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Abstract. This paper presents the development of a rainfall-1 Introduction
triggered landslide module within an existing physically
based spatially distributed ecohydrologic model. The model,
tRIBS-VEGGIE (Triangulated Irregular Networks-based Landslides represent one of the most important landform-
Real-time Integrated Basin Simulator and Vegetation Gen-Shaping process. All 50 states in the United States have
erator for Interactive Evolution), is capable of a sophisti- 'ecorded some landslide activity with minor or major socio-
cated description of many hydrological processes; in par€conomic consequences (Schuster and Highland, 2001;
ticular, the soil moisture dynamics are resolved at a tem-Swanston and Schuster, 1989). Human activity has acceler-
poral and spatial resolution required to examine the trigger2ted the occurrence of landslides by modifying vegetation
ing mechanisms of rainfall-induced landslides. The validity distribution (i.e., root-soil cohesion), altering the hydrologic
of the tRIBS-VEGGIE model to a tropical environment is regime and disrupting the natural equilibrium. Recent studies
shown with an evaluation of its performance against directof the impacts from landslide activity in the US alone predict
observations made within the study area of Luquillo Forest. 25-50 deaths per year and an annual average total cost of up
The newly developed landslide module builds upon thet0 $3.2 billion (including direct and indirect costs) (Sidle and
previous version of the tRIBS landslide component. This newOchiai, 2006).
module utilizes a numerical solution to the Richards’ equa- Landslides are categorized by both the mode of movement
tion (present in tRIBS-VEGGIE but not in tRIBS), which &S well as the material being transported during an event.
better represents the time evolution of soil moisture transpor0Me movements are connected to specific climatic trigger-
through the soil column. Moreover, the new landslide moduleing factors, such as rainfall. These movements are gener-
utilizes an extended formulation of the factor of safety (FS)ally shallow and rapid when triggered by large precipitation
to correctly quantify the role of matric suction in slope stabil- €vents on slopes with wet antecedent conditions — deeper
ity and to account for unsaturated conditions in the evaluatior@nd slower when the accumulated precipitation volume grad-
of ES. ually builds over an extended time period, eventually lead-
The new modeling framework couples the capabilities ofing to stability failure. This study focuses primarily on very
the detailed hydrologic model to describe soil moisture dy_fast and shallow earth displacements triggered by intense and
namics with the infinite slope model, creating a powerful tool short rainfall events, such as debris slides (Sidle and Dhakal,
for the assessment of rainfall-triggered landslide risk. 2002). For these movements, the assumption that the fail-
ure plane is oriented approximately parallel to the soil sur-
face can be accepted, allowing for the use of the infinite
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slope hypothesis, which introduces greater simplification to In recent years, several procedures have been proposed
the modeling process. to predict the shear strength of unsaturated soil using the

The initiation of rainfall-triggered landslides is strongly extended Mohr—Coulomb failure criterion of Bishop (1955)
coupled to various hydrological processes, which impact thgVanapalli et al., 1996; Fredlund et al., 1996; Khallili and
mechanisms that ultimately cause slope failures. HydrologidKhabbaz, 1998; Oberg and Sallfors, 1997; Bao et al., 1998).
triggering of landslides is a result of both a decrease in the These formulations use the soil-water characteristic curve
shear strength due to an increase of pore-water pressure amal predict the shear strength function for an unsaturated soil,
an increase of the soil weight that increases the destabilizingn addition to saturated shear strength, cohesion and friction
forces on a slope. For these reasons, the knowledge of spatiangle. The physical properties of the soil, such as texture and
temporal dynamics of soil water content, groundwater, infil- pore-size distribution, become very important in the factor of
tration and vegetation processes are of considerable imposafety dynamics.
tance for the understanding and prediction of landslides (De This work builds on the previous version of the tRIBS
Vita et al., 1998). (Triangulated Irregular Network-based Real-time Integrated

The most common practice followed when developing Basin) landslide component (Arnone et al., 2011). The main
landslide forecasting models is to couple the hydrologicaldifferences with the previous version are both in the soil
model with a stability model to assess the factor of safetymoisture dynamics model and in the failure model. First, the
(FS). The infinite slope model is commonly used in the lit- tRIBS-VEGGIE (Vegetation Generator for Interactive Evo-
erature (Arnone et al., 2011; Burton and Bathurst, 1998;lution), compared to tRIBS, utilizes a numerical solution to
Capparelli and Versace, 2010; Montgomery and Dietrich,the Richards’ equation to better represent the time evolution
1994; Pack et al., 1998; Rosso et al., 2006; Simoni et al.of soil moisture transport through the soil column, resulting
2008; Wu and Sidle, 1995). It assumes that the plane of failin a more accurate representation of the soil moisture profile.
ure is parallel to the slope, resulting in a static well-definedParticular attention is given to both vertical and lateral re-
equation for the calculation of FS (Taylor, 1948). distribution, and most of those hydrologic factors important

Most models can be grouped according to two mainin the assessment of landslides are resolved. Secondly, the
features: (1) the hydrological framework used to describelandslide module is extended using the Bishop formulation to
the soil moisture dynamics, i.e., based on a modified ap-<correctly quantify the role of matric suction in slope stability
proach of wetness index (Arnone et al., 2011; Borga et al.and to account for unsaturated conditions in the evaluation of
2002; Burton and Bathurst, 1998; Claessens et al., 2007FS.

Montgomery and Dietrich, 1994; Pack et al., 1998) or based Being a process-driven model, it can be applied to any type
on an approximation of Richards’ equation (Baum et al., of basin where weather data and basic soil information exist.
2002; Capparelli and Versace, 2010; Iverson, 2000; SimoniThis model can be utilized to test different rainfall scenarios
et al., 2008; Tsai and Yang, 2006); and (2) the failure cri- at the catchment scale to identify high-risk storm characteris-
terion used to derive the FS equation, which sometime actics; in the future, when more data and measurements will be
counts for unsaturated conditions (Meisina and Scarabelliavailable, it can possibly be integrated into an early warning
2007; Montrasio and Valentino, 2008; Yeh et al., 2006) or notsystem. Because of its vegetation component, the model can
(Arnone et al., 2011; Tarolli et al., 2011; Simoni et al., 2008; be also used to test the effects of land use changes in terms
Baum et al., 2002; Iverson, 2000; Burton and Bathurst, 1998pf hydrologic regime’s variations and its effects on slope sta-
Pack et al., 1998; Montgomery and Dietrich, 1994). bility.

