 
particle/solute fluxes from agricultural soils can be estimated from models, allowing 
researchers to advise farmers and policy makers certain agronomic measures, mainly aimed at 
reduced or differently timed tillage. Much less quantitative knowledge is available about the 
pathways. Pathways have structural attributes, such as the permanent natural and artificial 
drainage networks, slope length, land use, and infiltration capacity of the soil profile. They also 
have functional aspects, varying in time and space and a function of the cropping calendar and 
weather dynamics. These aspects include tillage induced soil roughness, rills and ephemeral 
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gullies and soil compaction. Besides these, nordic climate conditions results in runoff and 
sediment (dis)connections that are a function of snow cover and melt, soil frost and ice layer 
formation. 

The challenge to researchers today is to quantify the structural and functional 
attributes of runoff and sediment connectivity in order to come up with measures that make 
sense in time and space. This does not mean that the current set of available measures is 
deemed unsuitable or inefficient. It does mean that the design of these measures has to be 
optimised in a spatial context; bridging the gap between the process understanding at plot 
scale and the measurements at the catchment outlet. 

¢Ƙƛǎ ǇǊŜǎŜƴǘŀǘƛƻƴ ǿƛƭƭ ǇǊƻǾƛŘŜ ŀ ǊƻǳƎƘ ƻǾŜǊǾƛŜǿ ƻŦ  ƳŜŀǎǳǊŜƳŜƴǘ ŀƴŘ ƳƻŘŜƭƛƴƎ 
ŀŎǘƛǾƛǘƛŜǎ ŀƴŘ ǇǊƻǾƛŘŜ ŀƴ ƻǳǘƭƻƻƪ ƻƴ Ƙƻǿ ŎƻƴƴŜŎǘƛǾƛǘȅ ǿƛƭƭ ŦŀŎƛƭƛǘŀǘŜ ǇǊƻŎŜǎǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŀƴŘ 
ǳƭǘƛƳŀǘŜƭȅ ǘƘŜ ŘŜǎƛƎƴ ƻŦ ƳƻǊŜ ŜŦŦƛŎƛŜƴǘ ƳŜŀǎǳǊŜǎΦ 
 
wŜŦŜǊŜƴŎŜǎ 
qȅƎŀǊŘŜƴΣ [ΦΣ нллоΦ wƛƭƭ ŀƴŘ Ǝǳƭƭȅ ŘŜǾŜƭƻǇƳŜƴǘ ŘǳǊƛƴƎ ŀƴ ŜȄǘǊŜƳŜ ǿƛƴǘŜǊ ǊǳƴƻŦŦ ŜǾŜƴǘ ƛƴ bƻǊǿŀȅΦ /ŀǘŜƴŀ 

рлΥ нмт-нпнΦ 
qȅƎŀǊŘŜƴΣ [ΦΣ [ǳƴŘŜƪǾŀƳΣ IΦΣ !ǊƴƻƭŘǳǎǎŜƴΣ !ΦIΦ ŀƴŘ .ǄǊǊŜǎŜƴΣ ¢ΦΣ нллтΦ /ƘŀǇǘŜǊ мΥ bƻǊǿŀȅΦ Lƴ {ƻƛƭ 

9Ǌƻǎƛƻƴ ƛƴ 9ǳǊƻǇŜΣ .ƻŀǊŘƳŀƴΣ WΦΣ ŀƴŘ tƻŜǎŜƴΣ WΦ ό9ŘǎΦύΣ ǇǇΦ утуΦ WƻƘƴ ²ƛƭŜȅ ϧ {ƻƴǎΦ 
YŜƭƳŀƴΣ LΦ όŜŘƛǘƻǊύΣ нлммΦ ¢ƛƭǇŀǎƴƛƴƎ ǘƛƭ ŜƪǎǘǊŜƳǾŋǊ ǳƴŘŜǊ ƪƭƛƳŀŜƴŘǊƛƴƎŜǊ L ƴƻǊǎƪ ƪƻƳƳǳƴŜǊΦ /L9b{ 

