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Abstract

Pore water pressure, build up by recharge of hydrosystems, is one of the main trigger-
ing factors of deep seated landslides. Effective rainfall, which is the part of the rainfall
which recharges the aquifer, is a significant parameter. Soil-water balance is an ac-
curate way to estimate effective rainfall. Nevertheless this approach requires evapo-5

transpiration, soil water storage and runoff characterization. Available soil storage and
runoff were deduced from field observations whereas evapotranspiration computation
is a highly demanding method requiring significant input of meteorological data. Most
of the landslide sites used weather stations with limited datasets. A workflow method
was developed to compute effective rainfall requiring only temperature and rainfall as10

inputs. Two solar radiation and five commonly used evapotranspiration equations were
tested at Séchilienne. The method was developed to be as general as possible in or-
der to be able to be applied to other landslides. This study demonstrated that, for the
Séchilienne unstable slope, the displacement data correlation performance (coefficient
of determination) is significantly enhanced with effective rainfall (0.633) compared to15

results obtained with raw rainfall (0.436) data. The proposed method for estimation of
effective rainfall was developed to be sufficiently simple to be used by any non-hydro
specialist who intends to characterize the relationship of rainfall to landslide displace-
ments.

1 Introduction20

Effective rainfall corresponds to the water infiltrated through the soil layer and is the ac-
tual input signal of the hydrosystem. Patwardhan et al. (1990) showed that Soil-water
balance approach is an accurate way to estimate effective rainfall. Effective rainfall com-
putations with Soil-water balance depend mainly on vegetative cover interception, sur-
face runoff, available soil water storage capacity (AWS) and evapotranspiration. Evap-25

otranspiration is the water transpired by vegetation and evaporated from the soil. For
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studies which only took into account the effective rainfall signal, interception was disre-
garded. Indeed, evapotranspiration is the major factor influencing the effective rainfall
signal. Runoff also plays an important role in effective rainfall estimation, especially in
mountainous places or heavy rainfall locations.

The reference crop evapotranspiration (ET0), which is the evapotranspiration from5

a reference grass surface, is used as a standard to evaluate evapotranspiration. It
was formerly called potential evapotranspiration. The Penman–Monteith equation for
computation of ET0 has been extensively evaluated worldwide and is considered the
most widely accepted (Jensen et al., 1990). Following this work, Allen et al. (1998) in
the paper no. 56 for the Food and Agriculture Organization of the United Nations (FAO-10

56) developed a modified form of the Penman–Monteith equation (FAO-56 PM) which
was adopted as a benchmark equation to estimate ET0 for all climate conditions.

FAO-56 PM requires a large number of weather parameters like wind speed, rela-
tive air moisture, temperature and short wave radiation (RS). Most of weather stations
measure a limited dataset and the data required to use FAO-56 PM are not always15

available. Additionally, radiation and relative humidity measurements are subject to drift
and inaccuracy, which leads to bias in evapotranspiration computation (Samani, 2000;
Droogers and Allen, 2002). Most weather stations on landslide study areas record only
temperature and rainfall. It is appealing to have methods alternative to FAO-56 PM
that utilize empirical or physical evapotranspiration equations using a limited meteoro-20

logical dataset. In most cases, equations are based on temperature and/or radiation.
Moreover, equations were developed to estimate radiation based only on temperature
measurements as input (Bristow and Campbell, 1984; Hargreaves and Samani, 1985).
Combination of ET0 reduced set and RS equations enable computing ET0 based only
on temperature, which is a widely available parameter, using cost effective materials25

that are easy to install and maintain without significant sensor drift.
Pore water pressure, build up caused by recharge of hydrosystems, is one of the

main triggering factors of deep seated landslides (Noverraz et al., 1998; Bonzanigo
et al., 2001; Guglielmi et al., 2005; Bogaard et al., 2007). As the part of rainfall which
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effectively recharges the aquifer, effective rainfall is a significant parameter to take into
account in understanding deep landslide destabilization triggered by groundwater flow.

The role of rainfall in shallow landslides is well documented. This is not the case
for deep landslides. Most of the time, deep seated landslide studies take into account
effective rainfall, either without ET0 equations calibration (Binet et al., 2007; Durville5

et al., 2009; Pisani et al., 2010), or by using indirect methods (Hong et al., 2005; Cappa
et al., 2006). Some studies used raw rainfall data as an infiltration input signal (Zêzere
et al., 2005). The above approaches can lead to significant error in infiltration estimation
and tend to underestimate or overestimate the rainfall trigger. For shallow landslides,
effective rainfall can be deduced only by taking into account the runoff data. Because10

only the shallowest layer is unstable in shallow landslides, large scale groundwater
processes are not indicated. The increase of pore water pressure related to rainfall
events depends mainly on soil drainage capacity and surface slope (Garel et al., 2012).
However, this approach is not suitable for deep seated landslides which involve large
scale water catchment and groundwater flow.15

In addition, many studies on the Séchilienne unstable slope that related to rainfall
trigger used raw rainfall or indirect infiltration estimates (Rochet et al., 1994; Alfonsi,
1997; Meric et al., 2006; Helmstetter and Garambois, 2010). The warning system of
Séchilienne hazards prevention, managed by French authority, is also based on raw
rainfall. Séchilienne, rainfall trigger studies and the warning system could be signifi-20

cantly enhanced by taking into account effective rainfall instead.
The purpose of this study was to develop a simple method to take into consideration

effective rainfall in landslide scientific studies with limited meteorological data on a daily
time interval. This method was designed for the hydrology non-specialist. Indeed, land-
slide studies involve a wide range of disciplines (seismic, structural geology, modeling,25

geotechnics, geophysics, and geomechanics. . . ) where scientists do not necessarily
have all the tools to compute effective rainfall.
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To demonstrate the contribution of effective rainfall in the understanding of rainfall-
landslide relationships a simple correlation approach between effective rainfall and dis-
placement signals was performed.