A detailed description of the literature and the infinite The newly developed model is here used in the Rio
slope model equations are provided in Arnone (2011) andvlameyes Basin, Puerto Rico. This basin displays particular
Arnone et al. (2011). The approach used in these two workgeatures that make the territory prone to landslides (Larsen
is based on a modified formulation of the relative wetness in-and Simon, 1993; Larsen and Torresa8hez, 1998, 1992;
dex (Montgomery and Dietrich, 1994) as a function of soil Lepore et al., 2012; Larsen and Parks, 1997). Particularly,
moisture in the unsaturated zone and water table dynamicghe application presented in this manuscript stresses the im-
This methodology neglects the cohesive effect of negativeportance of correctly modeling the soil moisture dynamics in
pore pressure, i.e., matric suction, of unsaturated soils, whiclthe analysis of rainfall-triggered landslides, and evaluates the
should be accounted for in the failure criterion. In fact, someeffects of soil hydrological properties on slope stability.
failure events can be caused solely by the decrease of ma- The structure of the manuscript is the following: in Sect. 2
tric suction occurring after a rainfall event (Lu and Godt, we introduce the two main components of the model, and
2008). The approach proposed by Iverson (2000), based oim Sect. 3 the study area. Section 4 describes the data used
the Richards’ equation, tried to overcome this limitation by in both the validation and in the modeling exercise. Section 5
introducing matric suction into the FS equation. However, shows the results of a model validation based on direct obser-
since the failure criterion is still based on a either dry or fully vation of soil moisture. Section 6 reports an in-depth analy-
saturated scheme, this approach can lead to errors in the cadis and discussion of the response of the model to an intense
culation of the FS.
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rainfall event both at point and catchment scale. Section TTonsequently, when applied to a catchment, the model offers

concludes the manuscript. a quasi-three-dimensional framework by which lateral mois-
ture transfers and difference in topographic characteristics
may lead to the spatio-temporal variability of states (Ivanov

2 Methods et al., 2008b).
VEGGIE models the spatial distribution of vegetation
2.1 Physically distributed hydrology model: types (e.g., trees vs. grasses) and pertinent properties of
tRIBS-VEGGIE the vegetation state (e.g., vegetation fraction, leaf area in-

dex, biomass, etc.) (Ivanov et al., 2008a, b), and enriches

The tRIBS-VEGGIE is an eco-hydrological model that con- the hydrology model by accounting for vegetation charac-
sists of a spatially distributed physically based hydrologicalteristics that affect both water and energy balance dynam-
model coupled to a model of plant physiology and spatialics. Above ground, the canopy has the ability to intercept
dynamics (lvanov et al., 2008a, b; Sivandran, 2012). and retain precipitation that affects the soil infiltration pro-

The tRIBS model has the capability to explicitly consider cess, and the energy budget. Below ground, vegetation in-
the spatial variability in precipitation fields, land-surface de- fluences the vertical distribution of soil moisture via plant
scriptors and the corresponding moisture dynamics, stresswater uptake, and to the cohesion of the soil-bedrock—root
ing the role of topography in lateral soil moisture redistri- matrix, depending on the distribution of roots. VEGGIE uti-
bution and accounting for the effects of heterogeneous antizes theplant functional typ€PFT) vegetation classification
anisotropic soil. Basin hydrological response can be simuscheme (Smith et al., 1997), and allows for a single compu-
lated at very fine temporal (subhourly) resolution and on antational element to simulate multiple PFTs that may differ
irregular spatial mesh (10-1000 m). The irregular mesh al4in life form (e.g., tree, shrub, grass), vegetation physiology
lows for the use of smaller computational elements to rep-(e.g., leaf optical and photosynthetic properties) and struc-
resent regions within the basin of interest while using largertural attributes (e.g., height, leaf dimension or root), each in-
elements for less critical regions. This framework offers aterplaying differently with the hydrological response of the
flexible and reliable computational structure that reduces thévasin (Bonan et al., 2002). The coupled model can simulate
number of computational elements without significant lossbiophysical energy processes (short- and long-wave radiation
of information (Vivoni et al., 2005). Some of the hydro- interactions, canopy and soil evaporation, energy flux parti-
logical components presented in the previous tRIBS modetioning and transpiration), biophysical hydrologic processes
were modified; the most critical to this study is in relation to (interception, stemflow, infiltration, runoff, run-on and unsat-
the infiltration scheme. The original tRIBS is based on theurated zone flow) and biochemical processes (photosynthe-
kinematic wave approximation of Cabral et al. (1992) andsis, plant respiration, tissue turnover, vegetation phenology
Garrote and Bras (1995), which models the evolution of theand plant recruitment) (lvanov et al., 2008a, b). The role of
wetting front and top front and leads to four saturation statesvegetation in this application is limited to the extraction of
(unsaturated, perched, surface and completely saturated); thgoil moisture for the purposes of transpiration. The dynamic
framework was used for the development of the previous vermodel allows for a realistic representation of the controls of
sion of landslide module (Arnone et al., 2011) and as well asthis soil moisture sink. Transpiration is primarily controlled
of an erosion module (Francipane et al., 2012). The tRIBS-by vapor pressure deficit, soil moisture levels, rooting profile,
VEGGIE model instead is based on a numerical approximaieaf area and available energy. For complete details on the
tion of the one-dimensional Richards’ equation (Hillel, 1980) transpiration parameterization, refer to Ivanov et al. (2008a)
that governs the fluid flow into the unsaturated soil. and Sivandran and Bras (2012).

The dynamics of each computational element are simu-
lated separately, but spatial dependencies are introduced 8.2 Slope stability module
considering the surface and subsurface moisture transfers
among the elements; within each soil layer of a cell, the sub-The stability model involves the assessment of FS by ap-
surface flux is redistributed to the corresponding layer of theplying limit equilibrium analysis. The infinite slope model
receiving cell along the direction of steepest descent basetd commonly used in the literature, and it provides a well-
upon the unsaturated hydraulic conductivity of the latter one determined static equation for the calculation of FS (Taylor,
which affects local dynamics via the coupled energy—water1948), as described in detail in Arnone et al. (2011). The ap-
interactions. The unsaturated hydraulic characteristics, botlproach used in Arnone et al. (2011) for the landslide module
in terms of hydraulic conductivity and soil water potential, accounts for the soil moisture in the unsaturated zone and wa-
are related to soil-moisture content through the Brooks ander table dynamics, but it neglects the effect of matric suction
Corey (1964) parameterization scheme (lvanov, 2006; Sivanwhen computing FS and the corresponding shear strengths in
dran and Bras, 2012), as a function of the saturated hydrauliansaturated soils.
conductivity in the normal to the soil surface direction, the air  In the last decades, the literature has proposed new pro-
entry bubbling pressure and the pore-size distribution indexcedures to predict the shear strength of unsaturated soil
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(Vanapalli et al., 1996; Fredlund et al., 1996; Khallili and present in his work. In Eq. (3), this term modulates the over-
Khabbaz, 1998; Oberg and Sallfors, 1997; Bao et al., 1998)ll contribution of the suction to FS, suggesting an overes-
based on an extended failure criterion of Mohr—Coulomb,timation of FS by the Iverson formulation. Under saturated
(Bishop, 1955), which utilizes the soil-water characteristic conditions ¢ = 654, the two approaches reduce to the same
curve in addition to the saturated shear strength parameterexpression.