ǊŜǇƻǊǘ п-нлммΦ ƘǘǘǇΥκκǿǿǿΦŎƛŜƴǎΦƴƻκƳŜŘƛŀκмлунκпψнлммΦǇŘŦ όŀŎŎŜǎǎŜŘ CŜōǊǳŀǊȅ нлмсύΦ 
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patricia.saco@newcastle.edu.au 
b Institute of Environmental Assessment & Water Research (IDAEA-CSIC), Barcelona, Spain 
c Soil Physics and Land Management Group, Wageningen University, The Netherlands 
 
 
Arid and semi-arid areas constitute over 30% of tƘŜ ǿƻǊƭŘΩǎ ƭŀƴŘ ǎǳǊŦŀŎŜΦ ¢ƘŜǎŜ ŀǊŜŀǎ ŦǳƴŎǘƛƻƴ 
as tightly coupled ecological-hydrological systems with strong feedbacks and interactions 
occurring across fine to coarse scales (Ludwig et al., 2005; Okin et al, 2015). Generally, the 
vegetation of these regions consists of a mosaic of patches with high biomass cover 
interspersed within a low-cover or bare soil component. A key condition for the development 
and maintenance of these mosaics of vegetation is the emergence of a spatially variable 
infiltration field with low infiltration rates in the bare areas and high infiltration rates in the 
vegetated areas (Tongway and Ludwig, 2001). Several field studies have reported much higher 
infiltration rates (up to 10 times) under perennial vegetation patches than in interpatch areas 
(Ludwig et al., 2005; Tongway and Ludwig, 2001 and references in there). The enhanced 
infiltration rates under vegetated patches are due to improved soil aggregation and 
macroporosity related to biological activity (e.g., termites, ants, and earthworms are very 
active in semi-arid areas) and vegetation roots (Ludwig et al., 2005).This spatially variable 
infiltration has been observed in many field studies and is responsible for the development of 
a runoffςrunon system, and the subsequent redistribution of water and sediments. 

¢Ƙƛǎ ǊŜŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǎǳǊŦŀŎŜ ǿŀǘŜǊ ƛǎ ǘƘŜǊŜŦƻǊŜ ƭƛƴƪŜŘ ǘƻ ǘƘŜ άƭŀƴŘǎŎŀǇŜ ǎǳǊŦŀŎŜ 
ŎƻƴƴŜŎǘƛǾƛǘȅέΦ Here we define connectivity as the extent to which water and sediment fluxes 
can move, be spread, or be redistributed from one place to another within the landscape (Okin 
et al., 2015). As discussed by Okin et al. (2015), the concept of connectivity is emerging as a 
key analytical tool for understanding semiarid systems that are shaped by various interacting 
fluxes that are, in turn, driven by coevolving structural patterns and processes operating across 
a range of spatial and temporal scales. The redistribution of resources between the 
άŎƻƴƴŜŎǘŜŘ ŀǊŜŀǎέ is fundamentally important for the maintenance of landscape health and 
functionality in drylands. Disturbances such as grazing and wood harvesting that affect patch 
structure and surface water connectivity can lead to severe degradation (Okin et al., 2015; 
Moreno-de las Heras et al., 2012). Increases in connectivity potentially increase runoff and 
erosion (this last one being particularly important in steep slopes) which can lead to flow 
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concentration and rill development, to a decrease in overall productivity, and to changes in the 
coevolving vegetation patterns (Moreno-de las Heras et al., 2012; Saco and Moreno-de las 
Heras, 2013 and references in there). 

Here we investigate the impact of degradation processes induced by grazing pressure 
across a precipitation gradient in Australia using connectivity measures. We use remote 
sensing data from more than 40 plots in sites with Mulga (Acacia Aneura vegetation). The sites 
were carefully selected in the Northern territory and the Mulga Lands Bioregion in NSW and 
Queensland, so that prior information and robust rainfall records are available in all sites. We 
compute structural connectivity trends obtained from the coupled analysis of remotely sensed 
vegetation patterns and drainage directions in several of these Mulga landscapes subjected to 
different levels of disturbance. We also compute the rainfall-use efficiency of these landscapes 
using rainfall records and Modis NDVI data. Our results indicate that small reductions in the 
fractional cover of vegetation near a tipping point can produce abrupt changes in ecosystem 
function, driven by large nonlinear increases in the length of the connected flowpaths. 

