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RESUMEN

El acercamiento del ciclón tropical Juliette en 2001 a la península de Baja California provocó por lo menos 
419 deslizamientos. Éstos corresponden en su mayoría a derrumbes someros de extensión reducida que 
hwgtqp"eqpxgtvkfqu"tƒrkfcogpvg"gp"Þwlqu"fg"fgvtkvqu"rctc"ugt"gzrqtvcfqu"fg"ncu"ƒtgcu"oqpvc‚qucu"jcekc"ƒtgcu"
bajas. Los factores principales que afectan la ocurrencia de deslizamientos en esta zona son la precipitación 
total y su intensidad, así como la orientación, la geología y la vegetación. Se pueden distinguir dos procesos 
como iniciadores de los derrumbes. El primero de ellos es la acumulación de escorrentía por precipitación 
kpvgpuc"uqdtg"tqecu"gzrwguvcu."nq"ewcn"igpgtc"gzeguq"fg"guewttkokgpvq"uwrgtÝekcn"swg"cecttgc"tgiqnkvq0"¡uvg"
es el proceso principal en topografía cóncava. La combinación de viento y de exceso de escurrimiento en 
las pendientes altas convexas o planas constituye un proceso secundario relacionado con la heterogeneidad 
de las asociaciones de vegetación en el límite entre los bosques tropical seco y de roble. Los árboles arran-
cados desprendieron bloques completos de regolito y roca, lo cual preparó las laderas para la concentración 
cfkekqpcn"fg"guewttkokgpvq"uwrgtÝekcn0"Ug"jc"guvkocfq"wpc"ewtxc"rctc"gn"wodtcn"fg"fgunk¦cokgpvqu"gp"guvc"
región. Asimismo, con base en el análisis de la información histórica, se ha determinado que tormentas 
eqoq"Lwnkgvvg"ug"cegtecp"cn"uwt"fg"nc"rgp‡puwnc"gp"rtqogfkq"wpc"xg¦"ecfc"322"c‚qu0"Ncu"guvkocekqpgu"fg"
la denudación provocada directamente por deslizamientos se ubican en la parte más alta del espectro para 
un margen tectónico pasivo. Estas estimaciones deben considerarse en la toma de decisiones vinculadas 
con el manejo de los recursos hídricos en esta región. Los resultados acentúan la necesidad de contar con 
una representación más detallada de la distribución espacial de la precipitación y vientos para esta región 
oqpvc‚quc"chgevcfc"rqt"ekenqpgu"vtqrkecngu0

ABSTRACT

The approach of tropical cyclone (TC) Juliette, in 2001, to the Baja California Peninsula triggered at least 
419 landslides. Most of the landslides were shallow slips and debris slides of limited areal extent, which were 
eqpxgtvgf"tcrkfn{"kpvq"fgdtku"Þqyu"vq"dg"gzrqtvgf"swkemn{"qwv"qh"vjg"oqwpvckp"ctgcu"vqyctfu"vjg"nqyncpfu0"
Main factors affecting landslide occurrence were total storm rainfall and intensity, aspect, geology and veg-
etation association. Two processes can be distinguished as initiating slope failure. Accumulation of rainfall 
htqo"gzrqugf"dgftqem"unqrgu."igpgtcvkpi"gzeguu"qxgtncpf"Þqy."ycu"vjg"ockp"rtqeguu"nkpmgf"vq"hcknwtgu"kp"
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eqpecxg"vqrqitcrj{0"C"eqodkpcvkqp"qh"ykpf"cpf"gzeguu"qxgtncpf"Þqy"kp"vjg"oqtg"eqpxgz"qt"rncpct"wrrgt"
unqrgu"ycu"c"ugeqpfct{"rtqeguu"tgncvgf"vq"jgvgtqigpgkv{"qh"xgigvcvkqp"cuuqekcvkqpu"kp"vjg"qcm/ft{"vtqrkecn"
hqtguvu"geqvqpg."cu"wrtqqvgf"vtggu"fkunqfigf"nctig"tgiqnkvj"cpf"dgftqem"dnqemu."rtkokpi"jknnunqrgu"hqt"hwtvjgt"
twpqhh"eqpegpvtcvkqp0"Cp"guvkocvkxg"vjtgujqnf"ewtxg"hqt"vtkiigtkpi"ncpfunkfgu"kp"vjku"tgikqp"ku"umgvejgf0"Htqo"
vjg"cpcn{uku"qh"jkuvqtkecn"kphqtocvkqp."uvqtou"nkmg"Lwnkgvvg"crrtqcej"vjg"uqwvjgtp"rgpkpuwnc"qp"cxgtcig"qpeg"
every 100 years. Denudation estimates are in the higher end of the spectrum for a tectonically passive margin. 
Vjgug"guvkocvgu"ujqwnf"dg"eqpukfgtgf"yjgp"vcmkpi"fgekukqpu"tgictfkpi"ocpcigogpv"qh"ycvgt"tguqwtegu"kp"
this area through damming of streams. The results emphasize the need for a more detailed representation of 
the spatial distribution of the rainfall and winds for this mountainous region affected by TCs. 

