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Abstract. The aim of this study is to assess the impact of 1 Introduction
the North Atlantic Oscillation (NAO) on both the winter pre-

cipitation and the temporal occurrence of different Iandslideportuga| is prone to slope instability due to geological, geo-
types in Portugal. The analysis is applied to five sample areag,orphological and climatic factors (Rodrigues and Coelho,
located just north of Lisbon, the capital of Portugal. These19g9: Ferreira and &ere, 1997). In the area north of Lis-
sites are particularly relevant because actual dates of most @5y studied in this paper, landslides have caused consider-
the recent landslide events are known but also because thghe economic losses during the last 50 years. Landslide
!andslides occurred in a suburban area with growing Urba“tonsequences include damages on property, houses and par-
Ization pressure. ticularly roads, and are strongly related with the increasing
Results show that the large inter-annual variability of win- human pressure related to urban development around the Por-
ter precipitation observed in western Iberia, i.e. Portugal anduguese capital. In fact, human activity within the region
parts of Spain, is largely modulated by the NAO mode. In has introduced significant land use changes, which are par-
particular, precipitation falling in Portugal between Novem- tially responsible for the acceleration of natural geomorpho-
ber and March presents a correlation coefficienkRef-0.66 logic activity during the previous half century (Ferreira et al.,
with the NAO index. Precipitation distribution for the refer- 1987; Zzere, 2002).
ence rain gauge in the study area reveals that the probability Slope movements in the Lisbon area are induced by rain-
of a wet month to occur is much higher for low NAO in- fall, as are most landslides worldwide (Fukuoka, 1980;
dex composites than for the corresponding high NAO indexCrozier, 1986; Gostelow, 1991; Corominas, 2001). The
composite. It is shown that this control, exerted by NAO onrole of precipitation on landslide activity near Lisbon has
the precipitation regime, is related to corresponding changeseen discussed and analysed in previous works¢e et
in the associated activity of North-Atlantic storm tracks that al., 1999a, 1999b; &ere, 2000; #zere and Rodrigues,
affect the western Iberia. 2002), by applying cumulative rainfall methods. Previous
Landslide activity in the study area is related to both in- 'esults obtained using empirical relationships between rain-
tense, short duration precipitation events (1-15 days) andill amount and duration, and slope instability show that crit-
long-lasting rainfall episodes (1-3 months). The former ical rainfall conditions for failure are not the same for dif-
events trigger shallow translational slides while the laterferent types of landslide movement&zere, 2000; &zere
episodes are usually associated with deeper and larger slogd!d Rodrigues, 2002; Trigo et al., 2005). Shallow transla-
movements. This second group of landslides is shown to béional soil slips are most commonly activated by intense pre-

statistically associated with the 3-month average of the NAOCiPitation that falls within the 1 to 15 days long range. On
index. the contrary, activity of the more deeply-seated landslides

of rotational, translational and complex types is related to
successive weeks of nearly constant rainfall, over periods of
Correspondence tal. L. Zézere 30 to 90 days. The physical explanation of the different be-
(jlzezere@fl.ul.pt) haviour of shallow and deep landslides is probably related
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Table 1. Main slope movements and basic morphometrical parameters of the landslides identified in 5 study areas’{6a th&megion
north of Lisbon.

Type of number % of total slope angle depth area per landslide  estimated volume
movements of cases landslides %) ( (m) (m?) per landslide (rf)
events mean std. dev. mean std. dev. mean std. dev. mean  std. dev.

shallow translational

slide 212 58.9 23 8 1.0 0.5 552 693 286 376
translational

slide 55 15.3 17 7 3.1 17 4059 5470 5232 8822
rotational

slide 39 10.8 19 7 5.2 4.3 9407 21664 34843 116434
complex and composite

movements 54 15.0 20 8 4.0 3.4 9747 27011 42998 202801
total

landslides 360 100.0 21 8 21 25 4481 18241 12224 82489

to infiltration processes, namely the different pressure header resource managers and risk assessment teams (Trigo et al.,
responses to rainfall controlled by soil characteristics, slip2004a).
surface depths and effective hydraulic diffusivities (Iverson, The relationship between landslide activity and low fre-
2000). Here we improve the empirical discrimination be- quency atmospheric circulation patterns (associated with
tween precipitation events that trigger shallow and deep slop@anomalous precipitation at the seasonal scale), has been un-
movements in the study area, taking in account the differentiertaken before using the Southern Oscillation, better known
landslide mechanisms. as El Nio. Recent El Nio events, such as those oc-
The present study aims at characterizing the atmospheri urred in 1982/1983 a-nd 1997./1.998 were Q|rectly responsi-
conditions that favor the occurrence of landslides in the stud le for anomalously high p_reC|p|tat|on n d|ﬁerent parts of
I1|he Globe. The unusual rainfall produced widespread land-

area, particularly those slope movements associated wit lid tivity in unrelated region h as California (C ¢
long-lasting rainfall episodes. Therefore, acomprehensives € activity in unrelated regions, such as California (Coe e

description of the precipitation regime at the regional (Por-_la_l"trllggt?; ?g?t’ 19kggo) 6:23 Kenza _(N_?ecutagd rl:/latrt;u, 19993'
tugal) and local (Lisbon area) scales, particularly the inter- 0 1€ DES Of our khowledge no simiiar Stucly nas been pub-
annual variability of precipitation, is examined here to un- lished for any European region, despite the fact that the NAO

derstand the temporal variation of landslide activity. exerts a significant control on the precipitation regime in
southern Europe.