We further analytically investigate the dynamic response of these sites using a coupled 
landscape evolution-vegetation model to simulate coevolving vegetation patterns and 
geomorphology. We use the model to analyse changes in functional hydrologic connectivity 
responsible for the existence of these tipping points. The model captures the dynamics of 
spatially variable infiltration rates that are responsible for the development of the runoffς
runon system, which determines the surface connectivity of the landscape and modulates the 
resulting sediment erosion and depositional areas. Therefore the amount of water and 
sediments retained by the landscape is linked to the dynamic surface connectivity between the 
upslope and downslope areas. We analyse and compare the patterns of surface connectivity 
resulting from hillslopes with varying slopes, and varying soil erodibilities and diffusivities. We 
investigate the effect of different vegetation covers, with varying degrees of soil-cover 
protective effect, which give rise to both banded and striped vegetation patterns. Surface 
connectivity resulting from different (initial) topographies, as well as varying soil erodibilities 
and vegetation characteristics are analysed and contrasted. More general model results 
further suggest that these sharp variations are related to thresholds on slope and soil 
erodibility, regulated by feedback effects dependent on vegetation, response times and soil 
depths. These results have important implications for restoration efforts in degraded semi-arid 
areas. 

Finally, we use the model to investigate the effect of changes in functional connectivity 
for several of the Mulga sites along the precipitation gradient. We compute mean values of 
functional connectivity for these sites, based on an index that captures variable contributing 
area and changes in spatially distributed run-on values. We analyse the spatial variability and 
evolution of this functional connectivity index in time and its relation to the observed 
structural connectivity to further understand the observed threshold behaviour for ecosystem 
function.  

In summary, this work based on both observation and modelling results supports the 
idea of the existence of tipping points leading to degradation states in Mulga lands in Australia. 
The analysis of the dynamic behaviour of these systems show that small changes in landscape 
conditions can trigger a large shift in ecosystem function if a critical degradation threshold is 
exceeded. This behaviour is linked to changes in both structural and functional connectivity 
measures that were computed for plots with increasing disturbance (decreasing vegetation 
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cover) for sites with varying mean rainfall. These results highlight the usefulness of indicators 
derived from landscape hydrological connectivity analysis for monitoring landscape health in 
semiarid and arid ecosystems. Implications for ecosystem resilience and land management 
strategies will be discussed. 
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PARTIAL AREA HYDROLOGIC RESPONSE: CONNECTIVITY AND 
EROSION? 
 

M. A. Nearing 
 
USDA ARS Southwest Watershed Research Center, Tucson, AZ, USA 
mark.nearing@ars.usda.gov 
 
 
Infiltration rates are heterogeneous at many scales.  We are looking at the potential 
relationships between partial area hydrologic response and soil erosion on 12 m2 plots in semi-
arid landscapes of the western United States.    
The theory and concepts are illustrated as:  
 

 
Figure 1  Cumulative distribution function of point scale infiltration 

 
Figure 2 Conceptual model between rainfall intensity, apparent infiltration, and runoff rates 
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Figures 3 and 4. From Stone et al., 2008. Ac is computed runoff contributing area assuming 
curvilinear response of apparent infiltration vs. intensity, as suggested by Stone et al. and 
Hawkins, 1982 

 
Figure 5. Plot of rainfall simulation data of sediment vs. computed contributing area using 
assumption of a curvilinear response (probably incorrect) 

Results of our simulation plots indicate that ŦΩ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ƛƴǘŜƴsity, thus indicating partial 
area response, but the response is linear in most cases (Fig. 6).  The only f distribution of f that 
ƎƛǾŜǎ ŀ ƭƛƴŜŀǊ ǊŜǎǇƻƴǎŜ ƛƴ ŦΩ ǾǎΦ ƛ ƛǎ bimodal.   
 

 
Figure 6. Our results for Loamy Sands in Arizona for apparent infiltration vs. rainfall intensity 
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Figures 7 and 8. Conceptual model for infiltration response for a bimodal distribution of point 
scale infiltration, f 
 
Our currently working hypothesis is that as the runoff on the contributing area increases as a 
function of increasing rainfall intensity, the sediment transport connectivity between 
contributing areas increases, which is the controlling factor for the sediment discharge. 
 

 
Figure 9 Walnut Gulch Rainfall Simulator 
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