(cohesion and friction angle). According to this formulation, As a result of the multilayer representation of soil mois-

the shear strength is expressed as ture within tRIBS-VEGGIE, the FS can be computed locally
, with no need to make an a priori hypothesis on the depth of
Tp = '+ (on — ua) tang + (ua — uw) x (tany), (1) the failure surface. The final product of the module is thus

a spatially distributed vertical dynamic FS profile that takes
into account the local moisture and soil conditions within the
computational element: the first depth at which the condi-
tion FS<1 is obtained is designated as the failure surface
depth and consequently represents the depth used to estimate
the volume of detached material. During a rainfall event, this
modeling framework utilizes the soil moisture dynamics re-
sponse to monitor the time evolution of FS, and, by setting
different warning thresholds, can dynamically define a spa-
éial distribution of instability levels of the basin.

wheret is the shear strength of unsaturated sdilis the
effective cohesiong,, is the normal stress state on the failure
plane,u, is the air pressure and thug,(— u3) is the net nor-
mal stress state on the failure plageis the friction angle,
uyw is the water pressure and thusg € uy) is the matric suc-
tion on the failure plane, ang is a parameter that depends
on the degree of saturation of the soil. The valueg a$ as-
sumed to vary from 1 to 0, which represents the variation
from a fully saturated condition to a completely dry condi-
tion. Several formulations have been developed to evaluat
the x term, and a comparative assessment of such formu-

lations is provided by Vanapalli and Fredlund (2000). They

considered three soil types and different ranges of matric sucS  Study area

tion to compare the measured and predicted values of unsai];h island of Puerto Rico is located in th theast
urated shear strength for each of the formulations, and inves: € 1sland ot FFuerto Rico s located 1n the northeastern

tigate the performance for different soil types and matric Suc_\%/zgtrf:b.?ean ar;ﬁ 'S thte sma}IIestr:slandtrc:f t.h T Gcrie.aterhAntllltes.
tion ranges. It followed that performance of each formulation . Ith 1ts Toughly rectangular shape, the isiand Is character-

is more sensitive to the matric suction ranges than the type o'IZed topographically by flat coastal areas and two mountain

soils. As soils approach the saturation, the performances argndes, the Cordillera Central, which spans east to west with

a peak of 1338 m, and the Sierra de Luquillo, which will be
almost the same. . ; :
Vanapalli et al. (1996) parameterization is used for ourthe focus of th!s study, Wlth.PICO del Este, or Ea?t Peak, at
study because of its simplicity. For a given soil theterm 1075 m. The Sierra de Luquillo was chosen for this study as

is assumed to be equal to the effective saturation (i.e., a func':[ contains the Luquillo Experimental Forest (LEF), which is

tion of the volumetric water conteiit and the residual and part of both the Long Term Ecological Research (LTER) and

saturated soil moisture contenfs,andfdss;, Which are both \?\;ﬁhfe Cr|t|c(:]1| chon;iOtK:errr\]/atory éCZi(a) rr:etrw;)rlis.fT::s ds:udy
parameters of the soil texture): ocus on the Rio Mameyes Basin (hereto referred to as

“Mameyes Basin”), in the northeast of the Sierra de Luquillo

0 —or and within the LEF boundaries (see Fig. 1). The LEF has

X= (956“_ 9r> ' © been a focal point for studies in landslide impacts on ecology,
geomorphology, biology, disturbance and recovery of vege-
The FS equation can be derived by substituting Eq. (2) intation (Myster et al., 1997; Scatena and Lugo, 1995; Shiels et
Eqg. (1) and using equilibrium of forces according to the in- 5. 2008; Walker and Shiels, 2008; Walker et al., 1996). The
finite slope scheme. Then, assuming the pore-air pressurglameyes Basin was selected for the modeling effort based

ua= 0, and the pore-water pressu#g as the product of unit  on the availability of specific data and parameters needed to
weight of water {) and the pressure heatt), the FS re-  jmplement tRIBS-VEGGIE.

duces to The Mameyes Basin has an area of 16.7kamd is char-
¢ acterized by a rapid change in elevation from 104.2 to 1046 m
FS= yeh Sina cosx across a horizontal distance of 3 km. An analysis of the slope
tang  ywir 66 tang distribution derived from a DEM (digital elevation model)
ane Wh . (9 é ) " Sna cos” 3) (see Fig. 2a and d) reveals 10 % of the basin area being char-
o Vs sat— Ur o

acterized by slopes greater thar? 3hd 30 % of the basin
whereh is the soil depth in the vertical direction angd area with slopes greater than°2(see Table 1). The climate
the averaged in depth total unit weight of soil. In unsatu- of the island is controlled by the easterly trade winds from the
rated soils, is equal to the matric suction and is assumedAtlantic Ocean as well as the pronounced topographic char-
negative. Equation (3) is equal to the equation proposedicteristics during synoptically calm days (Garcia-Martino et
by Iverson (2000) but for the effective saturation term, notal., 1996). The basin falls in the windward climatic region of
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66°30'W 66°W

Table 1.Physiographic and climatic characteristics of the Mameyes

Basin and of the meteorological station, Bisley Tower (352 ma.s.l.): M ( e 1 A
climate — mean diurnal, refers to the average variation of the vari- z [z l== 5 ; O :
V- /

. 18P30N

18°19N

ables throughout the day (numbers in parentheses refer to the mini-~

18°17N

mum and maximum of the series); climate — mean annual, refers to

. —@% s A < - 65°ATW | 65°45W
z 2 &
the yearly average of the variables. | s ] %ﬁ‘ﬁ L

§ | Puerto Rico's
Elevation 104.2 to 1046 ma.s.|. Carlobean Sea :
Slope 0 to 80 (30 %> 25°) sow o eow
Aspect N(33%) S (0%)EB6%) W (12%)  Fig 1 puerto Rico is an island of the Caribbean with a roughly
Climate — mean diurnal rectangular shape. The Mameyes Basin is located in the northeast
Temperature(C) from 22 to 25 (min. 17 to max. 32) and on the most elevated areas of the island.
Relative humidity (%) from 80 to 92 (max. 100)
wind (ms™1) from 1.1 to 1.8 (max. 8.6)

interruptions. Bisley Tower measures all the inputs needed
by tRIBS-VEGGIE at an hourly resolution (wind speed and
direction, air temperature, cloud cover, relative humidity,
rainfall, incoming shortwave radiation) except for the at-
mospheric pressure, which was obtained from the NCDC
. . weather station at San Juan airpdnttp://weather.noaa.gov/
the island (see Table 1, Aspect), making it one of the WEttes%/veather/current/TJSJ.ht)nIDuring the period from 7 July

basins on the island. Because of the strong gradient in elet-0 4 August 2008 only daily data were available at Bisley

vation, rainfall, cloudiness and temperature vary consistentlyl_ower_ To fill this data gap, all the meteorological forcings

throughout the basin. The mean annual precipitation (MAP)With the exception of precipitation and cloud cover, were re-

varies from approximately 3000 mm, measured at an eleva- . :
tion of 352m (Bisley Tower), to 5000mm at higher eleva- placed with average values observed for those days during