The North Atlantic Oscillation (NAO) has been recognized  Therefore, the main objectives of this study are:
for more than 70 years as one of the major patterns of at- (i) to describe the main characteristics of episodes of land-
mospheric variability in the Northern Hemisphere (Walker, slide activity observed during the previous 50 years, in sev-
1924). However, only in recent years has this important at-eral locations north of Lisbon;
mospheric circulation mode become the subject of a wider (ji) to discriminate precipitation events responsible for

interest (e.g. van Loon and Rogers, 1978; Rogers, 1984ghallow and deep landslides using empirical analytical tools;
Barnston and Livezey, 1987). More recently, the study by (i) to characterize the impact of NAO on the location of
Hurrell (1995) had significant impact on the climatological cyclones that strike Iberia, as well as the impact of NAO on

community and has been followed by an increasing numbeghe precipitation regime at the regional (Portugal) and local
of studies. It is within this context, that several studies have(north of Lisbon) scales;

established links between the NAO index and winter season (jy) to assess the influence of the NAO on the occur-

precipitation in Western Europe and, in particular, over therence of landslides near Lisbon, in particular the deeper slope
Mediterranean basin (Hurrell, 1995; Qian et al., 2000; Trigo movements triggered by long duration rainfall events.
et al., 2004a). This control exerted by NAO on the precip-

itation field over Europe is likely related to corresponding

changes in the associated activity of North Atlantic storm2 Geomorphologic setting

tracks (Serreze et al., 1997; Osborn et al., 1999). In fact,

this strong NAO-precipitation link has been used to developThe region north of Lisbon (Fig. 1) is located in the Por-
rainfall forecast models that predict precipitation in Iberia tuguese Meso-Cenozoic sedimentary basin, and has a gen-
several months in advance (e.ga@iz-Fortis et al., 2002; eral monocline structure dipping® 50 25 towards south
Rodriguez-Fonseca and Castro, 2002). The output of thesand southeast. Geological formations include very heteroge-
models may provide useful seasonal forecasting tools for waneous lithological units (e.g. limestones, marly limestones,
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Fig. 1. Geomorphological map of the Area North of Lisbon. 1. ¥
Front of “cuesta” on Cretaceous rocks; 2. Front of “cuesta” on Ter-
tiary rocks; 3. Other cliffs; 4. River and gorge; 5. Terrace; 6.
Alluvial plain; 7. Geological boundary; 8. Elevation in meters; 9.
Sample areas; 10. Landslides: shallow translational slides (red),
translational slides (green), rotational slides (cyan), complex and
composite slope movements (purple); 11. Location of Sadudio .
Tojal rain-gauge. J. Jurassic rocks (clays, marls, limestones, sand
stones); C. Cretaceous rocks (sandstones, marls and limestones); %
Upper Cretaceous Volcanic Complex of Lisbon; O. Paleogene de-}?:,‘ﬂ. ¥
tritic complex; M. Miocene (sandtones, limestones and clays). 1
— Pinheiro de Loures Sample Area; 2 — Lousa Sample Area; 3 —jg. 2. Shallow translational slide triggered in November 1983, in
ganh”)(les Sample Area; 4 — Traae Sample Area; 5 — Calhandriz  the East slope of the Trafo valley (Tran&o sample area).

ample Area.

arls and clavs. sandstones. basalts and volcanic tufs) da tudy area). Landslides were classified in four main groups
yS, , v ic tufs) f"rable 1), taking into account the type of movement and the

ing from the upper Jurassic to Miocene. The region north .

of Lisbon contacts the Tagus basin south-eastward along th"é1ffected material (8zere etal., 19992, 1999b).
Low Tagus fault zone (NE-SW direction). The tectonic ac-
tivity of this structure has been responsible for the regional
up_hft of the study area during the previous > I\_/I.years (F?r'ShaIIow translational slides are the most frequent slope
reira et aI_., 1987; z_zere etal, 1999b?' e posmve tectonic . ements within the study area (59% of total landslide
deformation explains the strong fluvial erosion and develop-

o events). They are single slope movements with planar sli
ment of steep slopes, namely on those valleys running in th ) y 9 P p p

S . ; esurfaces, and generally have small lateral dimension (mean
same direction of the dip of strata. Outcropping rocks WEre, oa 552 & mean volume, 286 A,

differentially eroded during the Quaternary, allowing the de-
velopment of “cuestas” and large depressions like the Loure]c,1i|
basin, where quaternary age sediments are preserved.

3.1 Shallow translational slides

In most of cases, shallow landslides occur on steep valley
| slopes (mean slope angle=33and affect soil material
(colluvium deposits) covering impermeable rocks, such as
volcanic tuffs, marls and clays (Fig. 2).
3 Landslide identification and classification

3.2 Translational slides
Landslides were mapped and inventoried in 5 study areas
with a total area of 61.6 k(Fig. 1). Within these five ar-  Translational slides are generally deeper seated and larger
eas 360 slope movements were identified, excluding rockthan shallow movements (mean area 4059 mean vol-
falls and landslides triggered by bank erosion of stream chanume 5232 ). These landslides typically involve the bedrock
nels. Therefore, the landslide density is 5.8 pefland the  (marls and clays with limestone and marly limestone inter-
total affected area is more than 1.6%i2.6% of the total ~ calations) and activate on slopes that follow the dip of the
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Fig. 5. General overview of the “Quebradas” complex slope move-
ment (FanbBes sample area). The landslide developed in February
1979 as a deep translational slide, evolving downslope to an earth-
flow.