Keywords: Vtqrkecn"e{enqpg."gcuvgtp"RcekÝe"Qegcp."Lwnkgvvg."ncpfunkfgu."ugfkogpv"vtcpurqtv0

1. Introduction

Inland landscapes affected by tropical cyclones (TC) respond in different ways to the intense 
rtgekrkvcvkqp"igpgtcvgf"d{"vjg"uvqto"crrtqcej"cpf"rcuucig"qxgt"vjg"eqpvkpgpv0"Ykfgurtgcf"Þqqfkpi."
dcpm"gtqukqp"cpf"cnnwxkcn"fgrqukvkqp"ctg"fqokpcpv"rtqeguugu"kp"nqyncpfu"*Iwrvc."3;::="Mquvcejwm"
et an0."4223="Octv‡pg¦/Iwvkfittg¦"cpf"Oc{gt."4226="Oknnkocp"cpf"Mcq."4227+"yjkng"ncpfunkfgu"ctg"
predominant in mountainous terrain (Larsen and Simon, 1993; Page et an0, 1999; Hovius et an0, 
2000; Crone et an0."4223="Dwempco"et an0, 2001; Lin et an0, 2004; Alcántara-Ayala, 2004; Turton, 
422:="Nctugp."422:+0"Cnn" v{rgu"qh"ocuu"ycuvkpi" gxgpvu" ecp"qeewt"fwtkpi" vjg"rcuucig"qh" vjgug"
storms. Deep seated landslides turning into mudslides have mobilized entire hillslopes (Matías-
Tco‡tg¦."3;;:+."cpf"fgdtku"unkfgu"cpf"Þqyu"ecp"ciitgicvg"cpf"jcxg"vjg"ecrcdknkv{"qh"hqnnqy"cpf"
qxgtyjgno"vjg"ftckpcig"pgvyqtm."chhgevkpi"ecvcuvtqrjkecnn{"vjg"ncpfuecrg"*Rcfknnc/Nq¦q{c."4228+0"
A large availability of sediment on the hillslopes is a major factor that conditions mass wasting 
wpfgt"kpetgcugf"rqtg"rtguuwtg."cpf"ukipkÝecpv"igqoqtrjke"ghhgevu"fgtkxgf"htqo"ncpfunkfkpi"ctg"
qdugtxgf"kp"vtqrkecn"tgikqpu"yjgtg"fggr"ygcvjgtkpi"ocmgu"cxckncdng"nctigt"coqwpvu"qh"tgiqnkvj"vq"
be mobilized (e0g0."Dwempco"et an0, 2001; Crone et an0, 2001; Larsen and Torres-Sánchez, 1992). 
Jqygxgt."kp"egtvckp"ecugu"unqrg"hcknwtg"ecp"qeewt"qp"jknnunqrgu"ykvj"ujcnnqy"tgiqnkvj"eqxgt."nkmg"
vjqug"vjcv"vcmg"rnceg"kp"ugokctkf"tgikqpu"tgegkxkpi"qpn{"ugcuqpcn"rtgekrkvcvkqp"*Ygdd"et an0."422:+0"
These events are rarely described because they are less impressive compared to their counterparts 
in regions with relatively constant humid conditions throughout the whole year.