. . other available years (2002—-2007 and 2009-2010); the avail-
tlont§ (Lheporet eJF e;l., Zaltﬁ)' Japle 1 reports some of the CII'able daily rainfall data were disaggregated ad hoc into storms
m? 'th aracferls |cts ,? eth aslln. o 1 t has b q in order to be consistent with the measured soil moisture data

h terms of vegetation, the Luquifio torest has been e'(see Sect. 5). Table 1 reports the main characteristics of the

scribed as a mix of lower montane wet tropical, wet subtrop-_, _. . . .
; . : ' tation for the complete available time series (2002—-2009).
ical and rain forest (Ewel and Whitmore, 1973). The changesS I P val ime series ( )

in the forest structure, composition and productivity denote4 2 Surface data and parameters
three major forest types: the tabonuco for&a¢ryodes ex- '

celsg in the wet subtropical and subtropical rain forest life 1o pasin was delineated from a 30 m DEM of the island
zones, typically within the 150-600m elevation range; the yg Geological Survey (USGS) National Elevation Dataset
colorado forestCyrilla racemiflorg in the lower montane (NED)). The hydrographic TIN method was used to derive
wet and rain forest life zones, within 600 and 900 m; and theyne TIN mesh from the raster DEM (Vivoni et al., 2004). This
dwarf (cloud) forest, above 900 m (Waide et al., 1998) (S€€method reduces the total number of elevation nodes, while
Fig. 2c). Another class present throughout the tabonuco anfleserying the distribution of topographic attributes as slope
the colorado forests, is the palm foreBr¢stoea montana ;4 curvatures, as well as hydrographic features.

usually on steep and poorly drained sites or where climatic The T|N is characterized by 2213 points and 1831 Voronoi
conditions (i.e., high winds) are undesirable for the othertwocens, whose areas range from 212 to 63 08Qwith aver-
Species. age computational element area of 9030 ¢Arnone, 2011).
Figure 2a shows the TIN together with the elevation dis-
tribution for the basin; the blue lines illustrate the drainage
network of the basin, whereas the red line delineates a sub-

We present here the parameter sets required by the trigRasin used in the model confirmation (see Sect. 5). The

Climate — mean annual

Mean Precipitation (mmyr!) 3300
Wet fraction (%) 17.4

4 Dataset/model input data

VEGGIE model. soil data for the LEF were obtained from the USDA For-
est Service's International Institute of Tropical Forestry of
4.1 Meteorological data San Juan; the descriptions of the soil types are presented in

USDA/NRCS (2002). The USDA defines 12 soil complexes
Hourly meteorological data are available at few locationswithin this basin; however, for this study these were further
within the LEF fttp://www.sas.upenn.edu/lczofhis study  simplified to four soil types (Fig. 2b). The generalized soil
used the Bisley Tower meteorological data (lat. 18.31, long.properties database compiled by Rawls et al. (1982) is used
65.74, 352 m) (see Fig. 2a and Table 1), which has been relrere as a reference for most of the hydraulic properties of
atively continuous since 2002 with the exception of brief the soils; however, it underestimates the saturated hydraulic
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based on one or a combination of the following three possi-
ble approaches: (1) allowing for a variable unit weight of soll
and saturated hydraulic conductivity, which decreases with
depth; (2) keeping both of them constant with depth; and (3)
varying the anisotropy ratia, [-] (Ivanov et al., 2008a, b;
Sivandran, 2012), a parameter in the model used to enhance
the lateral redistribution of soil moisture, which has been re-
ported to be significant in the Mameyes Basin (Harden and
Delmas Scruggs, 2003).

tRIBS-VEGGIE defines the anisotropy ratio as the ratio of
the saturated hydraulic conductivities in the directions par-
allel to the slopeK'sp and normal to the slop&sy, and thus
it is partially responsible of the lateral subsurface flux trans-
fer. The lateral flux transfer is a topographically controlled
process; for example, an isotropic soil (i.e.~= 1) implies

18°19'N
h

18°18'N
'

IS“}‘)'N 18°17'N
L

18°18'N
s

18°17'N
L

65°47T'W  65°46'W  65°45'W 65"4{7'W 65"1;6'W 65°45'W

Elevation Soil Type Vegetation Slope sgme_hydraulu_: COﬂdUCtIV!ty both in the normal and parallel
104 - 228 gay . EElgn Emo-0.12 directions, but it does not imply that the same volume of wa-
- - T: 0.12-0.22 . . . . .
— R saiﬁy.cﬁi?m B Coloradty 020 ter will flow in these two directions. Further details on the
- Silty -Clay Il Palm 0.32-0.82 moisture flux model are given in Ivanov (2006).
B 671 - 765 0.54-0.70 Because the validation phase (Sect. 5) did not show a sig-
e 3 — R nificant difference between the results of the runs with vary-

ing parameters (1) and those with constant ones (2), the land-
Fig. 2. Summary of the major characteristics of the Mameyes Basin:slide analysis presented in Sect. 6 has been based on ap-
(a) the range of elevation and the drainage SyStem, with the meteOProach (2), Wh|ch represents not Only the more pars|mon|ous
rological station(b) the soil map and the three elements consideredapproach in terms of parameters but it also makes the inter-
in Sect. 6 (in red polygons: C — clay element; CL — clay loam el- pretation of the results simpler

ement; and SL — sandy loam elemer(g) the vegetation map of With regard to the geotechnical parameters, Simon et
the area with its features following closely the elevation range, and .
(d) the slope distribution of the basin. al. (1990} and Lohnes and.D.em|reI (1973) reported values
for cohesive strength and friction angle for some of the geo-
logical units, and illustrated the expected high variability of
these two quantities. The uncertainty associated with these
conductivity when compared to other studies and measureparameters is large when we consider their spatial distribu-
ments taken within the region of interest (Huffaker, 2002; tion across four soil types within the domain. For simplicity,
Harden and Delmas Scruggs, 2003; Silver et al., 1994). Thighis study will assume spatial homogenous values of cohe-
difference in saturated hydraulic conductivity, which are gen-sive strength (3 kPa) and friction angle {2®ver the entire
erally much higher than those listed in Rawls et al. (1982),basin.
has been attributed to the abundance of organic matter that
increases soil drainage and infiltration volumes in wet mon-4.3 Ecological data and parameters
tane and tropical environments (Harden and Delmas Scruggs,
2003; Knapp, 1978). Other specific characteristics of theAs previously mentioned, in this study, vegetation is assumed
soils present in the Mameyes Basin have been documenteid be static, and thus the model does not simulate the tem-
in previous studies: Harden and Delmas Scruggs (2003) obporal variability in leaf area index (LAI), net primary pro-
served a very high lateral subsurface flow parallel to theduction (NPP), carbon pools, etc. of the forest. In prelimi-
slope; Silver et al. (1994) measured a decrease of hydraulioary analyses that allowed for dynamic vegetation, the re-
conductivity with depth, coupled with an increase in bulk sulting variability of these quantities over a short time pe-
density values; and Simon et al. (1990) documented a clayriod (less than 2 yr) was negligible; this was also supported
rich horizon at 50 cm in dioritic soils. The soil bulk density by an analysis of satellite observations (MODIS Leaf Area
measured within this basin covers a range from 600kg§ m Index) where there was little observed season dynamics in
for the first 30cm and 1300 kgmd for deeper layers (Sil- forest structure. However, in future, the dynamic vegetation
ver et al., 1994; Huffaker, 2002). The bedrock is located at acomponent can be utilized to investigate the recovery of the
depth of 8 m or deeper (Simon et al., 1990) and is consideredorest after landslide events, and how the seasonal root dy-
to not affect a shallow slope failure mechanism. namics may play a stabilizing role in shallow landslides.
Because in tRIBS-VEGGIE we can allow for both vari- Figure 2c reports the actual vegetation map as in Helmer et
able unit weight of soil and saturated hydraulic conductivity al. (2002); however, our work assumes tabonuco forest only,
with depth, we have considered various experimental setupbecause it is the predominant vegetation type of the basin
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and it is present where both the meteorological and the soil
moisture measurements were taken. The tabonuco forest i:%°[
modeled as broadleaf evergreen tropical (BET) class, with 044 j\f\g
vegetation height of 20m and a LAl of m~2 (Wang 030k

et al., 2003; Weaver and Murphy, 1990). The roots of the

tabonuco forests are usually shallow, reaching about 40 cm®
in depth, and with the peculiarity of being connected with %*[
intraspecific root grafts (Basnet et al., 1993). In our appli- %3
cation the root component has been modeled with a rectan- |
gular density function through a depth of 40cm, and their
cohesive effect is included into the soil cohesion term. The ™
remaining parameters used in the vegetation modeling have *’f
been extracted from the literature (Ilvanov et al., 2008a, b; .|
Schellekens, 2000; Wang et al., 2003; Weaver and Murphy, |
1990).