Fig. 3. Translational slide occurred in February 1979, on a catacli-

nal slope where basalts overlay volcanic tuffs (Pinheiro de Loures
sample area). 1400
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Fig. 6. Annual precipitation (climatological year) distribution
at S. Juldo do Tojal (reference rain-gauge) from 1956/1957 to
2000/2001. The horizontal line indicates the mean annual precip-
itation (MAP). Diamonds indicate episodes of shallow landslides

Fig. 4. Backward scarp of a confined rotational slide triggered in ocyity and triangles indicate episodes of deep landslides activity.
December 1989. The landslide took place on a gentle slope cutting

clays and marls of Jurassic age (Calhandriz sample area).

fore, rotational slides develop on the mostly homogeneous
strata, along shear surfaces controlled by impermeable bedithological units (clays and marls) within the Calhandriz
ding planes (Fig. 3). Translational slides are strongly condi-study area, where it is possible to observe rotational slides of
tioned by geometrical factors, as it is confirmed by the gradi-Single, confined and multiple retrogressive sub-types (Fig. 4).
ent of the affected slopes (average =)l which exceeds the Rotational slides have the highest average depth (5m) and
dip of the strata in more than 85% of cases. are typically larger than the translational movements (mean

Although topographic slope has a relatively minor effect area 9407 rff mean volume 34 843 .

on the infiltration capacity of soils (Philip, 1991), moderate
slope gradients do not favour rapid drainage qf wgter by botl‘b.4 Complex and composite slope movements
overland flow and sub-surface flow, thus contributing to slope
instability.

Landsides included in this category show at least two differ-
3.3 Rotational slides ent types of mechanisms, in sequence (complex movement)

or simultaneously (composite movement). The most signif-
Rotational slides are not particularly common in the studyicant examples combine slide and flow mechanisms as well
area (11% of the total slope movements) due to the inho2S translational and rotational movements (Fig. 5).
mogeneous and anisotropic characteristic of most geologi- Most of the larger landslides that occurred in the study area
cal formations. The presence of zones of weakness (e.g. softuring the previous 50 years belong to this type. Together
bedding planes) is a condition facilitating the development ofwith the rotational slides, this landslide group exhibits the
planar slip surfaces rather than circular rupture zones. Therdargest average area and volume (27 02142 998 n¥).
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Fig. 7. Methodology for the statistical analysis of rainfall trigger-
ing of landslides based on the reconstruction of absolute antecede

precipitations rI]—Ilg. 8. Regression line between critical rainfall intensity and corre-

sponding event duration (period 1956—-2001). Green diamonds: val-
ues associated to shallow landslide episodes. Blue triangles: values
associated to deep landslide episodes. Small dots: values obtained
from the yearly maximum rainfall intensity for all duration intervals
(computed for years without reported landslides).

4 Temporal occurrence of rainfall triggered landslides
4.1 Rainfall regime

The Portuguese precipitation regime is dominated by high15 30, 45, 60, 75 and 90 consecutive days prior to the dates
variability at both the inter-annual and inter-seasonal scales, ;. &

Th Level ical of Medi I,of confirmed landslide activity during the 45 years period.
e strong seasonal cycle, typical of most Mediterranean e return period of the rainfall amount-duration combina-

maFes, is characterized by the concentration of prECipi_tati_OQions was computed using a Gumbel distribution (Gumbel,
during the months between October and March, and with II'{'1958). The critical rainfall combination (quantity-duration)

El)e gr no ralnzfgg(()jur_lpr? the dry sumrr|1er m‘?“{“ﬁ (Tns/&gnd responsible for each landslide event was assessed, assuming
alamara, ). The mean annual precipitation ( )a s critical pair the combination with the higher return pe-

.the referz]rlen7c3eorain gal.thethOf S'. ﬁ;.dlildo Toi"’?' (SJT, Itzlig% 1) riod. This assumption has not a physical basis, but provides
IS roughly mm, wi € raintall occurring mostly Irom o 5 ximum discrimination between rainfall periods charac-

O(_:tober to March (78% of the total amount; 72.% of the_ tota_l terized by landslide activity and rainfall periods not related
rainy days). Even at the annual scale, the rainfall regime ISyith slope instability

very irregular (Fig. 6), alternating large periods of drought _ . . . . .
: : ; : ; : Nineteen major rainfall episodes that triggered landslides
with prolonged rainy periods. Very intense rainfall episodes
P g yp y P were identified (Fig. 6), some of which were from the same

occur episodically (e.g. in November 1967 and November" . :
1983; return period>60 years), causing catastrophic flash cllmatologlcgl year (e.g. December1958, March 1959). I\_llne
f these episodes were dominated by shallow landslides,

floods on small catchments and widespread shallow slopg hile th - h ked b fd
movements on steep slopes. while the remaining where marked by occurrence of deep-

seated slope movements. The most relevant features of each
landslide event are shown in Table 2, including date, rain-
fall amount-duration, and rainfall intensity-duration relation-

Recent landslides in the region north of Lisbon were induced>hiPS-

by rainfall, and landslide activity has been confined to very ~To analyse the overall effect of precipitation on landslide
wet periods (Ferreira et al., 1987). Figure 7 shows the genactivity we combine the rainfall intensity and the critical rain-
eral methodology used to assess the relationship between afgll duration for the 19 reported landslide events (large dia-
solute antecedent rainfall and landslide occurrence, based ofonds and triangles in Fig. 8). A regression analysis shows
previous work carried out for the studied areétére et a|_, that rainfall intenSity increases eXponentia”y as duration de-
1999a, 1999b; &zere, 2000; &zere and Rodrigues, 2002). creases, following the equatiohi=84.3D~%°7, whereRi