2 Material and method

2.1 Study area5

2.1.1 Context

The Séchilienne unstable slope is situated near the South-east side of Grenoble,
(France). It is located on the right bank of the West to east flowing Romanche River,
on the Southern slope of the Mont-Sec/Oeilly Peak Massif. The site is located on the
external part of the French Alps, Belledonne crystalline range. The site is composed10

of vertical north-south foliated mica-schists covered, unconformably, by sedimentary
Carboniferous to Liassic deposits, along the massif ridge line, above the unstable zone
(Fig. 1). Locally, glacio-fluvial deposits lie over the two previously cited formations. The
unstable slope is delineated to the East by a 20◦ N trending major fault zone. Two major
wrench faults, striking 140◦ N and 20◦ N moving dextral and sinistral respectively, com-15

partmentalize the disturbed zone. The slope is cut by a heavy network of two conjugate
subvertical continuous fracture sets, striking 140◦ N and 50–70◦ N (Vengeon, 1998).
The latter divides the slope into numerous subvertical stripe/slice compartments. To
a lesser extent, the slope has a large number of subvertical discontinuous fractures,
subparallel and slightly dipping toward the valley.20

2.1.2 Deformation mechanism

The particular importance of the Séchilienne unstable slope is the absence of a sig-
nificant basal sliding surface. The Séchilienne unstable slope has deep seated pro-
gressive deformation controlled by the main discontinuities. The slope is affected by
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a toppling movement of the 50–70◦ N striking slices toward the valley coupled with the
subsidence of the upper part of the slope near Mount Sec. This mechanism has been
described by Vengeon (1998) as an internal breaking mechanism. The landslide veloci-
ties smooth over progressively toward the West and the slope foot, whereas the velocity
drops abruptly beyond the 20◦ N trending fault zone delimiting the East boundary.5

2.1.3 Hydrogeology and rainfall triggering

The Guglielmi et al. (2002) hydrogeochemical survey showed that the top sedimen-
tary deposit holds a perched aquifer which recharges a deep saturated zone at the
base of the slope, hosted by underlying fractured metamorphic bedrock, with a thick
vadose zone above. The groundwater flow is mainly carried through an extended net-10

work of fractures with relatively high flow velocities (kmday−1). The disturbed zone,
about 150 m deep (Le Roux et al., 2011), shows a high hydraulic conductivity in com-
parison with the bedrock (Vengeon, 1998) and constitutes a perched aquifer. The defor-
mation has caused wide opening of the fractures. The groundwater flow mechanisms,
that are responsible for recharge in the disturbed zone, remain open to question. Ven-15

geon (1998) shows that the disturbed zone perched aquifer is recharged by water-level
rise of the deep saturated zone whereas Guglielmi et al. (2002) shows that the main
recharge originates from the top sedimentary perched aquifer. Variations in pore wa-
ter pressure originate in the disturbed zone leading to destabilization. As a result, the
Séchilienne unstable slope shows a good correlation between antecedent cumulative20

rainfall and average displacements (Alfonsi, 1997; Rochet et al., 1994). As well, Helm-
stetter and Garambois (2010) showed a weak but significant correlation between rain-
fall signals and rock fall micro-seismicity. Instability in the Séchilienne slope is mainly
triggered by rainfall events even if other triggers such as earthquakes for example are
not insignificant.25
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2.2 Method

2.2.1 Effective rainfall computation: soil water balance

Soil is the first recipient of rainfall and constitutes the first water storage layer. Runoff
processes play an important role in effective rainfall computations and, enable split-
ting the signal between two parts: (i) water which infiltrates the ground and (ii) water5

which joins surface drainage networks. Runoff (R) depends mainly on precipitation in-
tensity and related soil drainage capacity, and on slope and vegetation type. The part
of the water that infiltrates the soil can then supply the available water storage capacity
(AWS), which is the maximum soil water content available for plants. However, the use
of a daily measurement period does not allow accurate estimation of rainfall intensity10

(daily rainfall repartition is unknown). This parameter was therefore not taken into ac-
count for defining runoff thresholds based on soil drainage capacity. Instead, runoff co-
efficient was applied only to the water precipitation left over after AWS was completely
fulfilled in order to take into account antecedent soil moisture (affecting soil drainage
capacity). Additionally, runoff was applied only for day when precipitations were supe-15

rior to average (assumed as high intensity). The AWS corresponds to the difference
between the soil water content when all free water has been drained through gravity
(field capacity) and the moisture content at which plants wilt and die (permanent wilting
point). Evapotranspiration withdraws water from plants and soil. ET0 corresponds to
the amount of water that could evaporate and transpire from a reference crop surface20

without restrictions other than atmospheric demand. ET0 is equivalent to the maximum
possible water loss of an actively growing reference crop with unlimited water availabil-
ity. However, field conditions do not always fulfill these requirements, particularly during
low water periods, when water supplies are inadequate to support vegetation. It is only
when the amount of precipitation (rainfall and snow melt) (P ) can supply water to the25

ET0 process and fulfill AWS that the left-over can infiltrate the aquifer (i.e. effective rain-
fall – ER). If not, evapotranspiration process can be restrained to null and the AWS is
not reached, which leads to the absence of infiltration. The real amount of water which
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is evapotranspirated is called actual evapotranspiration (Eta). All the terms (ET0, AWS,
R, P , ER, and Eta) are measured in millimeters. For the rest of the paper rainfall will be
considered to be the same as precipitation.

The Soil-water balance workflow used for this study to estimate the effective rainfall
at a daily interval is shown in Fig. 2.5

2.2.2 Method workflow

The effective rainfall method workflow (Fig. 3) includes two main steps. The first step
involves regional calibration of ET0 and RS reduced set equations with respect to the
benchmark FAO-56 PM equation and direct measurement using reference weather sta-
tions measuring all required parameters. The second step uses the Soil-water balance10

computation of effective rainfall, with calibrated ET0 and RS equations, AWS and runoff
coefficient estimation. Reduced set equations were developed under specific site con-
ditions, and have to be calibrated at a regional scale in order to enhance estimation
accuracy (Allen et al., 1994; Tabari and Talaee, 2011; Shahidian et al., 2012). The cal-
ibration process involves having representative reference weather stations measuring15

all required parameters.

2.2.3 Calculation rate

The monthly temporal resolution is too low to characterize the displacement ability
to react to rainfall events; but it could be sufficient for multi-yearly trending analysis.
In addition, it does not allow accounting for short-term groundwater reactivity, which20

takes part in the slope destabilization mechanism. For a deep-seated landslide involv-
ing a basal water saturated zone, the impact of cumulative rainfall is far more signifi-
cant than rainfall duration or intensity. The hourly rainfall input signal is modified and
smoothed over through hydrogeologic processes, depending on the hydrosystem iner-
tia and connectivity. For all these reasons this study is based on a daily time step. This25

choice conditioned the data availability and the weather stations selection.
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2.3 Data

2.3.1 Short wave radiation and evapotranspiration dataset

MétéoFrance (National French weather network) has a heavy network of weather sta-
tions in the region surrounding the Séchilienne landslide. For this study, weather sta-
tions were selected upon conditions that (i) all the required parameters to compute5

ET0 with standard FAO-56 PM (wind speed, relative humidity, temperature, short wave
radiation or relative sunshine duration), are measured daily and (ii) they are situated
less than 60 kilometers away from the site. Three stations fulfill these requirements:
Grenoble Saint-Geoirs, Saint Jean-Saint Nicolas and Saint Michel Maur (Table 1 and
Fig. 1).10

2.3.2 Rainfall dataset

Effective rainfall computation was based on the rainfall at the weather station located at
Mont-Sec, only few hundred meters above the top of the disturbed zone (Table 1 and
Fig. 1). This station is maintained by EdF (Electricité de France=a French electricity
company) and is equipped with both a rain and a snow gauge. This weather station15

allows the estimation of snow cover and snow melt in water equivalent. Temperatures
data recorded are considered not reliable.