;|| — Sim
° Obs

5k

03r
May Avg. data November

5 Model evaluation Fig. 3. Observed and modeled data for the period of May through
November 2008. Panéh) reports all the nine time series available;
tRIBS-VEGGIE has been previously validated for semi- (b), (c) and(d) show three of the observed series and the corre-
arid areas showing the capabilities of the model to repro-sponding simulated ones. The three simulations used the clay loam
duce most of the hydrologically relevant fluxes and their SOl-type parameters, and were obtained with the highest value of
very intricate feedback relationships with vegetation dynam-Ksat(50mmfT=) and different values of anisotropy ratio, equal to
ics (Bisht, 2010; Ivanov et al., 2008a, b; Sivandran et aI.,lOO.’ 150 and 200, respectively. The yertlcal lines delimit the time
2008; Sivandran and Bras, 2012). The Mameyes Basin i§)en0d when hourly data were not avalllable and were reconstructed
; i e . ” rom average values (see text for details).
very different from the previous validation sites, in terms
of climate (tropical vs. semiarid), morphology (very steep
vs. moderate steep), and vegetation type (BET vs. C4 or C3
grasses/shrubs). This variability has been explained by Jetten et al. (1993)
For these reasons, we present here a confirmation of thand Harden and Delmas Scruggs (2003) as due to animal ac-
hydrological model, based on soil moisture data. This confir-tivity, vegetation and climate; in fact, the authors found that
mation has the intent to investigate the capabilities of tRIBS-“the sample variance of infiltration rates for tropical rainfor-
VEGGIE to correctly reproduce the soil moisture dynamics est soils to be so large that it was not possible to predict in-
in tropical environment and to assess the role of some pafiltration rate as a simple function of soil properties”. For the
rameters for the application presented in Sect. 6. The databove-mentioned reasons, particular attention has been paid
used for this model testing are nine soil moisture time se-to the role of the parametei§s,: and a;, which proved to
ries (Fig. 3a) measured at a 30 cm depth and hourly scale. Ibe the most important parameters to correctly reproduce the
particular, the measurements were taken at three locationgbserved data.
all within a small area 500 m of Bisley Tower and each with  As stated in the previous section, tRIBS-VEGGIE allows
three time-domain reflectometry (TDRs) Campbell Scientific for the use of vertical profiles as input fdfsa: and ys. In
Model CS616. These measurements are available from Mapur model evaluation we carried out different runs by con-
to November of 2008 and were part of a broader researclsideringKsztandys variable or constant with depth. For the
study carried out at the LEF focused on the climate changelepth variable cas& sy was assumed to decrease linearly
effects on humid tropical forests (T. Wood, personal commu-with depth within the range of values reported in Table 2,
nication, 2010). For the validation exercise we considered acolumn 4, for the two considered soil types. The values used
smaller sub-basin within the Mameyes Basin, for faster simu-for the total unit weight of soilys, were estimated from the
lation time and a finer mesh. The sub-basin, with 339 compu-bulk density values reported in Silver et al. (1994) and Huf-
tational elements with an average area of 508pimshown  faker (2002) variable with depth (Sect. 4). For the depth con-
in Fig. 2a delineated by the red line. The sub-basin coverstant caseKsy was assumed equal to the minimum or the
two soil types of the Mameyes Basin, clay loam and silty maximum value reported in Table 2, for each of the two con-
clay, has a slope distribution limited within 0 and°38nd  sidered soil types, whilgs was set to 1700 kg, corre-
aspects predominately N and NE facing. sponding to the maximum value of the profile used in the
The nine measurements (Fig. 3a) show a very high vari-depth variable/s experiment.
ability, both in terms of soil moisture average value and dy- Finally, each of these experimental setups was run for dif-
namics, even within measurements taken from the same ploferent anisotropy values, from 1 to 300, with increments of

www.hydrol-earth-syst-sci.net/17/3371/2013/ Hydrol. Earth Syst. Sci., 17, 3373387, 2013



3378 C. Lepore et al.: A case study in the Luquillo forest

Table 2. Hydraulic soil properties for the four soil types present in particular, the maximum value of soil moisture and the wet-
the Mameyes Basin. For clay loam and silty clay, column 4 reportsting dynamic are well reproduced, and the overall dynamic is
the range of variability oK satwith depth used in testing the model well captured even if, at times, the model seems not to be able
(see Sect. 5); in bold are the hydraulic conductivity values actually;q correctly reproduce the drying phase. Additionally, four
used in the final experiments (Sect. 6). (not shown here) of the nine simulated time series required
again the highest value &fs5;, for best results, while the re-
maining two (not shown here) performed best with the lower
value of the range reported in Table 2. Based on these results,

Or Osat  Ksat ¥b A
Soil Type mmmm=3 mmmm=3 mmhl mm -

Clay 0.09 0.53 10 —370 013 the values used for the final experiment (Sect. 6) are the high-
Clay loam 0.075 056 2BO —250 0.20 . I .

Sandy loam 0.041 055 50 _150 0.32 est values reportEd in Table 2, and hlghllghted in bold. The
Silty clay 0.051 0.55 2080  —-340 0.13 values of anisotropy ratio that were required by the nine sim-

ulations range from 50 to 200, proving the high variability of
the parameter. For such reasons, a sensitivity analysis of FS
to a; is carried out in the final experiment by choosing even
50. The values used for the others soil parameters (the residiigher values of anisotropy ratio in order to stress the model
ual and saturated soil moisture contemtsand 6s5; the air and bring the basin to very different conditions in terms of
entry bubbling pressurejyp; and the pore-size distribution soil moisture spatial distribution (see Sect. 6).

index, ) are shown in Table 2. The value & corresponds The testing cannot be extended to other soil types present
to the upper value suggested by Rawls et al. (1982) for then the basin because of the lack of soil moisture measure-
corresponding soil type. ments. However, given that the hydraulic parameters based

The choice of high values of anisotropy ratio is made toon Rawls et al. (1982) used in the validation provided good
make the model able to describe the complex in situ wa-results, the rest of this work will utilize the same parame-
ter dynamics. Together with the slope, the anisotropy ratioters’ dataset to represent and simulate other soil types in the
is responsible for the subsurface lateral redistribution of soilremaining parts of the basin.
moisture over the basin, which is assumed to be a gravity-
driven flow. Increasing the values of anisotropy ratio en-
hances the ability of the model in reproducing the rapid lat-6 Slope stability analysis
eral moisture exchange. A similar approach and such high
values of anisotropy have been used by Ivanov et al. (2008b)The previous section showed that both anisotropy and hy-