As a first step, the dates of landslide activity were recon-is the rainfall intensity in mm/day anf is the duration of
structed from field work, archive investigation and interviews rainfall in days.

with the population living in the study area. This reconstruc- The maximum yearly value for durations of 1, 5, 10, 15,
tion also includes the particular type(s) of landslide(s) acti-30, 40, 60, 75 and 90 days were also computed for the 34
vated in each event. Rainfall analysis was carried out using/ears for which no landslide activity was reported. These val-
45 years (1956—2001) of daily precipitation at SJT, which isues are also plotted in Fig. 8 (small dots) and the vast major-
considered representative for the study are@zére, 2000; ity of them lie below the fitted curve. Therefore, the regres-
Zézere and Rodrigues, 2002). The analysis consists of calcwsion curve is a reliable rainfall intensity — duration threshold
lating the cumulative absolute antecedent rainfall for 1, 5, 10for the study area. Nonetheless, we emphasize that this rain-

4.2 Reconstruction of absolute antecedent rainfall



336 J. L. Zzere et al.: Shallow and deep landslides induced by rainfall

Table 2. Temporal occurrence of rainfall triggered landslides in the region north of Lisbon from 1956 to 280$hallow landslide
episodes(b) Deep landslide episodes.

Landslide Date Critical rainfall Rainfall Return
episode # (dd/mm/yyyy) amountduration intensity duration period
mm (dd) mm/day (dd) (years)
(a)
1 19/12/1958 149 (10) 14.9 (10) 25
2 09/03/1959 175 (10) 17.5 (10) 4
3 15/11/1967 137 (1) 137.0 (1) 60
5 04/03/1978 204 (15) 13.6 (15) 3.5
7 30/12/1981 174 (5) 34.7 (5) 13
8 18/11/1983 164 (1) 164.0 (1) 200
9 25/02/1987 52 (1) 52.0 (1) 2
10 22/11/1989 164 (15) 11.0 (15) 2
11 25/11/1989 217 (15) 14.4 (15) 4.5
(b)
4 15/11/1968 350 (30) 11.7 (30) 6.5
6 10/02/1979 694 (75) 9.2 (75) 20
12 05/12/1989 333 (30) 11.1 (30) 5.5
13 21/12/1989 495 (40) 12.4 (40) 20
14 09/01/1996 544 (60) 9.1 (60) 10
15 23/01/1996 686 (75) 9.1 (75) 18
16 28/01/1996 495 (40) 12.4 (40) 20
17 01/02/1996 793 (90) 8.8 (90) 24
18 06/01/2001 447 (60) 7.4 (60) 5
19 09/01/2001 467 (60) 7.8 (60) 5.5

fall threshold is statistically based and was not defined conwhere CAR is the calibrated antecedent rainfall for dey
sidering the hydrological response to rainfall of the soil and P; is the daily rainfall for the day before day, P, is the
local slope stability conditions. daily rainfall for then-th day before day. The constant
For shorter duration rainfall events (Group 1, Fig. 8), K is an empirical parameter usually considered between 0.8
the rainfall intensity required to trigger landslides is highly and 0.9, depending on the draining capacity of the material
dependent on the duration of the precipitation event (e.gand the hydrological characteristics of the area (Capecchiand
23 mm/day for 10 days; 84 mm/day for 1 day). In contrast, Focardi, 1988). Following the work developed previously, in
for long duration precipitation periods (above 30 days con-the present study it was assumid0.9 (Zzere, 2000). This
secutive rainfall, Group 2, Fig. 8) the daily rainfall intensity constant makes rainfall occurring more than 30 days before a

tends to stabilize around the 8—12 mm/day. landslide event to become negligible (Capecchi and Focardi,
1988). Therefore, the reconstitution of calibrated antecedent

4.3 Reconstruction of calibrated antecedent rainfall rainfall was only performed for durations of 3, 5, 10, 15 and
30 days.

According to Canuti et al. (1985) and Crozier (1986), the Table 3 summarizes results of calibrated antecedent rain-
impact of a particular rainy event decreases in time due tdall for both shallow landslide episodes (Table 3a) and deep
drainage processes. In order to consider that effect in rainfalltandslide episodes (Table 3b). This distinction between land-
landslide analysis, Canuti et al. (1985) developed an indexslide types is also considered in Figs. 9 and 10, where the
for sites in Italy that accounts for the calibrated cumulative evaluation of triggering rainfall conditions was made com-
rainfall, where the most recent data are given a higher weightbining the calibrated antecedent rainfall for 5 and 30 days
A similar approach was developed by Crozier (1986) and ap-and the daily rainfall data.

plied by Glade et al. (2000) to sites in New Zealand, which In order to define the number of days relevant to the an-
accounts for the draining of early precipitation and accumu-tecedent rainfall, we combine the daily rainfall relative to

lation of late rainfall. the 19 reported landslide events with the corresponding cal-
In this work, antecedent rainfall was weighted using theibrated antecedent rainfall for different periods (green dia-
formula proposed by Crozier (1986): monds and blue triangles for shallow landslides and deep

landslides, respectively, in Fig. 11). Besides shallow and
CARx =K P, + K?P> + ..K" P, (1) deep landslide events, Fig. 11 includes also the maximum
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Table 3. Calibrated antecedent rainfall (CAR) for periods of landslide activity in the region north of Lisbon from 1956 to(2p8hallow
landslide episodegb) Deep landslide episodes.