Our goal is to discuss the meteorological, geomorphological and environmental conditions 
that are favorable for landslide development in response to the approach and eventual TC landfall 
in the Mexican state of Baja California Sur (BCS). The area is located in a semiarid environment 
dominated by rainfall in discrete TC-related events during the summer and fall (Latorre and Penilla, 
3;::+0"Tckphcnn/vtkiigtgf"ncpfunkfgu"jcxg"pqv"dggp"tgrqtvgf"hqt"vjg"tgikqp"fgurkvg"vjg"hcev"vjcv"vjg"
tgikqp"tgegkxgu"cv"ngcuv"qpeg"c"{gct"c"VE"rcuukpi"ykvjkp"472"mo"htqo"vjg"eqcuv"*cf0 Serra, 1971). 
Ukpeg"3;8;."qpn{"qpg"ecvgiqt{/5"ocfg"ncpfhcnn"kp"DEU"*Hcthƒp"et an0, 2012) although, over the 
ocean, one category-4 moved close to the peninsula. None of these systems made the widespread 
impact that the approach of TC Juliette, in late September 2001, had over the Sierra La Laguna 
(SLL, Fig. 1) mountains. The events associated with TC Juliette are therefore chosen to illustrate 
the occurrence of landslides in this region of southwestern North America.

Vtqrkecn"e{enqpg"Lwnkgvvg"oqxgf"fwtkpi"ugxgtcn"fc{u"kp"c"rcvj"c"hgy"jwpftgf"mknqogvgtu"yguv"
of the southern peninsula (Ávila et an0, 2003), bringing record rainfall to some areas in the region 
(Farfán, 2004), and generating geomorphic and ecosystem effects that disrupted importantly 
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human activities (e0g0, Ávila et an0."4225="Octv‡pg¦/Iwvkfittg¦"cpf"Oc{gt."4226="Ecocejq/Xcnfg¦"
et an0." 422:+0"Jqygxgt." vjgtg" ku" pq" fqewogpvcvkqp" tghgttkpi" vq"ykfgurtgcf" ncpfunkfkpi" kp" vjg"
southern SLL as a result of its approach. Landslide occurrence may be considered rare because it 
ku"fqewogpvgf"hqt"vjg"Ýtuv"vkog0"Jqygxgt."qp"c"jkuvqtkecn"rgturgevkxg."kv"ku"pqv"vjg"Ýtuv"ncpfunkfg/
triggering event that has occurred, and not the last. We describe here for example a 1907 storm 
that generated landslides, and also landslides occurring on landfall of more recent TCs. This paper 
reports the landslides associated with TC Juliette, characterizing them and assessing the conditions 
of antecedent and accumulated storm precipitation, geology, geomorphology, slope aspects, soils 
cpf"xgigvcvkqp0"Yg"fkuewuu"vjg"tgngxcpeg"cpf"tgewttgpeg"qh"vjgug"ncpfunkfg"gxgpvu"cu"Ýtuv/qtfgt"
surface processes controlling erosion in the southern peninsula, with implications for other arid 
and semi-arid regions subject to highly seasonal rainfall.

2. Data and methods

The geographical area of interest includes the SLL mountainous region, with mean elevation above 
822"o"cpf"oczkowo"cnvkvwfgu"tgcejkpi"3722/4222"o."kpetgcukpi"htqo"uqwvj"vq"pqtvj0"Vq"kfgpvkh{"
the landslides that occurred during the approach of TC Juliette to Baja California on September 
49/52."4223."yg"wugf"vyq"Ncpfucv"9"VO"kocigu"vcmgp"dghqtg"*Oc{"3;+"cpf"chvgt"*Qevqdgt"48+"
its landfall. Primary information obtained from the satellite imagery at ~30 m resolution was 
eqttqdqtcvgf"wukpi"cgtkcn"rjqvqitcrju"htqo"OgzkeqŁu"Kpuvkvwvq"Pcekqpcn"fg"Guvcf‡uvkec."Igqitch‡c"
g"Kphqtoƒvkec"*KPGIK."jvvr<11yyy0kpgik0qti0oz+."uqog"qh"vjgo"qtvjqttgevkÝgf."hqt"fcvgu"dghqtg"