The model performance resulting from the different runs draulic conductivity were the most important parameters and
was judged based on the RMSE (root-mean-square erroryequired careful selection in order to reproduce the observed
calculated between soil moisture simulated at each run andata. The model captured most of the observed soil moisture
measured at the nine locations. dynamics, but the high variability of soil measurements sug-

No significant RMSE difference resulted from the use of gested that it is not, at present, possible to identify a unique
depth variable or constant parameters. For the sake of simvalue of anisotropy ratio, even within the same small area
plicity, and for an easier interpretation of the results, here weclose to Bisley Tower, where the measurements were taken.
present and describe the runs only for the case of constant This section will focus on the sensitivity of the timing and
values ofKsgrandys. depth of failures obtained from the slope stability model to

When comparing model output of two computational el- the parameterization of anisotropy coefficient. As reported in
ements in the vicinity of Bisley Tower, each with an area Sect. 4, spatial homogenous values of cohesive strength and
of 6000 n?, the difference between the point scale measure-riction angle were assumed over the entire basin. This sim-
ments and output area scale must be kept in mind. How+plifying assumption does not affect the sense of the analysis
ever, tRIBS-VEGGIE does a very good job in reproducing described in this section, which aims to investigate the impact
the measured data; in particular, Fig. 3b, c and d illustrate thef the above-mentioned hydrological properties on landslide-
comparison of three of the nine soil measurements, black cirmodeling results.
cles, with model results, red solid lines. The two grey vertical In order to explore the sensitivity to anisotropy ratio of
lines indicate the time period over which hourly data werethe slope stability model, three anisotropy coefficientg;+
not available and was reconstructed (see Sect. 4 for details}>» andarz — equal to 1 (isotropic soil), 300 and 500, re-
The simulated series shown in Fig. 3b, ¢ and d use clay loanspectively, were simulated. As stated in the previous section,
soil-type parameters and are obtained with the highest valu¢he high values of anisotropy coefficients are used to char-
of Ksat (50 mm 1) and different values of anisotropy ratio, acterize the basin with very different patterns of soil mois-
equal to 100, 150 and 200, respectively. The simulations reture, and thus to evaluate how a very rapid lateral moisture
produce well the three chosen observations, especially for thexchange, which is very common in the basin area, may af-
second part of the series. At some point it is not possible tdfect the landslide triggering within the area. The same me-
distinguish between the observed and the modeled series; iteorological, ecological and hydrological data used for the
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validation was used. The initial conditions of each experi- 100 . T Rumfall [oh]
ment were obtained through a spin-up initialization time of 50 /ﬂ@\&m
12 months, with the meteorological forcing of year 2007, 0 t
during which the model adjusts itself and moves from the 9[@@3}0Hi&
initial conditions to an equilibrium state (Yang et al., 1995; (1% 02 046 Clay e 087
Noto et al., 2008). Results are analyzed both at element scale 0 ~ a)
to evaluate the behavior of slope stability over the whole col- T -s00
umn of soil, and spatially, to evaluate the distribution of un- £ :
stable elements. £ 1000 N
The vertical computational mesh is considered as a homo- 2 _ :
geneous soil deposit of 2000 mm, with failure surfaces cor- ‘ :
responding depths where the FS approaches 1. w) - b)
£
6.1 Landslide analysis at element scale §
S-1000
Model results are shown for three selected elements falling =
within three different soil types: a clay element (C) with a
slope of 56 (0.98rad), clay loam (CL) with a slope of 52 _ W ©)
(0.90rad) and sandy loam (SL) with a slope of 43.82 rad) g
(small red labeled polygons in Fig. 2b). The CL and C ele- =
ments are located upslope, while the SL element is closer to 2%
the river network; these elements have been selected in or 1500
der to have the most representative results in terms of slope 2810 2815 2820 2825 2830 O 1 2 3 4
condition; other elements throughout the basin have been an- Time [h] K
alyzed, and gave similar results. Fig. 4. Temporal evolution at element scale of soil moisture and FS

Temporal dynamics of the soil moisture profile and the FSdynamics for a clay loam element with slope°52or anisotropy
are analyzed by focusing the discussion on a time window okalues equal to {a), 300(b) and 500(c).

48 h encompassing the most severe event of the simulation
period. This period corresponds to a rainfall event recorded
between the 27 and 28 April 2008 with a peak rainfall inten- Fig. 4a, corresponding to isotropic soil, shows that the se-
sity of 100 mm irL. lected element fails at timg (red line) and depth of about
Figure 4 shows results relative to the three anisotropy val-400 mm, when the soil is fully saturated. At timg criti-
ues used for the simulation for the CL element. The corre-cal FS values € 1.3) are also reached at a depth of about
sponding infiltration dynamics and soil moisture pattern are1000 mm. At timeg (purple line), the soil column is not fully
reported on the left panels. The initial wedge along the pro-saturated; however the combination of soil weight and mois-
file depicts homogeneous soil water content before the rainture level makes this condition unstable deeper in the soil
fall event. Rainfall peaks at= ¢, and att =7, produce an  column (FS<1).
increase of water content in surface layers (red wedge) up In contrast, fora, or ar3 the element never reaches a crit-
to saturated values, which then propagates vertically througlical value and FS values increase with anisotropy ratio. In-
the profile. Fully saturated conditions are achieved only forcreasing the anisotropy ratio involves a higher rate of lateral
isotropic soil,ar1 of 1, in the first 300 mm at timeg. In fact, fluxes, which results in more lateral redistribution of water,
with a;1 = 1, moisture is retained in the soil column for the and in this case lower values of soil moisture in upstream
longest time, relative to simulations with other anisotropy locations, which impacts FS. However, it is still possible to
ratios. Increasing the anisotropy alters the redistribution ofsee the influence of the wetting front in the column in the su-
soil moisture, and consequently water leaves the columrperficial layers, where lower FS values are recorded after the
faster, with a shallower depth of infiltration; the two rainfall rainfall peak, at. andzy.
events impact only the superficial layers to a depth of about Figure 5 shows the profile results for the SL element as
1250 mm fora,» and 1000 mm fou,s. a function of the same three anisotropy valugs, ar> and
Right panels of Fig. 4 illustrate instantaneous FS verticala;s. As in the previous case, fully saturated conditions are
profiles at selected time periods, (1, t, fq) for the three  achieved forar; at timer (Fig. 5a, left panel), which at a
anisotropy cases. Abrupt changes in the shape of the curvedepth of 300 mm shows a drop in FS to values only slightly
denote a sudden change in soil moisture. When soil moisgreater than 1 (Fig. 5a right panel) and a second decrease of
ture is constant, the FS simply decreases with depth accord=S values from 600 mm and deeper. The feature at 300 mm
ing to Eq. (3), whereas with variable moisture both depthof depth is mainly due to the instantaneous peak of rainfall
and moisture content play an important role. In particular,at ¢;, whereas the deeper FS feature is due to the previous
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rainfall amounts propagated to greater depths. In fact, due 100 C Pt Runfall fmh]
to the higher hydraulic conductivity and gentler slope of the 50 M‘ ]
. . . . d
element, the wetting front infiltrates faster than in the CL 0 T
N i i ia_ O0[m¥m*02 0.3 04 0.5

case, resulting in a narrow wedge, and values of soil mois- T EEm

ture close to saturation down to a depth of 850 mm, where 1% o1 O Candy Lo 090 1

the element fails two hours after the first rainfall pea}.( °y a)

Moving from a1 t0 ar2 anday3, propagation of the infiltra-
tion wedge is limited to the more superficial layers (Fig. 5b
and c left panel) and FS is always greater than 1, and thus the
element is always stable.