2.3.3 Temperature dataset

The purpose of this survey is to develop a method based only on temperature. Temper-
ature measurements at Séchilienne are not reliable. In order to reconstruct temperature20

dataset on site, the two nearest weather stations measuring temperature on a daily ba-
sis, named Luitel (maintained by Laboratoire d’étude des Transferts en Hydrogéologie
et Environnement – LTHE – and Office National des Forêts – ONF) and Mont Falcon
(maintained by CETE Lyon – Centre d’Études Techniques de Lyon) were used (Table 1
and Fig. 1).25
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2.3.4 Displacement dataset

The Séchilienne landslide is constantly monitored by numerous displacement stations
using a variety of technologies (extensometers, radar, infra-red, inclinometers, GPS).
This dense network was progressively implemented by the CETE Lyon since 1985
(Duranthon et al., 2003). For this research, the choice fell on extensometers, as they5

are one of the more reliable displacement recording devices on site, and since they
have been installed since the beginning of displacement monitoring. For this study, the
extensometer selected, named A16, is located on the most active zone of instability
which is also the most reactive zone in relation to rainfall events (Table 1).

2.4 Equations10

2.4.1 Radiation equations

Bristow and Campbell (1984), and Hargreaves and Samani (1985) have each proposed
a method to compute short wave radiation (RS) based on temperature.

Bristow and Campbell equation (BCRs):

BCRs = ABCRa

[
1−exp

(
−BBC(α∆T )CBC

)]
(1)15

where:

∆TBC = Tmax(j ) −
Tmin(j ) + Tmin(j+1)

2
. (2)

Hargreaves–Samani equation (HSRs):

HSRs = AHSRa (∆THS)BHS (3)

where:20

∆THS = Tmax(j ) − Tmin(j ). (4)
8954
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Equation terms for all equations are defined as follows:
Rs short wave solar radiation [MJm−2 day−1]
Ra extraterrestrial radiation [MJm−2 day−1]
Tmin minimum air temperature [◦C]
Tmax maximum air temperature [◦C]5

j and j +1 respectively current day and following day
ABC,BBC,CBC BC empiric coefficients (to define)
AHS, BHS HS empiric coefficients (AHS = 0.16 and BHS = 0.5)
Castellvi (2001) has demonstrated that these two methods show good results on

daily intervals. Almorox (2011) has compared the performance of a more extensive list10

of RS equations based on temperature which might be more suitable to local conditions
at other landslide sites.

2.4.2 Evapotranspiration equations

Several reference crop evapotranspiration (ET0) methods, using a reduced dataset
in comparison to FAO-56 PM, have been developed worldwide. Only a few are com-15

monly used and have been reviewed by the scientific community. This is the case
with the five ET0 methods selected for this study, which have shown good perfor-
mance from using daily to the weekly time periods (Trajkovic, 2005; Yoder et al., 2005;
Alexandris et al., 2008; Tabari et al., 2011; Shahidian et al., 2012). The five ET0 meth-
ods include five radiation/temperature based methods, Makkink (1957), Turc (1961),20

and Priestley-Taylor (1972), Hargreaves-Samani (1985), and the Penman–Monteith re-
duced set equation (Allen et al., 1998). ET0 matches with the evaporation rate of a hy-
pothetical crop which can be considered as an extensive and uniform surface of green
grass (Allen et al., 1998). Specific crop evapotranspiration (ETc) is estimated by ap-
plying a crop specific coefficient (kc) to ET0 (i.e. ETc = ET0 ×kc). The crop coefficient25

is widely used for irrigation scheduling, and in agriculture generally, where accurate
evaporation estimation is required and spatial distribution of vegetation types are easy
to characterize. However, this study was only concerned with the effective rainfall sig-
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nal, in comparison to the rainfall one. No water budget computation or spatialization
endeavor was undertaken. These are the reasons ET0 is considered equal to ETc for
this study.

Because of the two RS temperature based methods, the five ET0 methods selected
above can be computed only with temperature. Some ET0 reduced set equations used5

Rn, instead of RS, which can be deducted from RS with the Penman–Monteith reduced
set equation assumptions (Allen et al., 1998).

FAO-56 PM equation:

FAO-56 PM ET0 =
0.408∆ (Rn −G)+γ 900

Tavg+273u2 (es −ea)

∆+γ (1+0.34u2)
. (5)

Hargreaves-Samani equation (HSET0):10

HSET0 = 0.0135 ·0.408Rs
(
Tavg +17.8

)
. (6)

The unit conversion factor 0.408 was added to the HSET0 formula in order to compute
ET0 in mmday−1 with RS in MJm−2 day−1.

Turc equation (TurcET0):

For RH > 50% TurcET0 = 0.01333
Tavg

Tavg +15
(23.9001Rs +50) (7)15

For RH < 50% TurcET0 = 0.01333
Tavg

Tavg +15
(23.9001Rs +50)

(
1+

50−RH
70

)
. (8)

Equation (7) was used as average of relative humidity of the nearby mountain weather
stations. For Séchilienne, the result was higher than 50 % (Chamrousse, 70 %; Saint
Michel Maur, 66 %; Saint Jean-Saint Nicolas, 66 %).20

Priestley–Taylor equation (PTET0):

PTET0 = 1.26
∆

∆+γ
(Rn −G) . (9)
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Makkink equation (M ET0):

M ET0 = 0.61
∆

(∆+γ)

Rs

2.45
−0.012. (10)

Penman–Monteith reduced set equation (PMred ET0):
Identical to PM FAO-56 equation (Eq. 5) but humidity and wind speed are estimated

according to FAO-56 guidelines with the following assumption (Allen et al., 1998):5

ea = e0 (Tmin) = 0.611exp
(

17.27Tmin

Tmin +237.3

)
. (11)

Wind speed was fixed at 1.5 ms−1 at 2 m height (2 ms−1 by default), which is the round-
ing average of the nearby mountain weather stations (Chamrousse, 2.33 ms−1; Saint
Michel Maur, 0.95 ms−1; Saint Jean-Saint Nicolas, 1.26 ms−1).