Calibrated antecedent rainfall (CAR)
# of previous

Landslide Date Daily 3 5 10 15 30 consecutive days
episode # (dd/mmlyyyy) rainfall days days days days days with 30-days CAR
(mm) (mm) (mm) (mm) (mm) (mm) >50mm
@
1 19/12/1958 22.0 542 73.6 917 99.2 1085 6
2 09/03/1959 45.5 275 554 822 822 836 4
3 25/11/1967 137.0 4.1 4.1 10.3 16.3 25.2 0
5 04/03/1978 145 439 67.1 938 105.0 109.8 8
7 30/12/1981 78.0 755 755 1026 1095 111.3 3
8 18/11/1983 163.7 421 598 882 96.7 103.8 10
9 25/02/1987 51.8 222 354 360 465 521 1
10 22/11/1989 335 199 507 629 709 721 4
11 25/11/1989 38.0 36.9 427 757 885 89.1 7
(b)
4 15/11/1968 455 434 47.3 74.3 92.3 107.7 18
6 10/02/1979 26.0 89.3 93.6 110.1 119.7 133.6 17
12 05/12/1989 30.1 58.1 581 788 937 109.7 17
13 21/12/1989 26.7 29.1 405 653 78.2 100.9 33
14 09/01/1996 66.5 178 295 542 795 884 17
15 23/01/1996 23.6 36,5 387 532 789 968 31
16 28/01/1996 255 9.2 309 537 623 856 36
17 01/02/1996 24.5 345 486 69.1 799 979 40
18 06/01/2001 24.5 227 391 537 791 874 17
19 09/01/2001 16.0 221 386 519 671 853 20

yearly precipitation in one day (pink dots) and the maximum4.4 Hydrological triggering conditions of shallow and deep
yearly CAR (black dots) for the 34 years without reported landslides
landslide activity.

. . : Assessment of empirical rainfall thresholds provides no
The best results obtained for shallow landslide epISOdescausal mechanisms for slope failures. Nevertheless, results
correspond to the 5 days CAR (Fig. 11b). The envelope P : :

. from the statistical rainfall analysis are consistent with the
curve follows the exponential rulBr=167.28~00355CAR . ) o . _
whereDr is the daily rainfall. There are only 5 no-landslide different hydrological triggering conditions related to dif

: : - ) ferent types of landslides. Shallow translational soil slips
events lying above the curve (pink dots), confirming this rule . AR : .
as a possible threshold for the shallow slope movement<'€ triggered by the rapid infiltration of water into the thin
The best discrimination of deep landslide events is observet?OII material (colluvium depc_)sns) which overlies imperme-
in th h dina to the 30 d CAR (Fia. 11d able rocks. The temporary rise of the pore water pressure as
I?he ?ognzetl)?negc;;lrreess%%?d 'gfgd;)” rzinfallfilgmm argd 'go da )S'well as the loss of soil apparent cohesion resulting from soil
CAR=85mm includes all the )(;ee Ian_dslide episodes gb_saturation are responsible for a critical reduction of the soll
serve_d and. equallv important itpis exceededpb 2 sin Ieshear resistance and resultant failure (Gostelow, 1991; Iver-
no-Iandinde'evgnt y Imp ' y 9 son, 2000). Translational slides, rotational slides and com-
' plex and composite slope movements have deeper slip sur-
Differences on the relevance of antecedent rainfall forfaces than soil slips and involve rocks and soils that yield
shallow and deep landslide episodes are also impressivemall effective hydraulic diffusivities. They are triggered by
when we compare the number of previous consecutive daythe reduction of shear strength of affected soils and rocks,
with 30 days CAR-50 mm (Table 3). This number ranges linked with the steady rising of the groundwater level result-
from 0 to 10 days for dates of shallow movements occur-ing from long-term precipitation periods (Gostelow, 1991,
rence, and increases up to a minimum of 17—18 days for dategan Asch et al., 1999; Ilverson, 2000).
characterised by deep landslide activity. Moreover, maxi- In the following section we describe the large-scale atmo-
mum values (20 to 40 days) are observed in late event dates ispheric circulation responsible for the high inter-annual pre-
those years characterized by several landslide episodes (e.gpitation variability and its effects on deep-seated landslid-

1989, 1996 and 2001). ing (Fig. 8).
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Fig. 10. Daily rainfall and calibrated antecedent rainfall (CAR) in
the last 5 and 30 days for years of deep landslide activity in the
region north of Lisbon from 1956 to 2001. Blue bars: daily rainfall;
red curve: 5-days CAR,; grey curve: 30-days CAR; blue triangles:
dates of deep landslide activity.