Fig. 1. Tropical cyclone Juliette approach to the southern Baja California peninsula. 
*c+"Uvqto"dguv"vtcem"ceeqtfkpi"vq"PJE"tgeqtfu"ujqyp"ykvj"fqvu"*enqugf<"jwttkecpg="
open: tropical storm and tropical depression), presenting accumulated storm rainfall 
in mm, with intervals displayed in the sidebar. Contours for terrain elevation (solid 
nkpgu+"cv"522."822"cpf";22"o0"Rnwu"ukipu"kpfkecvg"ogvgqtqnqikecn"uvcvkqpu"ykvj"fckn{"
qdugtxcvkqpu"vjcv"ygtg"wugf"vq"rtgrctg"vjg"Ýiwtg0"Vkog"kpfkecvgf"ku"WVE1fc{0"*d+"Ujcfgf"
relief map showing elevation at the 200 m interval for the southern tip of the Baja 
California peninsula (note the location of the Sierra La Laguna).
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cpf"chvgt"vjg"gxgpv."cpf"vcmgp"cv"uecngu"dgvyggp"3<92"222"cpf"3<62"2220"Swkemdktf̶."Igqg{g̶."
cpf"URQV̶"qtvjqttgevkÝgf"ucvgnnkvg"kocigt{"cv"\7/32"o"tguqnwvkqp"ycu"cnuq"wugf"vq"fkikvk¦g"cv"
3<47"222"uecng"vjg"ncpfunkfg"kpxgpvqt{."vq"guvkocvg"uect"ctgcu"cpf"vtkiigtkpi"rqkpvu."cpf"vq"hqnnqy"
the temporal evolution of some of the landslides after 2001. Digital elevation model (DEM) 
kphqtocvkqp"ycu"qdvckpgf"htqo"UTVO;2"*jvvr<11utvo0wuiu0iqx+"fcvcugvu"cpf"htqo"tgikqpcn"FGOu"
htqo"KPGIK."yjkej"ygtg"wugf"vq"gzvtcev"ugeqpfct{"vqrqitcrjkecn"hgcvwtgu"nkmg"tgnkgh"cv"7"mo"tcfkwu."
nqecn"unqrg"cpf"curgev0"Yg"pqv"qpn{"wugf"xkuwcn"kfgpvkÝecvkqp"qh"ncpfunkfgu"ykvj"vjg"kocigt{"htqo"
dcpf"eqodkpcvkqpu" nkmg"TID"675"qt"964"dwv"cnuq"dcpf"tcvkqu" *e0g0."VO716."VO719+" vq" tgfweg"
brightness effects associated with topographic slope and aspect effects (e0g0, Restrepo and Alvarez, 
4228+0"Cnn"kphqtocvkqp"ycu"rtqeguugf"cpf"eqorkngf"kp"CTE̶0"Vgtokpqnqi{"wugf"vq"encuukh{"vjg"
ncpfunkfgu"hqnnqyu"Etwfgp"cpf"Xctpgu"*3;;8+0"Hkgnf"tgeqppckuucpeg"ycu"rgthqtogf"fwtkpi"ncvg"
2010 and early 2011 to assess the extent of visible landslide scars and deposits ten years after the 
gxgpv0"Oquv"qh"vjg"Ýgnf/ejgemgf"fgrqukvu"*\42+"ctg"nqecvgf"kp"nqygt."ceeguukdng"ctgcu"rqtvtc{kpi"
landslides (e0g0, the San Dionisio area).