Equation terms for all equations are defined as follow:10

ET0 reference crop evapotranspiration [mmday−1]
∆ slope vapour pressure curve [kPa ◦C−1]
Rn net radiation [MJm−2 day−1]
Rs short wave radiation [MJm−2 day−1]
G soil heat flux density [MJm−2 day−1]15

γ psychrometric constant [kPa ◦C−1]
Tavg average air temperature at 2 m height [◦C]
Tmin minimum air temperature at 2 m height [◦C]
Tmax maximum air temperature at 2 m height [◦C]
u2 wind speed at 2 m height [ms−1]20

es saturation vapour pressure [kPa]
ea actual vapour pressure [kPa]
RH relative humidity [%]
For this study, calculation of the different previously cited terms follows the FAO-

56 guideline. The foregoing ET0 equations were developed for irrigation scheduling,25
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where the scope of application involves positive temperature (plants water supply dur-
ing spring-summer growing period). However, on mountainous sites, winter tempera-
tures are very often negative, and ET0 empirical equations can compute negative ET0
values, which don’t have physical meaning. This is why negative ET0 computed values
were set to zero for this study.5

2.5 Regional equation calibration

Regional equation calibration was performed using nearby weather stations measur-
ing required data (i.e. Saint Geoirs, Saint Michel Maur and Saint Jean-Saint Nicolas
weather stations). The dataset number used at each weather station was unique. To
account for the three weather station locations with the same weight, calibration co-10

efficients adjustment and performance assessment were determined at each weather
station first (local scale) and then the average of the three sites was used as regional
reference (regional scale).

2.5.1 Radiation equations calibration

The calibration of the Rs equation was performed using the following modified form15

from the original Eqs. (1) and (3):
Bristow and Campbell modified equation (BCmod Rs):

BCmod Rs = ABC Ra

[
1−exp

(
−BBC(α ∆T )CBC

)]
+DBC. (12)

Hargreaves–Samani modified equation (HSmod Rs):

HSmod Rs = AHSRa(α∆T )BHS +CHS (13)20
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where
ABC,BBC,CBC,DBC BC regional calibration coefficients
AHS, BHS, CHS HS regional calibration coefficients
α cloud cover adjustment factor
An intercept was added to both RS equations in case of a shift in the RS estimation5

from the original equation for the Séchilienne site. Both equations already have an em-
pirical slope coefficient. Bristow–Campbell coefficients had to be evaluated whereas
Hargreaves–Samani equation coefficients were already estimated with numerical val-
ues. However, Trajkovic (2007) showed that regional calibration of the Hargreaves
equation (combine ET0 and RS) is significantly improved by coefficient adjustments10

rather than by linear regression. Therefore, all the HSmodRs coefficients were adjusted.
Furthermore, a cloud cover adjustment factor α (ranging from 0 and 1) was applied

to ∆T as under cloudy conditions ∆T yield larger than expected compared to incoming
radiation (Bristow and Campbell, 1984). This correction is not required but improves the
estimation. This coefficient was applied for the two first rain event day as temperature15

and Rs get equilibrated beyond extended period of rainfall. As well if ∆T on the day
before rain event (∆Tj−1) was less than ∆Tj−2 by more than 2 ◦C, the coefficient was
also applied assuming cloudy cover was already significant. For the other days, α was
set to 1.

Adjustment of coefficients (including cloud cover adjustment) for the RS regional cal-20

ibration was nonlinear (i.e. not type Y = ax+b). To adjust the calibration coefficients,
an iterative algorithm was used to optimize the Eq. (14) to one.∑m

i=1

(
r2
m −REm

)
m

→ 1 (14)

where m is the number of weather stations used for calibration, R2 (Eq. 17) is the
coefficient of determination and RE (Eq. 19) is the relative error at each weather station.25
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2.5.2 Evapotranspiration equations calibration

Previously cited ET0 equations were developed under specific climatic conditions. FAO-
56 PM calculated data at Saint Geoirs, Saint Jean-Saint Nicolas and Saint Michel Maur,
were used as benchmarks to calibrate ET0 reduced set equations, in order to take into
account Séchilienne climatic conditions and increase the equations’ accuracy. Linear5

regression equations were defined for each equation and for each station with the
benchmark data as dependent variables and the data from calibrated equations as
explanatory variables. The slope a and the intercept b, of the best fit regression line,
were then used as regional calibration coefficients:

ET0 FAO-56 PM = aET0 method +b (15)10

where ET0 FAO-56 PM is the reference crop evapotranspiration; ET0 method is one of the
five reduced set equations tested in this study; a and b are the calibration coefficients.

This method has been widely used to calibrate ET0 reduced-set equations (Allen
et al., 1994; Trajkovic, 2005; Shahidian et al., 2012).

Reduced-set ET0 equations do not take into account wind speed variation. Wind by15

removing satured air from the boundary layer, increases evapotranspiration (Shahid-
ian et al., 2012). Many studies show the influence of wind speed on reduced set ET0
equation performance and therefore on calibration (Itenfisu et al., 2003; Trajkovic, 2005;
Igbadun et al., 2006; Trajkovic and Stojnic, 2007). For this study, days with wind speed
above 3.5 ms−1 at 2 m height were disregard for the calibration (9, 1 and 3 % for re-20

spective dataset of Saint Geoirs, Saint Jean-Saint Nicolas and Saint Michel Maur).
Saint Michel Maur weather station does not measure RS, however it can be calcu-

lated with the Angström formula using sunshine duration data recorded at the station
(FAO-56 guidelines):

Rs =
(
as +bs

n
N

)
Ra (16)25
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where:
Rs short wave radiation [MJm−2 day−1]
as+bs fraction of extraterrestrial radiation reaching the earth on clear days by default

as = 0.25 and bs = 0.5 (without calibration)
n actual duration of sunshine [h]5

N maximum possible duration of sunshine [h]
Ra extraterrestrial radiation [MJm−2 day−1]
aS and bS were estimated (respectively 0.232 and 0.574) using nearby weather sta-

tions measuring actual duration of sunshine and short wave radiation (i.e. Saint Geoirs
and Saint Jean-Saint Nicolas weather stations).10

2.5.3 Performance assessment of regional equations

The performance assessment and ranking for each of the regional calibrated equa-
tion (i.e. with all calibration coefficients adjusted) were evaluated with the R2, a and b
coefficients from the linear regression, and RE.