Fig. 9. Daily rainfall and calibrated antecedent rainfall (CAR) in -
the last 5 and 30 days for years of shallow landslide activity in the o
region north of Lisbon from 1956 to 2001. Blue bars: daily rainfall; | £% ]
red curve: 5-days CAR; grey curve: 30-days CAR; green diamonds: | & «}:* "1;.'-.‘ L
dates of shallow landslide activity. o

5 The impact of NAO on Portuguese precipitation and
landslide occurrence

o3338BREEE

Daly rainfall (mm)
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It is now widely accepted that a large portion of winter pre- s s st e o

cipitation in Iberia can be explained in terms of a relatively

small number of large-scale atmospheric circulation modes-jg 11 Relationship between daily rainfall and calibrated an-

that vary at monthly time scales (Trigo and Palutikof, 2001). ecedent rainfall (CAR) in 3 day), 5 days(b), 15 days(c) and

In particular, the impact of the North Atlantic Oscillation 30 days(d) (period 1956-2001). Green diamonds: values associ-

(NAO) to model winter precipitation over Iberia has been ated to shallow landslides occurrence; blue triangles: values asso-

documented in literature (e.g. Ro@ét al., 1997; Corte-Real ciated to deep landslides occurrence; small dots: values obtained

etal., 1998; Trigo et al., 2002; Trigo et al., 2004a, 2005). Asfrom the yearly maximum daily rainfall (pink colour) and from the

previously referred at the beginning, the NAO correspondsyearly maximum CAR (black colour), computed for years without

to the major pattern of extratropical atmospheric variability, "ePorted landslides.

accounting for roughly one third of the sea level pressure

variability in the Northern Hemisphere (Trigo et al., 2002;

Hurrell et al., 2003). one. Finally, we defined the seasonal high NAO composite
The NAO index used in this study was developed by the(low NAO composite) to be a combination of all winters with

Climatic Research Unit (University of East Anglia, UK) and NAO index greater than 0.5 (less tha0.5). Between 1932

is defined, on a monthly basis, as the difference betwee@nd 2001 (70 winters), the number of winter seasons with a

the normalized surface pressure at Gibraltar (southern tip ofigh NAO index (20) is similar to the number characterized

Iberian Peninsula) and Stykkisholmur in Iceland (Jones eby a low NAO index (24). The remaining winters (26) are

al., 1997). The NAO index for winter months presents acharacterized by near normal NAO index values.

positive trend over the last 30 years, as a consequence its The spatial analysis on the impact of NAO on atmospheric

distribution is dominated by positive values, with monthly circulation and precipitation is performed using monthly av-

averages above zero (Jones et al., 1997). Therefore we derage values of sea level pressure (SLP), and precipitation

cided to normalize the entire winter NAO index (average of rate (mm/day) over a 22%2.5° grid. The atmospheric data

NDJFM values) so it has zero mean and standard deviatiomsed in this study are large-scale gridded data retrieved from

4 s 80
30-days calibrated ante
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:1: Fig. 13. Inter-annual variability of the mean winter (NDJFM) Por-
' tuguese average precipitation (solid curve), and the contempora-
neous winter NAO index, multiplied by-1 to facilitate analysis
(dashed curve); both curves have been normalised and so are di-
mensionless (period 1932-2001).

shown in Fig. 12c. Corresponding differences in precipita-

0 tion rate, between high and low NAO composites, are also
represented in Fig. 12c, wherever those differences are statis-
-15 tically significant at the 5% level (colour scale). This figure
highlights two important issues:

(i) The impact of the NAO on the northern hemisphere
winter precipitation field, for both phases of the NAO index,
Fig. 12. Precipitation rate anomaly fields (mm/day) from the IS Not restricted to the European continent but extends over
NCEP/NCAR reanalysis for winter months wiga) high NAO in- large sectors of the North Atlantic, confirming results from
dex>0.5, (b) low NAO index <—0.5 and, and(c) their difference ~ previous works (Hurrell, 1995; Osborn et al., 1999; Trigo et
(represented only if significant at the 5% level). Positive (solid) andal., 2004a);
negative (dashed) isolines of the sea level pressure anomaly field (ji) Figure 12c shows quasi-zonal bands of opposite
(hPa) are also represented (period 1958-1997). anomaly signs, with impressive positive differences con-
centrated in the northern latitudes, extending from eastern
Greenland to Finland, with maximum values south of Ice-

the National Centers for Environmental Prediction/National12nd- At lower latitudes, a strong band of negative differ-
Center for Atmospheric Research (NCEP/NCAR) reanaly-€Nces extends from the Azores archipelago in the mid At-
sis dataset (Kalnay et al., 1996). Advantages and caution&ntic Ocean, to the Balkanic Peninsula, with larger differ-
on the use of this dataset for Iberia are beyond the scop&NC€S located west of Iberia, and particularly over Portugal.
in this work and have been previously addressed in greater The inter-annual variability of Portuguese average winter
detail by Trigo et al. (2002, 2004a, b). The gridded data(NDJFM) precipitation and contemporaneous winter NAO
cover an area from 30! to 80N and 60 W to 70° E, for the index can be observed, for the 1932-2001 period in Fig. 13.
period 1958-1997. In fact, NCEP/NCAR Reanalyses doeslhe average precipitation in Portugal was computed using
not cover the 70 years period available for the NAO index 18 stations that cover the whole period and are represen-
and precipitation in Portugal, therefore the spatial analysidative of the entire territory (Trigo and DaCamara, 2000).
presented in Fig. 12, as well as the storm track discussiofBoth curves (precipitation and NAO index) were normalized
in Sect. 6 (F|g 16) is performed for a shorter 40 year |0ng and the NAO index multlplled by minus one to facilitate vi-
period. SLP and precipitation rate anomaly fields for win- sual comparisons. The correlation coefficient between both
ter months characterized by high and low NAO index valuescurves iskR=—0.66 (statistically significant at the 1% level).
were computed and are shown in Figs. 12a and 12b, respec- Having shown that the winter precipitation in Portugal
tively. Differences of the SLP between winter months (ND- is associated with the NAO mode we now focus our at-
JFM) with high and low NAO index (solid contour lines) are tention on the precipitation that falls on SJT. For this pur-