Figure 6 illustrates the results for the selected clay element  -1500
(C). Water content dynamics fag1 are significantly differ-
ent from the previous cases. Infiltration rate is lower because
of the lower value of hydraulic conductivity and the great
volumes of surface runoff; however clay retains more wa-
ter, and thus the initial condition is wetter than the other two
cases. The increase of water content due to rainfall contri- 0
bution at times, and#, up to values close to the saturated \\M —{C)
condition is limited to the surface layers down to a depth
of about 250 mm. In term of stability (right panel), the most
severe value of FS is achieved fan at a depth of about
900 mm two hours after the eveng), but critical FS values
(less than 1.3) are present down to a depth of 1500 mm. In- "800 2815 280 2s5 2830 0 1 2 3 4
creasing the anisotropy ratio (second and third row) results Time [h] FS -]

in a slower percolation rate in the normal direction, and lim- Fig. 5. Temporal evolution at element scale of soil moisture and FS

its the vertical propagation of the wetting front (left panels). dynamics for a sandy loam element with slopé 4®r anisotropy
With regard to slope stability (right panels), FS values fluctu-yajyes equal to {a), 300(b) and 500(c).

ate in response to the wetting front but never fall below 1.5,
and no failure occurs within the 2 m of soill.

=500

-1000

Depth [mm]

b)

)

Depth [mm]

=500

Depth [mm]

-1000

6.2 Landslide analysis at basin scale each type). The entire soil clay area (bottom corner of the
basin map), because of its properties, shows higher values of
In this section the links between soil moisture patterns oversoil moisture at both times, and,; the variation through
the whole basin and the FS values are evaluated, while changime is small, and it rarely reaches full saturation due to
ing the anisotropy coefficient. Model outputs return spa-the slow dynamics of infiltration. The deeper we move, the
tially distributed results at selected time periods and selectedbnger the lag in the response of the basin to rainfall forcing
depth, providing us the distribution of instantaneous valuegFig. 7b). The resulting FS spatial distributions are shown in
of a selected variable of interest (in this case, FS and soiFig. 7c: black elements denote areas where<ASfrom red
moisture). The value of the FS at each element is taken eitheio white, FS values gradually increase up to values greater
as the minimum value within the soil column or as the first than 5. Since the geotechnical parametetade) are as-
value, from top to bottom, resulting in a failure. It is impor- sumed homogeneous over the whole basin, the clay zone is
tant to mention that post-event dynamics are not simulatedgxpected to be more stable during our simulations because
here. Whenever an element fails, FS is computed again atf the following: (a) in this area soil rarely achieves the fully
the next time step based on the updated soil moisture but neaturated conditions and, as a consequence, (b) the matric
change in topography. suction effect plays its stabilizing role; this effect is particu-
Figures 7 and 8 show the results obtaineddaranday;. larly strong for a clay due to its fine texture. Together with
Similar analyses, not reported here, have been carried out fazlay elements, flat areas also result in larger FS values. In
ar3. They depict the spatial distribution of soil moisture at contrast, the steepest elements commonly fail. The number
depths of about 485 (top row) and 950 mm (middle row), andof failing Voronoi cells for each depth (and up to a depth of
the FS spatial distribution with the corresponding histogram2 m) is shown in the absolute frequency histogram reported
of absolute frequency of failures at different depths (bottomat the top of each map (Fig. 7¢). At= 15 andt = 1, around
rows), for four time steps (from left to right, to 7q) 121 Voronoi cells fail, all at depths larger than 1000 mm;
Figure 7a ¢r1) shows that soil moisture pattern is strongly at the time of the highest rainfall peak=t c), the num-
dependent on soil-type distribution over the basin, and valueber of failing elements rises to 278, mainly at depths be-
of soil moisture are quasi homogenously distributed withintween 385 mm, with 79 failing elements, and 485 mm, with
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100 S Ruinfall miwhe] show the distribution in frequency of failure depths (column
50 o 1) and scatterplots of slope vs. depth (column 2), and SM vs.

0 %, depth (column 3) of the failing elements, for the anisotropy
6mm?102 025 03 03504045 02 ratio valuesy; andayo, respectively. The analysis is repeated

O[%] 025 036 047 OG0T 08T 093 for time n, tc andzq, and presented in the three rows.

0 j The two red lines designate the limits of the region of all
possible instability cases; particularly, for Fig. 9, column 2,
the upper red line describes the worst conditions obtained
from Eq. (3) at a fully saturated state of the most permeable
soil (sandy loam, which is also the dominant soil type in the
domain), and the lower line is obtained from Eq. (3) at un-
b) saturated conditions for the minimum value of soil moisture
at which a failure occurs (0.29). At timrg for column 2, the
distribution of the circles within the defined region hints at a
curve that can be described by Eq. (3) at constant soil mois-
ture value. It follows that over the basin, failures occur at a
specific soil moisture value, i.e., for same values of the effec-
tive saturation, and, according to Eq. (3), shallower failures
occur at steeper slopes. Failure at 1000 mm occurs wherever
the slope is greater than a value of about é60.80 rad), ex-
cept for a few steeper elements $2°, ~ 0.90 rad) that fail
‘ ‘ ‘ ‘ ‘ at 1800 and 2000 mm. Gentler slopes fail at depths between
2810 2815 2820 2825 2830 O 1 2 3 4 1200 and 2000 mm. At the time corresponding to the rain-

Time (h) FS L fall peak ¢;), most of the failures occur at shallower depths
Fig. 6. Temporal evolution at element scale of soil moisture and Fs@nd follow the upper red line, meaning that the soil is fully
dynamics for a clay element with slope58or anisotropy values ~ Saturated; other elements also fail at deeper depths and unsat-
equal to 1(a), 300(b) and 500(c). urated conditions. For the last time ste@,depths increase
again, as the wetting front moves deeper.