R2 =


∑n

i=1

(
Pi − P

)(
Oi −O

)
√∑n

i=1

(
Pi − P

)2∑n
i=1

(
Oi −O

)2


2

(17)15

Root mean square error (RMSE) =

√∑n
i=1(Pi −Oi )

2

n
(18)

RE =
RMSE

O
(19)

Equation terms are defined as follow:
Pi estimated data/explanatory variable20

Oi observed data/dependent variable
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n data number
P average of the entire estimated dataset/explanatory variable
O average of the entire observed dataset/dependent variable

2.6 Available water storage estimation and runoff coefficient

AWS capacity is dependent on the vegetation surface type, as root zone extension and5

permanent wilting point are variable from one plant to another. As well, AWS varies
according to the soil texture and thickness, which primarily rely on geology formation
and vegetation type. For all these reasons, on natural water catchment (i.e. compara-
tively to cultivated catchment), and especially in mountainous sites, AWS shows high
spatial variability. Furthermore, AWS also varies over time as water demand depends10

on growing plant activities.
A current way to estimate AWS is to use a spring with a well defined water catchment

representative of the study area. A water budget computation, at spring scale, would
allow deducing AWS with rainfall as input and spring flow as output. However, there
were no such springs on the site of Séchilienne.15

Dynamic part of runoff is computed in the Soil-water balance model (conditional
statement). However, surface runoff coefficient magnitude need to be estimated and
depends mainly on slope magnitude and vegetation.

For this study no attempt of spatialization of AWS and runoff coefficient was un-
dertaken. They were assumed to be uniform spatially on the water catchment, and20

constant overtime. However, a spatial approach has been followed in order to estimate
there order of magnitude.

On the Séchilienne watershed, there are three main geology types (mica-schist
bedrock, sedimentary cover and superficial formations) and two main vegetation types
(grass/forest) which lead to six main kinds of combined geology/vegetation types. For25

each geology/vegetation types, one auger hole was drilled (Fig. 1) at a representative
location. An order of magnitude of AWS was deduced from soil texture and depth extent
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from auger hole cores, thanks to pedotransfer function (Bruand et al., 2004; Jamagne
et al., 1977).

The runoff coefficient was deduced from vegetation type and slope analysis on the
Séchilienne landslide watershed (Sautier, 1984), estimated respectively with aerial
photography and with a digital elevation model of 50 m resolution.5

An additional type, geomorphological based and common of the two previous cate-
gories, was added to take into account preferential infiltration structures (PIS) as sink-
holes, crevasses, reverse slope areas, bare ground and any topographical depressions
which gather precipitations. For this type, AWS and runoff were assumed null. Field
observations, aerial photography and geology map were used to assess surface pro-10

portion of it.
Both AWS and runoff, deduced for the different types were then integrated across

the watershed, according to type surface proportion.

2.7 Mont Sec temperature estimation

The Mont Sec weather station was used for effective rainfall computation but tempera-15

tures were not measured and had to be estimated.
The higher the elevation, the lower the air pressure. The decrease in air density leads

to a drop-off of air temperature. Air temperature then can be related to elevation.
In order to compute a local air temperature gradient two weather stations surrounding

Séchilienne site were used (weather stations of Luitel and Mont Falcon). The Luitel20

weather station has similar climatic conditions as the Mont Sec and has only 200 m
elevation difference. Mont Falcon is located on the opposite slope of Séchilienne at
the bottom of the Valley. A small correction to take into account elevation difference
would be sufficient to estimate temperature at Mont Sec from Luitel. However, in order
to maximize common interval lengths of temperature with displacements time series25

(1994 to now), Mont Falcon weather stations (2004 to now) was selected as reference
to estimate temperature at Mont Sec rather than Luitel (2006 to now).
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To define the local air temperature gradient in relation to elevation and to calibrate the
following equations, Mont Falcon temperatures (minimum and maximum) were used
to estimate the temperatures at Luitel in relation to elevation, on their common data
interval:

T(Station) = aT(Falcon) +bGradelevation (20)5

Gradelevation = ElevationFalcon −ElevationStation (21)

where a and b are the regional calibration coefficients, elevation is in meters, Falcon
stands for temperature measured at Mont Falcon, station for temperature station target
(Luitel for the calibration) and the others terms were defined previously. Linear regres-10

sion was performed to adjust the a and b coefficients, then the b coefficient was divided
by the elevation gradient of the two stations used.

2.8 Correlation displacement – effective rainfall

2.8.1 Displacement signal

Long term displacement monitoring, of the most active zone of the Séchilienne land-15

slide, shows that displacement rate has significantly increased overtime. The same
applies for the displacement amplitude (Fig. 6a). This can be the result either a de-
terioration of superficial rock mechanical properties, a change of behavior in ground-
water hydrodynamics, or both, due to long term repetitive deformation (Rutqvist and
Stephansson, 2003). It means that for the same amount of rainfall, the displacement20

rate and amplitude are not the same overtime. The purpose of this paper is not to char-
acterize landslide behavior, but to relate rainfall input signals to displacements. In terms
of time series analysis, displacement data series show a trend in amplitude variance
as well as mean displacement. In order to be able to compare rainfall signal with dis-
placement signal on long term, displacement data trends was removed (detrending). In25

fact, the observed trend is not dependent on rainfall, but finds its origin in modification
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of landslide mechanical properties. Trend was defined by curve fitting of a fourth order
polynomial. Removal of trend was performed with the multiplicative method (i.e. time
series is divided by the trend) which result in a unitless time series with both variance
and mean trend removed.

2.8.2 Cumulative rainfall/effective rainfall signal5

Antecedent cumulative rainfall (P ) and antecedent cumulative effective rainfall (ER)
was used to compute the correlation with landslide displacement. A decreasing factor
was applied to the sum as an old rainfall event displays less impact than the most
recent on groundwater hydrodynamic due to drainage process (Canuti et al., 1985).
Three different types of decreasing sums were developed for this study:10

Decreasing Sum =
n∑

i=1

Pi+β
1+α (i −1)

(22)

Square Decreasing Sum =
n∑

i=1

Pi+β

1+ (α (i −1))2
(23)

Exponential Decreasing Sum =
n∑

i=1

Pi+β
exp(α (i −1))

(24)

where:15

n cumulative period (day)
i i -th day
Pi effective rainfall or rainfall at the ith day (mm)
α decreasing factor
β shifting factor (day)20

The denominator constitutes, for the three methods, the weighting factor applied
to the cumulative sum. For α equaling zero, the three previous methods match with
a simple sum of cumulative rainfall.
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2.8.3 Correlation method

Linear regression between cumulative effective rainfall and displacement and between
cumulative rainfall and displacement were performed for each equation, with n ranging
from 1 to 250 days (increment 1 day), α ranging from 0 to 0.5 (increment 0.001) and
β ranging from 1 to 10 days (increment 1). An iterative algorithm was used to find the5

best solution based on R2 to assess the goodness of fit.
Iterative algorithm and R2 based performance, can lead to long cumulative periods

associated with really low weighting factor. Indeed, dozens of days can be added,
with weighting inferior to one hundredth, only to improve correlation performance
(R2) of some thousandths. Increasing period and decrease weighting play the role10

of a smoothing function. This correlation improvement is rather explained by random-
ness/noise smoothing of input signal than physical meaning. To avoid that, a R2 toler-
ance of 0.001 for the best correlation performance was implemented. The computation
with a performance ranging in the tolerance window and having the minimum cumula-
tive period (n) was selected as the best correlation.15