C
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Fig. 14. Histograms of monthly precipitation for the reference rain gauge station of oXidi Tojal (SJT) for winters witfa) high NAO

index (>0.5) and,(b) low NAO index (<—0.5). The corresponding gamma function is also represented (solid curve). QQ-plots comparing
percentiles of the empirical cumulative distribution function for the climatological norma(g)fbigh NAO index and(d) low NAO index
(period 1939-2001).

pose we use available monthly rainfall from November to roughly 20 times higher than the corresponding probability
March, at SJT, between 1939 and 2001 (63 winters, correfor months with NAO index above 0.5 (Trigo et al., 2005).
sponding to 315 cases), a period slightly shorter than theThe use of quantile-quantile (QQ)-plots helps to identify the
available period for Portugal. Composites were constructedange of values where the high (Fig. 14c) and low (Fig. 14d)
on a monthly basis with the high NAO composite contain- NAO composites differ more markedly from the climatolog-
ing months with the monthly NAO normalized index greater ical mean. These QQ-plots compare percentiles of the em-
than 0.5 (99 cases) and low NAO composite containing thosepirical cumulative distribution function of the climatological
months with the NAO index less thar0.5 (102 cases). The mean and the high and low NAO composites (Wilks, 1995).
remaining months are characterized by “near normal” valuedf the match is perfect, the plotted points will fall along the
of the NAO index. The histogram of monthly precipitation straight line in Figs. 14c and 14d. Points that lie above (be-
for the high (low) NAO composites is represented in Fig. 14alow) this line indicate that the percentiles associated with
(Fig. 14b). A gamma distribution was fit to each compos-the NAO composites are lower (higher) than those associated
ite precipitation distribution, using the standard method ofwith the entire distribution. This analysis shows that the high
maximum likelihood (Trigo et al., 2005). These adjusted NAO index composite gets further and further away as we
gamma distributions show that the probability of a very dry move from low to the highest percentiles (Fig. 14c). In the
month during the negative phase of the NAO is small, while case of the low NAO index composite the cumulative distri-
it presents high values, for the positive phase. In contrastbution function is consistently higher than the corresponding
the probability of a very wet month is virtually null for the winter climatological distribution (Fig. 14d).

positive NAO class and increases considerably for months ) S )
characterized by low NAO index. In a previous work we Inorder to associate precipitation, NAO and landslide oc-
have showed that the probability of a wet month (above thecurrence we have applied a 3-month moving average to both
90% percentile) for months with NAO index below0.5is  the NAO index and the monthly SJT precipitation time series
during the wet season only (NDJFM). However, we do not
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Fig. 15. Scatter plot between 3-month moving average NAO in-
dex and associated anomalous precipitation at SJT for the winter
(NDJFM) months, (period 1956-2001, 225 months). Small dia-
monds: months with no landslide episodes reported. Green dia-
monds: months with shallow landslide episodes. Blue triangles:
months with deep landslide episodes. Numbers next to green and
blue symbols represent the landslide episode number as given in
Table 2.

use the raw SJT values, instead we compute the monthly al®)

erage (computed for the entire period 1939-2001). Then, WeFig. 16. Number of cyclones per winter, detected within boxes of

subtract the average monthly values to obtain a time series afoq, 4 5°1at and normalised for SON. for (a) NAO=>0.5 and,(b)
monthly anomalies, i.e. monthly departures from the meanyao <—0.5 (period 1958-1997).

climatological values. October values are used to compute

November and December averages. September values are

excluded from any forthcoming analysis because the NAO-extremely high values of average anomalous precipitation.
precipitation relationship for summer months is weak (Trigo  |n the following section we will show that the control ex-

at al., 2004a). Therefore, values for January of a genericerted by NAO on the precipitation regimes is related to the
yearn, correspond to the anomalous rainfall and NAO indexX corresponding changes in the North-Atlantic storm paths that
averages computed between November of yedl and Jan-  affect the western European coast.

uary of yearn, while values for November of any year are

restricted to the October and November values for that same

year. For landslides episodes that have occurred in the firs§ The impact of NAO on storms affecting the Iberian

5 days of the month we only considered the NAO index and  Peninsula

precipitation values from the previous two months (episodes

#5, #12 and #17). The scatter plot between 3-month movingrhere are several objective methodologies that have been de-
average NAO and anomalous precipitation can be observedeloped to detect the regions of storm development (cycloge-
in Fig. 15. Numbers close to green and blue symbols reprenesis) and decay (cyclolysis), as well as the paths of individ-
sent the landslide episode number reported in Table 2. Thisial storms (Serreze et al., 1997; Blender et al., 1997; Trigo
figure reveals a relatively good linear relationship betweenet al., 1999). Here, the detection and tracking of North At-
variables (linear correlation is0.63, significant at the 1% lantic cyclones is based on an algorithm first developed for
level). However, this link is slightly better represented by athe Mediterranean Region by Trigo et al. (1999, 2002) and
non-linear curve, such as the 3rd order polynomial curve alsaecently adapted to the entire north Atlantic area (Trigo et al.,
shown R=—0.65). All months during which landslides oc- 2004b). Both the detection and tracking schemes were per-
curred are characterized by negative values of the averagefdrmed using 6-hour sea level pressure (SLP), available from
NAO index. All months, except two, where landslide events NCEP/NCAR reanalysis on a 2.52.5° grid. Again, these
were reported are located above the polynomial fitting curvedata cover the area from 308 to 80° N and 60 W to 7C° E,