We focused our analysis in the relevance of landslides as a sediment production process, 
cpf"pqv"kp"vjg"gzvgpv"qh"vjg"Ýpcn"fgrqukv0"Vjg"ocrrkpi"vjgtghqtg"tgÞgevu"ctgcu"qh"hcknwtg"qtkikp."
tcvjgt"vjcp"hwnn"vtclgevqtkgu"qh"fgdtku"Þqyu"qt"unkfgu0"Oquv"qh"vjg"Þqyu"ygtg"ciitgicvgf"kpvq"
higher order channels very close to the origin and no attempt was made to map the extent 
qh" vjg"Þqyu"dg{qpf" vjktf"qtfgt"ejcppgnu0"Nkokvcvkqpu"qh" vjg"ocrrkpi"crrtqcej" kpenwfg" vjg"
fkhÝewnvkgu"cuuqekcvgf"ykvj"nqecvkpi"vjg"vtcpukvkqpcn"¦qpg"dgvyggp"uect"cpf"fgrqukvkqpcn"nqdgu"qp"
the imagery for most shallow slips, and the transition area between these slips and downslope 
fgdtku"Þqyu0"Vjg"hgy"Ýgnf"ogcuwtgogpvu"qh"nkpgct"fkuvcpegu"kp"vjg"Ýgnf"eqorctgf"vq"vjg"IKU"
guvkocvgu"qp"vjg"ucog"ncpfunkfgu"{kgnf"fkhhgtgpegu"qh"wr"vq"7/32'."fgrgpfkpi"qp"hcevqtu"nkmg"kocigt{"
resolution, slope values unaccounted for, and revegetation obscuring boundaries of scar regions and 
original slopes. All measurements used to calculate landslide dimension are considered as having 
32/42'"wpegtvckpv{"*ctgcu"cpf"xqnwogu."d{"cffkpi"kp"swcftcvwtg"rquukdng"gttqtu"htqo"gcej+."cpf"
kp"citggogpv"ykvj"rtgxkqwu"tgrqtvu"hqt"ncpfunkfgu"kp"qvjgt"tgikqpu"*Cpvkpcq"cpf"Iquug."422;+0
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Fig. 2. Tropical cyclone Juliette accumulated storm rainfall 
for the southern tip of the Baja California peninsula. The 
distribution of accumulated precipitation in mm is derived 
htqo"vjg"qrgtcvkqpcn"pgvyqtm"qh"uwthceg"uvcvkqpu"kp"DEU."ykvj"
fcvc"htqo"Ugrvgodgt"48/52."kpvgtrqncvgf"qpvq"c"wpkhqto"itkf"
wukpi"vjg"Dctpgu"qdlgevkxg"cpcn{uku"*Mqej et an0, 3;:5+0"Gxgp"
though the spatial distribution of the available stations is not 
uniform, the interpolated grid is useful for a visualization of 
the activity that was associated with the passage of TC Juliette. 
Mg{"hqt"vjg"uvcvkqpu"ogpvkqpgf"kp"Hkiwtg"5<"Ucpvkciq<"U="Ncu"
Cuevas: LC; Agua Caliente: AC; San Bartolo: SB; Xcnng 
Rgtfkfq<"XR="Ucpvc"Igtvtwfku<"UI="Ucp"Lcekpvq<"LV="Ecfwcpq<"
CD; Yenecá: Y; Ucp"Lqufi del Cabo: SJ; El Sauzal: SZ; San 
Felipe: SF; and Candelaria: C.
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Vq"uvwf{"vjg"vtclgevqt{"cpf"korcev"qh"VE"Lwnkgvvg."ugxgtcn"fcvcugvu"ygtg"wugf0"IQGU"kphtctgf"
imagery was used to assess the cloud-cover structure. Precipitation was obtained from the daily 
fcvc"qh"vjg"pgvyqtm"ocpcigf"d{"vjg"Eqokuk„p"Pcekqpcn"fgn"Ciwc"*Eqpciwc."Ogzkeq+"*Hki0"4+0"
Vjku" pgvyqtm"ycu" cnuq" wugf" vq" cuuguu" vjg" eqpvtkdwvkqp" qh" cpvgegfgpv" tckphcnn" kp" vjg" qdugtxgf"
slope failures. High temporal resolution (10 min) wind and rainfall data were obtained from an 
automated station at Cabo San Lucas (Fig. 1). This station, unfortunately, malfunctioned during the 
ugeqpf"jcnh"qh"vjg"uvqto"rcuucig."cu"vjg"ykpfu"gzeggfgf"344"mo1j."korgfkpi"vjg"tguv"qh"vjg"gxgpv"
to be recorded, probably because the gauge was damaged. Stream discharge data (Conagua) for 
catchments originating at the SLL were not available during 2001, but we used previous records 
htqo"cpqvjgt"VE" *3;:4+" vq"fguetkdg"cpf"cuuguu" vjg"rqvgpvkcn" tgngxcpeg"qh" uvtgco"fkuejctig" kp"
removing landslide sediment.

3. Results

3010 Rainfann associated with trorican cycnone Luniette

Vjg"Ýtuv"uvcigu"qh"Lwnkgvvg"ygtg"lwuv"qhh"Egpvtcn"Cogtkec"cpf."yjkng"kpvgpukh{kpi."vjg"jwttkecpg"oqxgf"
rctcnngn"vq"vjg"Ogzkecp"eqcuv"vq"tgcej"ecvgiqt{/6"uvtgpivj"qp"Ugrvgodgt"460"Ncvgt."kv"ygcmgpgf"
cpf" hqnnqygf"pqtvjyctf"oqvkqp" vq" crrtqcej"Dclc"Ecnkhqtpkc0"Mg{"ogvgqtqnqikecn" rctcogvgtu"
indicate that Juliette was an intense storm, delivering an extremely large amount of precipitation 
vq"vjg"uqwvjgtp"rgpkpuwnc"*Hki0"4+0"Pqvg"vjcv"hgy"uvcvkqpu"ctg"nqecvgf"qxgt"722"o"*Hki0"3+0"Vjg"ctgc"
with most relevant rainfall was the SLL range, with several stations in the vicinity or along its 
gfigu"tgrqtvkpi"oqtg"vjcp"972"oo"ceewowncvgf"kp"cv"ngcuv"vjtgg"fc{u0"Vjgug"uvcvkqpu"vgpf"vq"dg"
located along the southern or eastern side of the range (Farfán, 2004). A maximum of 1011 mm 
ycu"tgrqtvgf"cv"Ecfwc‚q"*52"mo"pqtvj"qh"Ucp"Lqufi"fgn"Ecdq."Hki0"4+"yjgtg"oqtg"vjcp"422"oo1f"
were received during three consecutive days. Another area of maximum rainfall can be observed 
qxgt"c"oqwpvckp"tcpig"nqecvgf"dgvyggp"47/49³"P"ykvj"472/722"oo"*Hki0"3+0"Kp"eqpvtcuv."nkokvgf"
rainfall was reported from stations in the central peninsula.