In addition, infiltration can be assumed to be spatially heterogeneous on Séchili-
enne water catchment. Indeed, in fractured rock context the groundwater flow is mainly
supported by an anisotropic fracture network. As a result some area of the water catch-
ment will have higher contribution than other to water supply of the Séchilienne perched
aquifer. To take into account this fact, a sensitive analysis was performed. The previ-20

ous correlation computation for effective rainfall was repeated for different watershed
proportion of the preferential infiltration structures (PIS) type (with null AWS and sur-
face runoff). This type is linked to the geology structures. Variations of PIS proportion
lead to change of AWS and runoff coefficient, firstly estimated with the assumption of
a spatial homogeneous infiltration on the whole watershed.25

The relationship between effective rainfall and displacement was only performed in
this study to demonstrate the contribution of effective rainfall in landslide understanding.
So the best fitting linear regression for rainfall, effective rainfall with homogenous and
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heterogeneous spatial infiltration were compared. This comparison allowed assessing
input signal correlation performance with displacement.

3 Results and discussion

3.1 Radiation equations

Data used for calibration were from 8 July 2009 to 1 January 2012 at Grenoble Saint5

Geoirs weather stations (907 data) and from 1 January 2004 to 1 January 2012 for
both Saint Jean-Saint Nicolas (2876 data) and Saint Michel Maur (2864 data) weather
stations. Both calibrated methods showed similar and good results in regard to RS
measured at the weather stations (Table 2). The BCRs method was selected as it
showed slightly superior performance.10

3.2 Evapotranspiration equations

The same dataset extension as RS calibration was used for ET0 methods regional cal-
ibration but with extreme wind days removed (Grenoble Saint Geoirs (829 data); Saint
Jean-Saint Nicolas (2844 data) and Saint Michel Maur (2779 data)). BCmodRs cali-
brated method calibrated above was used to compute Rs input data of the five ET015

reduced set equations. Overall, all the ET0 equations tested showed good result and
were all suitable, with regional calibration, for the Séchilienne site (Table 3). PMred ET0
showed the best estimation performance. PT ET0 and HS ET0 showed very good per-
formance. Turc ET0 and M ET0 show slightly inferior performance but they were very
acceptable. PT ET0, Turc ET0 and M ET0 a and b coefficients showed that regional cal-20

ibration is required. On the other hand, PMred ET0 and HS ET0 a and b coefficients
showed that these methods can perform well even without regional calibration.

Therefore, PMred ET0 was selected to compute ET0 for the Séchilienne site for this
study (best performance and almost no calibration needed). Figure 4 compares the
results at each station of the selected equation versus the benchmark FAO-56 PM25
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computation. PMred ET0 and PT ET0 involve complex computation and multiple calcu-
lation steps as Rn estimation. Although, HS ET0 showed inferior performance than the
two previous cited methods, it is considerably effortless to implement. Indeed, HS ET0
is one of the more simple equation to use from the five methods tested. An alterna-
tive for effortless estimation of ET0 on Séchilienne would be to use the calibrated HS5

ET0 method. In addition, HS ET0 method showed very acceptable performance to be
used for simple ET0 estimation with no calibration in the surrounding environment of
Séchilienne.

3.3 Available water storage estimation and runoff coefficient

Orders of magnitude of AWS were deduced from auger holes, thanks to soil texture10

characterization and pedotransfer function for each geology/vegetation type (Table 4).
The runoff coefficients were also estimated for each slope/vegetation type (Table 4).

Runoff coefficients and AWS were then computed, according to type respective wa-
tershed proportions, for the whole watershed with results of 135 mm (±10 mm) and
14 %, respectively (Table 4).15

Although AWS and runoff estimations are either based on punctual direct observa-
tions or either on indirect methods, it is sufficiently accurate for effective rainfall signal
estimation.

For other sites, in addition to auger holes and slope investigation, any available infor-
mation, qualitative or quantitative, relative to infiltration should be used to characterize20

AWS and runoff.

3.4 Mont Sec temperature estimation

Estimation of local air temperature gradient show very good performance with R2

equals to 0.839 and 0.8495 and RMSE equals to 2.62 and 3.31 respectively for min-
imum and maximum daily temperature calibration. Equation 25 and 26 were used to25

estimate temperatures at Mont Sec with Mont Falcon measured temperatures. Data
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extension used for temperature calibration was from 6 July 2006 to 2 July 2012 (2127
data), common interval of the two weather stations used (Mont Falcon, Luitel). Local
air temperature gradient estimated is about 0.8 ◦C per 100 m of elevation (average of
two equations).

Tmin(Mont Sec) = 0.866Tmin(Falcon) −0.010 ·728 (25)5

Tmax(Mont Sec) = 0.947Tmax(Falcon) −0.006 ·728 (26)

The absence of temperature at the Mont Sec weather station increases the uncertain-
ties in the estimation of RS and ET0 equations.

3.5 Effective rainfall computation10

Final ET0 equation calibrated (Eq. 27) used on Séchilienne site is the PMred ET0 (Eq.
5) involving multiple step computation and actual vapour pressure (ea) estimation with
FAO-56 assumption. Wind speed was set to 1.5 ms−1 and Rn was deduced from the
calibrated BCmodRS method (Eq. 28) with α either 0.79 or either 1. Effective rainfall was
then estimated with an AWS of 135 mm.15

ET0 Séch = 0.994
0.408∆ (Rn −0)+γ 900

Tavg+2731.5(es −ea)

∆+γ (1+0.34 ·1.5)
+0.013 (27)

BCmod Rs = 0.669Ra

[
1−exp

(
−0.010(α∆T )2.056

)]
+1.733 (28)

However, for effortless ET0 calculation, the following Eq. (29) can be used on Séchili-
enne with lower estimation performance (combination of calibrated BCmodRS and cali-20

brated HS ET0):

ET0 = 0.920 ·0.0135 ·0.408
(

0.669 Ra

[
1−exp

(
−0.010(α∆T )2.056

)]
+1.733

)
·
(
Tavg +17.8

)
+0.130.

(29)
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Equation terms were described in respective equation references. Although dataset
extension allowed to compute effective rainfall since 17 September 2004, it has been
chosen to start to take into account computation results from 1 November 2004 in
order that AWS get equilibrated in the Soil-water balance process (no edge effects due
to initial conditions).5

Figure 5 shows the results of the effective rainfall computation and the comparison
with the raw rainfall signal. The effective rainfall signal differs significantly from the rain-
fall signal, essentially during summer and surrounding months when ET0 is important.
Indeed, the first rainfall events after a dry period do not reach the aquifer until AWS is
full, which can explain why some summer rain periods are not correlated to unstable10

events on the landslide.