and also present a positive 3-month average value of precipand the period from 1958 to 1997. Cyclones are identified
itation anomaly. Months characterized by the occurrence ofas minima in SLP fields, fulfilling a set of conditions regard-
multiple events (e.g. episodes #12 to #17) included in grougdng the central pressure (less than 1020 hPa) and the pressure
2 of deep-seated landslides reveal particularly intense negagradient, averaged over an area of about k@@, has to

tive average values of the NAO index (lower thad) and  be at least 0.55hPa/100 km. The tracking is based on a near-
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est neighbor search in consecutive charts, assuming that thenhe fitting of the curve to the 19 points looks impres-
speed of individual storms is less than 50 km/h in the west-sive (R?=0.88), namely for those landslide episodes cor-
ward direction, and 110 km/h in any other. Further details onresponding to long-lasting rainfall periods. The distinc-
the cyclone detecting and tracking method may be found intion between landslide types concerning the number of days
Trigo et al. (1999, 2002), and Trigo et al. (2004b). relevant to the antecedent rainfall was confirmed combin-
The anomalies of the average number of cyclones detectethg the daily rainfall and the calibrated antecedent rainfall
per winter, per 5x5° cell normalized for 50N, are plotted (CAR) from 3 to 30 days. We identified an exponential
in Figs. 16a and 16b, for high NAO and low NAO compos- rule (Dr=167.28"00355CAR) for the 5 days CAR which is
ites, respectively. As expected, during high NAO episodesa threshold for shallow landslide episodes, while deep land-
there is a pronounced decrease in the number of cycloneslide events are better discriminated by a combined thresh-
traveling between the Azores (mid Atlantic ocean) and theold of daily rainfall=16 mm and 30 days CAR=85mm. The
Iberian Peninsula. This area of fewer than average stormgroup of deep landslide episodes is the most likely to present
extends to part of the Northern Mediterranean and the Blacla direct relationship with the NAO mode of atmospheric cir-
Sea. The negative anomaly to the west of Iberia repre-culation.
sents a decrease of over 60% of storm-tracks, when com- We have shown that the North Atlantic Oscillation impact
pared with the climatological mean. During the high phaseon precipitation in Portugal is important and is the main driv-
of the NAO, the dominant cyclone paths are located betweering force for the high values of inter-annual variability that
Greenland and the Scandinavia Peninsula. On the contrargharacterize the Portuguese precipitation regime. Most win-
during months characterized by low NAO index, there areters considered wetter (drier) than normal correspond to win-
more than the usual number of cyclones traveling along aers characterized by a negative (positive) NAO index. In
more south-easterly trajectory, between the Iberian Peninsulparticular, for the reference station of SJT, near the landslide
and the Caspian Sea. Again the impact over western Iberia istudied areas, the probability of a wet month increases con-
particularly pronounced, with the anomaly maximum of the siderably for months with negative NAO index. During these
NAO negative phase representing a relative increase of morenonths with negative NAO index, the frequency of storm-
than 80%, with respect to the climatological average. tracks over the west of Iberia increases more than 80%, when
It is important to keep in mind that this type of algorithm compared with the climatological mean.
identifies and follows cyclone centers, and thus the anoma- Precipitation, NAO and landslide occurrence were associ-
lies described above (Figs. 16a and 16b) also correspond tated through a 3-month moving average computed to both the
densities of storm centers. Therefore, their associated imNAO index and the monthly rainfall anomalies. This analy-
pact on precipitation extends to the south of each main maxsis has shown that months characterized by the occurrence
imum/minimum shown, accompanying the main fronts asso-of deep-seated landslides (group 2) have very high values of
ciated with the synoptic systems tracked by the algorithm. Inaverage anomalous precipitation and intense negative aver-
fact the maximum impact of NAO in precipitation anomalies age values of the NAO index. However, shallow landslide
(Fig. 12) is located a few degrees south of the correspondingpisodes, characteristic of group 1, are not critically associ-
storm centers density anomalies shown in Fig. 16. ated with the NAO phenomena.
Results obtained from the present analysis reveal the ne-
cessity to separate the rainfall-landslide analysis for shallow
7 Discussion and conclusions and deep events due to considerable differences in triggering
_ physical mechanisms and associated threshold values of crit-
Rainfall induced landslides are known to occur in the Lis- jca| antecedent rainfall and rainfall intensity. Furthermore,
bon area with moderate frequency and have been catalogugflese results point for the possibility of wide scope for fur-
since the late 1950s. Shallow translational soil slips haveher work on landslide hazard assessment at a regional scale,
been related to intense rainfall periods ranging from 1 to 15considering the possibility of NAO-based long-term rainfall
days, while deep slope movements (translational slides, rotagprecast models. In fact, information from such models can
tional slides and complex and composite slope movementsye coupled with landslide susceptibility models, providing
have been occurred in relation to longer periods of Iess inyhe temporal dimension needed for landslide hazard assess-
tense rain, lasting from 30 to 90 days. Intense rainfall is re-ent based on probabilistic approaches. This can be ac-
sponsible by the rapid growth of pore pressure and by th&omplished if we assume that rainfall amount — durations or
loss of the apparent cohesion of thin sails, resulting in failureyainfa|| intensities that produced slope instability in the past
within the soil material or at the contact with the underlying ithin the study area will produce the same effects each time

impermeable bedrock. Long duration less intense rainfall P€they occur in the future (i.e. same type of landslides and sim-
riods allow the steady rise of the groundwater table and thg|5; total affected areas).

occurrence of deep failures through the reduction of shear
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