81 failing elements, due to the high water content present in Column 3 describes the relation between depths and soil
shallow layers and mostly distributed in clay loam and Sandym0|sture. The region of possible unstable states was defined
loam. As we move from = 1. to = t4, the number of fail- from Eqg. (3) at fixed slope values_ by considering the steepest
ing elements drops down to around 145, but they now occufloPe (63, ~1.1rad, upper red line) and two gentler slopes
at larger depths, between 700 and 1100 mm. (35_>°, ~ 0.6 rad, lower solid line; 23 ~ 0.4 rad, dashed Ime).
Results forar, are shown in Fig. 8 for the same four time Failure at steep slopt_as can occur for any valu_e of moisture;
steps. The soil moisture pattern at timéFig. 8a, left panel) the wetter the condition, the.s_hallower the fallu.re. A slope
is similar to Fig. 7. At the next time steps (Fig. 8a, cen- equal to 38 represents the minimum slope at which most of
ter and right panel), the effect of soil-type distribution on the elements fail, as seen in column 2. At tigemost of
the soil moisture pattern is less evident due to the highethe failures occur at a soil moisture ©f0.30, while at time
anisotropy that is redistributing water laterally. Moving from fc @ndzd, when the wetting front has reached deeper layers,
depth 450 mm to depth 950 mm (Fig. 8b), the soil moisturefa"ures_ occurs at conditions clqse to the saturation and at
pattern is more influenced by the topography (slope distri-Saturation (0.55 or 0.56, depending on the soil type).
bution), which determines the lateral flow directions; in fact, With anisotropy ratiaur, the soil moisture values of fail-
the drainage of the steepest areas is larger than in the previ?d €lements are more spread out and lower in magnitude, as
ous case, and thus the soil moisture is locally lower. SlopePresented in Fig. 10. As clearly shown by column 2 and 3,
instability occurs only in a few elements at depths deeperf@ilures occur now for a wider and lower range of soil mois-
than 1500 mm, with a frequency distribution almost invari- tUre valugs, correspondlpg '.[0 unsaturated conditions; conse-
ant in time (Fig. 8c), suggesting that the failing elements areduently, circles are not distributed along a curve. In fact, de-

Depth [mm]

-1500

=500

-1000

Depth [mm]

-1500
0

-500

-1000

144

Depth [mm]

-1500

always unstable for these set of parameters. spite that the failing elements mainly fall within the same soil
type (see Fig. 8c), the soil moisture values at which failures
6.3 Analysis of failing elements occur are different, and thus each circle belongs to different

theoretical curves at fixed effective saturation. Moreover, the
Further analyses between failing elements and topographifrequency distribution highlights that failures occur at higher
cal properties are presented in this section, where we looklepths than those found in Fig. 9, since the weight of soil
at the relationship between failure depth, number of failingis more important in triggering failure than the soil moisture
elements, slope and soil moisture (SM). Figures 9 and 1Gstate.
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Fig. 7. Spatial distribution at selected time steps (from left to rightzy, 7c andzy) for anisotropy equal to 1: soil moisture at depths 485 mm
(a) and 950 mm(b), and FS distribution obtained either as the minimum value along the vertical profile or as the first depth whére):S
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Fig. 8. Spatial distribution at selected time steps (from left to rightr,, 7c andtg) for anisotropy equal to 300: soil moisture at depths
485 mm(a) and 950 mm(b), and FS distribution obtained either as the minimum value along the vertical profile, for FS always larger than

1, or as the first depth where ESL (c).
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Fig. 9. Frequency distribution of failure depths (column 1), scatterplots of slope vs. depth (column 2) and SM vs. depth (column 3) for all
failing elements at time steps increasing with rows#, rq) with anisotropy equal to 1. The red lines designate the limits of the region of

all possible instability cases. For column 2, the upper red line describes the worst conditions obtained from Eq. (3) at a fully saturated state
of the most permeable soil (sandy loam), and the lower line is obtained from Eg. (3) at unsaturated conditions for the minimum value of soll
moisture at which a failure occurs (0.2§ m~—3); for column 3, the red lines are obtained from Eq. (3) at fixed slope values by considering

the steepest slope (63~ 1.1 rad, upper red line) and two gentler slopes’(350.6 rad, lower solid line; 23 ~ 0.4 rad, dashed line).
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Fig. 10. Frequency distribution of failure depths (column 1), scatterplots of slope vs. depth (column 2) and SM vs. depth (column 3) for all
failing elements at time steps increasing with rows «, 74) with anisotropy equal to 300. The red lines designate the limits of the region of

all possible instability cases. For column 2, the upper red line describes the worst conditions obtained from Eq. (3) at a fully saturated state
of the most permeable soil (sandy loam), and the lower line is obtained from Eq. (3) at unsaturated conditions for the minimum value of soil
moisture at which a failure occurs (0.28m—3); for column 3, the red lines are obtained from Eq. (3) at fixed slope values by considering

the steepest slope (63~ 1.1 rad, upper red line) and two gentler slopes’(350.6 rad, lower solid line; 23 ~ 0.4 rad, dashed line).

6.4 Discussion — In the more permeable soil, initiation of instability
S _ o mostly occurs at the more superficial layers, where a
The initiation of shallow landslides is highly controlled by full saturation condition is most often achieved during

hydrological processes that govern the amount of water con-  precipitation events.

tained in the soils; however the role of hydrology is not al-

ways evident in existing coupled hydrological—stability mod- — In the less permeable soil, the effects of the rainfall
els. The results of this study provide an in-depth investigation ~ €vent on slope stability are delayed.

of how soil moisture affects the slope stability in relation to

topography (slope distribution) and soil-type characteristics.
The impact of the most important hydrological parameters
(soil properties, hydraulic conductivity and anisotropy coeffi-

cient) is also elucidated. Particularly, the analysis highlighted
the following findings:

— At equal degree of saturation, i.e., relative unsaturated
soil moisture content, the stabilizing effect of matric
suction on slope stability is greater in finer soils, where
Y values are higher.
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— Higher values of anisotropy cause fewer pixels to crossrather to demonstrate the potential capabilities of the model
the critical FS value because of a faster lateral redistri-and evaluate the effects of hydrological properties on slope
bution of water that result in dryer deeper layers. stability. In fact, the complex yet flexible framework of this

) ) model makes its use in other areas simple. The detailed soil

— Higher values of anisotropy lead to delayed effects of 1\yisture description, based on the numerical solution to the
instability conditions on both permeable and imperme- pjchargs equation, allows for computing the FS locally with
able soils. no need to make a priori assumptions on the failure surface

depth. Moreover, the extended failure criterion formulation,

makes it suitable to applications where failures can occur
both in saturated and unsaturated conditions.
Many more open questions could be investigated within

— Increasing the anisotropy showed that critical FS val- this framework, such as analysis of the effect of a small local-
ues can be reached over a greater range of soil moisturzed disruption on a larger area; the effects on slope stability
values, and thus also over unsaturated conditions. of changes in the rainfall pattern and intensities due to cli-

] i o ) mate change, the effects of deforestation or reforestation on

— Finally, when anisotropy is high, failure occurs at g6 stability or the effect of resolution in the topography

deeper soil layers. description. Future extensions of the work will focus on in-

The results of such a process-driven methodology highIightCIUdmg vegetation dynamics in order to show the importance

. o 2" of vegetation in slope stability both through its role in mois-
the importance of a correct parameterization of hydrological e e
. o ture fluxes partitioning and through the stabilizing effects of
processes, not only for hydraulic conductivity and parame- .
; . . . the root biomass.
ters of soil retention curve but also in terms of anisotropy ra-

) : ) ; . The detailed descriptive capability of the model, with the
tio required to simulate in an appropriate way the processe?:s evaluated at each time step and at various soil depths, to-
of the lateral redistribution of soil moisture. '

gether with the flexibility of the hydrology model in describ-
ing soil moisture dynamics in a variety of settings, make the
7 Conclusions presented work a promising tool for landslides assessment.

— Increasing the anisotropy in clayey soils leads to more
significant changes of the FS than a permeable solil, es
pecially in deeper depths.
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