3.6 Displacement detrending

A fourth order polynomial regression, applied to the A16 displacement time series
(Fig. 6a), accounts for the trend. Equation of trend has the following form:

y = 3.6789×10−14x4−5.5384×10−9x3+3.1263×10−4x2−7.8423x+7.3759×104. (30)15

The detrending was performed on a larger interval (1 January 1999 to 28 Febru-
ary 2012) than the one used for rainfall-displacement correlation (1 November 2004 to
30 November 2011) which was restricted by the effective rainfall dataset and reduced
on purpose by three months for respectively inferior and superior bounds. Indeed, trend
characterization is a statistical process which is enhanced by increasing data amounts20

taken into account. In addition, using larger framing interval allow reducing edge ef-
fects. Result of trend removal by multiplicative method is shown in Fig. 6b. The detrend
displacement data are then used for the correlation with rainfall and effective rainfall.
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3.7 Correlation rainfall-displacement

Data extension for rainfall-displacement correlation was from 15 July 2005 to 30
November 2011 (2324 data), common interval of A16 extensometers and Mont Sec
weather station.

According to AWS estimation of 135 mm (±10 mm), a sensitive analyze was per-5

formed for preferential infiltration structures (PIS) ranging from 95 to 5 %, i.e. AWS
ranging from 5 to 145 mm (increment of 10 mm) and surface runoff ranging from 0 to
15 % (increment of 1 %). The square decreasing sum method showed the best correla-
tion performance (R2) for both rainfall and effective rainfall and for all sensitive analysis
computation. Sensitive analysis shows that a critical AWS threshold of 15 mm needs10

to be reached to improve significantly the correlation performance (R2 superior to me-
dian (0.6)) (Fig. 7a). All the best computations have a one day lag. In addition a stage
of about 210 days (seasonal variations) seems to explain the best the hydrosystem
inertia (Fig. 7b). AWS ranging from 25 (runoff= 3 %) to 85 mm (runoff= 9 %) have an
R2 superior to 0.6 and a period computation near 210 days, and seems to statistically15

reflect watershed properties.
The best R2 obtained from effective rainfall with homogeneous infiltration assump-

tion (R2 = 0.572; n = 75; α = 0.0434; β = 1; PIS= 15 %; AWS= 135 mm; runoff= 14 %)
was far higher than the best obtained with rainfall correlation (R2 = 0.436; n = 60;
α = 0.0346; β = 1). In addition the best correlation performance was reached with20

the effective rainfall with heterogeneous infiltration assumption (R2 = 0.633; n = 212;
α = 0.0335; β = 1; PIS= 85 %; AWS= 25 mm; runoff= 3 %) (Fig. 7c). Figure 8 shows
the weighting factors applied for each day with the square decreasing sum method for
the rainfall and effective rainfalls best correlation.

Numbers in brackets on Table 4 show the watershed parameters used for this best25

correlation performance with heterogeneous infiltration assumption (PIS= 85 %). Fig-
ure 9 shows the result relatively to time of cumulative rainfall and effective rainfalls
together with detrend A16 displacement.
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Heterogeneous infiltration assumption has led to the best correlation performance
and show that preferential infiltration structures could gather a large proportion of the
flow (until 85 %) relatively to their watershed surface (15 %). Although A16 displace-
ment is representative of the overall most active zone displacement, it is still a local
surface measurement. The sensitive analysis best correlation obtains with 25 mm could5

have been influenced by local properties of A16 extensometer. This is why, for further
works on Séchilienne, it is recommended to use an AWS from 25 mm to 85 mm and
a surface runoff from 3 to 9 % according to the purpose of the study.

The weakness of the correlation performance can be explained by the fact that the
effective rainfall signal is in turn modified by the aquifer hydrodynamic behavior through10

hydrosystems transit. In deep seated landslides, displacements are strongly correlated
with pore water pressure which is an output of hydrosystems. For this study all the
displacements data were correlated not just destabilization stages. Indeed, displace-
ments depend on rock properties and pore water pressure mechanisms which behave
differently according to either destabilization or stabilization stages.15

4 Conclusion and perspectives

This study demonstrated that the displacement data correlation performance is signif-
icantly enhanced with effective rainfall compared to results obtained with rainfall only.
Most of the landslide sites included weather station(s) with limited meteorological data.
A workflow method was developed to compute effective rainfall on a daily interval re-20

quiring only temperature and rainfall as input. Two RS equations and five commonly
used ET0 reduced set equations were tested at the Séchilienne site. However, the
method was developed to be as unspecific as possible in order to be able to be appli-
cable to other landslides sites.

For Séchilienne, RS equations performances were similar once equations were cal-25

ibrated and no method was clearly superior to the others. BCmodRS showed the best
performance and was selected. ET0 equations performances were acceptable to very
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good. PMred ET0 showed the best performance and could work well even without cal-
ibration. PMred ET0 was used for effective rainfall computation in this study. However,
the HS ET0 method was suggested as an alternative for effortless ET0 estimation. For
the Séchilienne site, temperature was missing and had to be estimated, with good per-
formance. Temperature estimation brings the worst uncertainties in the estimation of5

ET0. Fortunately, temperature is commonly measured at weather stations and most
of landslide weather stations are equipped. AWS was based on punctual auger holes
and then generalized on the whole watershed according to geology/vegetation. A sur-
face runoff was estimated for the whole watershed and was applied only if AWS was
fulfilled and daily rainfall was superior than average. Runoff estimation was based on10

slope/vegetation type only, which allow to take into account a large proportion of it.
A sensitive analysis has allowed defining a windowed estimation of AWS (from 25 to
85 mm) and of surface runoff (from 3 to 9 %).

A further step for water budget computation, on the scale of water catchment, will
be to account for the spatial and temporal variability of rainfall/snow and AWS, which15

will allow better estimation of the effective rainfall. Also, consideration of the watershed
variability of surface runoff and AWS would be relevant to increasing the accuracy of
the estimation.

Assumptions made for effective rainfall calculation were possible because this study
took an interest in the appropriate input signal for landslide surveys. Otherwise in case20

of water budget computation, these could lead to significant computation error.
Effective rainfall enhances the understanding of the relationship between displace-

ment and the rainfall signal. The proposed method for estimation of effective rainfall was
developed to be sufficiently simple to be used by any non hydro specialist who takes
interest in the characterization of the relationship rainfall-landslide displacements.25
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Table 1. Summary of dataset used for this study with parameters recorded (◦) and used (•) at
each location; Distance (distance from site); RS (short wave radiation), N (duration of sunshine);
W (wind speed); H (humidity); T (temperature); P (precipitation); D (landslide displacement).

Station Name Elevation (m a.s.l.) Distance (km) From To RS N W H T P D day with data

Saint Jean-Saint Nicolas 1210 55 1 Jan 2004 1 Jan 2012 • • • • • ◦ 2876
Saint Michel Maur 698 54 1 Jan 2004 1 Jan 2012 • • • • ◦ 2864
Grenoble Saint Geoirs 384 51 8 Jul 2009 1 Jan 2012 • • • • • ◦ 907
Chamrousse 1730 9 12 Sep 2002 1 Mar 2012 • • ◦ ◦ 3261
Mont Falcon 420 2 14 Sep 2004 2 Jul 2012 ◦ ◦ • ◦ 2803
Luitel 1277 4 6 Jul 2006 2 Jul 2012 • 2127
Mont Sec 1148 0.2 14 Sep 2004 2 Jul 2012 • 2849
A16 – 0 1 Jan 1999 28 Feb 2012 • 4493
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Table 2. RS (short wave radiation) methods: calibration results and performance assessment
parameters. Calibration results and performance parameters are the average of these com-
puted at each of three weather stations. With A, B, C and D calibration coefficients, α cloud
cover adjustment factor, R2 coefficient of determination of linear regression between measured
and estimated RS, and RE the relative error.

Method A B C D α R2 RE

HSmodRs 0.106 0.662 0.670 – 0.740 0.847 0.123
BCmodRs 0.669 0.010 2.056 1.733 0.790 0.864 0.119

8980

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/8945/2013/hessd-10-8945-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/8945/2013/hessd-10-8945-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 8945–8991, 2013

Temperature based
method applied to

Séchilienne unstable
slope

A. Vallet et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 3. ET0 (reference crop evapotranspiration) methods: calibration results and performance
assessment parameters. Calibration results and performance parameters are the average of
these computed at each of three weather stations used. With a, b, R2 results of linear regres-
sion between ET0 measured and estimated, and RE the relative error.

Method a b R2 RE

HS Et0 0.920 0.130 0.917 0.24
Turc ET0 0.880 0.434 0.900 0.257
PT ET0 0.352 0.365 0.919 0.231
M ET0 1.107 −0.018 0.910 0.246
PMred ET0 0.994 0.013 0.932 0.221
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Table 4. AWS (soil available water storage) and runoff estimation for Séchilienne unstable slope
watershed. With Geology watershed surface proportion of geology type relatively to the water-
shed, Vegetation watershed surface proportion of vegetation type relatively to the watershed,
Average slope the average slope for each vegetation type on the watershed, Runoff the runoff
coefficients deduced from slope magnitude and vegetation type, AWS the AWS deduced from
auger cores, AWS watershed and Runoff watershed, the AWS and runoff coefficients integrated
on the scale of watershed. Whole watershed line is the summary for the entire watershed. The
numbers in brackets refer to preferential infiltration structures (PIS) rise up to 85 % of the wa-
tershed in order to take into account heterogeneous spatial distribution of infiltration.

Geology Geology wa-
tershed (%)

Vegetation
watershed
(%)

Average
Slope (◦)

Runoff (%) Runoff water-
shed

AWS (mm) AWS water-
shed (mm)

Mica-schist 4 (1) } 15.0 0.2 0.05 (0.01) 173 7 (1)
Sedimentary 6 (1) Grass 20 (4) 100 6 (1)
Superficial formations 11 (2) 112 12 (2)
Mica-schist 22 (4) } 21.0 0.1 0.09 (0.02) 254 56 (10)
Sedimentary 7 (1) Forest 65

(11)
81 6 (1)

Superficial formations 35 (6) 133 47 (8)
PIS 15 (85) None 15 (85) Direct infiltra-

tion
0 0 (0) 0 0 (0)

Whole watershed 100 (100) – – – 0.14 (0.03) – 133 (24)
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Ptj  > AWSt-AWSj-1 + ET0 j & Ptj  > avg(P)

Rj

Pj

ETaj

AWSjAWSt AWSj-1+ Pj – Eta j

AWSj-1+ Pj – Eta j  >= AWSt

ET0 j AWSj-1+ Pj

0

Rcoe� (Pj – (AWSt-AWSj-1 + ET0 j)) 

Ptj - Rj

ET0 j

TRUE FALSE

AWSj-1+ Pj >= ET0 j

Ptj

0

TRUE FALSE

TRUE FALSE

ERjPj - (AWSt - AWSj-1) – ETa j 0

Fig. 2. Soil-water balance workflow for effective rainfall computation on a daily interval. Inter-
ception was disregarded. AWS is the soil available water storage, Pt is the total precipitation
(rainfall+ snow melt), avg (P ) is the precipitation average of the entire dataset, P is the precip-
itation which infiltrates the soil layer, R is runoff, Rcoeff is runoff coefficient, ET0 is the reference
crop evapotranspiration, ETa is the actual crop evapotranspiration, and ER is the effective rain-
fall. All previously cited parameter units are mm of water apart from Rcoeff. j is the computation
day and j −1 is the day before. TRUE and FALSE are the answers of the conditional inequality
statements.
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Fig. 3. Effective rainfall method workflow; step 1 calibration of standard ET0 (reference crop
evapotranspiration) and RS (short wave radiation) equations; step 2 computation of effective
rainfall on site with calibrated equations and AWS (soil available water storage) estimation.
Reference ET0 equation matches with Penman-Monteith equation defined in the FAO-56 paper
and reduced set ET0 equation with ET0 equations requiring minimal meteorological data inputs.
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Fig. 4. ET0 (reference crop evapotranspiration) regional calibration results at the three refer-
ence weather stations (Grenoble Saint Geoirs, Saint Jean-Saint Nicolas, Saint Michel-Maur)
with (A): ET0 Séch and FAO-56 PM ET0 function of time; (B): linear regression between ET0 Séch
(X-axis) and FAO-56 PM ET0 (Y-axis). FAO-56 PM ET0 is the ET0 computed with Penman-
Monteith equation defined in the FAO-56 paper. ET0 Séch is the ET0 computed with the combi-
nation of both calibrated equations: ET0 Penman–Monteith reduced set equation and RS (short
wave radiation) modified Bristow–Campbell equation.
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Fig. 6. Results of trend removal of A16 displacement data with (A): A16 displacement data and
fourth order polynomial curve fitting assumed as trend; (B): A16 detrended data (unitless) which
correspond to A16 displacement data of which trend was removed by multiplicative method.
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Fig. 7. Result of sensitive analysis (A and B) and best linear regression between raw rain-
fall/effective rainfall and A16 detrended displacement (C).
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