3020 Antecedent rainfann during 2001

We compiled information for antecedent conditions for the stations that recorded rainfall during 
vjg"VE"crrtqcej0"Pq"ukipkÝecpv"rtgekrkvcvkqp"ycu" hqwpf"rtkqt" vq" vjg" uvqto."fwtkpi" vjg"rgtkqf"
January-September 2001. The time series of monthly rainfall (Fig. 3) at stations located in the 
eastern slopes of the sierra (Fig. 2), close to where most landslides occurred, show that most of 
vjg"rgtkqfÓu"rtgekrkvcvkqp"ycu"eqnngevgf"kp"Ugrvgodgt"cpf"oquv"ecog"htqo"vjg"rtgxkqwu"Ýxg"fc{u"
*48/52+."yjgp"Lwnkgvvg"crrtqcejgf"vjg"rgpkpuwnc0"Vjg"vkog"ugtkgu"cv"Ecfwc‚q"*Hki0"6+"ujqyu"pq"
ukipkÝecpv"ceewowncvkqp"kp"vjg"rtgegfkpi"oqpvju."ykvj"ygcmgt"uvqtou"chhgevkpi"vjg"ctgc"gxgt{"
:/32"fc{u."cxgtcikpi"42"oo"rgt"gxgpv0"Ukoknctn{."vjg"uvcvkqpu"nqecvgf"qp"vjg"uqwvjgtp"cpf"yguvgtp"
SLL show no accumulated rainfall previous to the TC passage (Fig. 3).

3030 Nandsnides

Satellite imagery and aerial photography were compared before and after the TC passage. A total 
qh"63;"ncpfunkfgu"*Vcdng"K+"ygtg"kfgpvkÝgf"kp"vjg"jknnunqrgu"qh"vjg"uqwvjgtp"UNN"*Hki0"7+."ykvjkp"
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cp"ctgc"qh"\3222"mo20"Cffkvkqpcnn{."yg"kfgpvkÝgf"pkpg"ncpfunkfg"uectu"igpgtcvgf"dghqtg"vjcv"fcvg."
and eight other landslides that occurred probably during 2003, both of which will be discussed 
ncvgt0"Igqitcrjkecnn{."c"engct"ugrctcvkqp"crrgctu"dgvyggp"vyq"¦qpgu"qh"jkijgt"ncpfunkfg"fgpukv{0"C"
northern zone occurrs along the La Zorra, Boca de la Sierra and Portezuelo catchments. A southern 
¦qpg"crrgctu"ockpn{"cnqpi"vjg"Ucp"Nƒ¦ctq"cpf"Ucp"Okiwgnkvq"ecvejogpvu"*Hki0"7="Vcdng"KK+0

0

200

400

600

800

1000

1200

1 2 3 4 5 6 7 8 9

Santiago

Yeneká

Caduaño

Agua Caliente

Las Cuevas

San Bartolo

0

200

400

600

800

1000

1200

1 2 3 4 5 6 7 8 9

Valle Perdido

Santa Gertrudis

El Crucero

San Jacinto

La Soledad

San Bartolo

0

200

400

600

800

1000

1200

1 2 3 4 5 6 7 8 9

San José del Cabo

San Felipe

El Sauzal

La Candelaria

East side of Sierra La Laguna

West side of Sierra La Laguna

South side of Sierra La Laguna

A
c
c
u

m
u

la
te

d
 m

o
n

th
ly

 r
a

in
fa

ll 
[m

m
] 

fr
o

m
 J

a
n

u
a

ry
 t

h
ro

u
g

h
 S

e
p

te
m

b
e

r 
2

0
0

1
 

Months of the year

Fig. 3. Accumulated monthly rainfall time series for stations located 
in different areas in relation to the mountains of Sierra La Laguna. 
Precipitation in mm. Location of stations in Figure 2. Numbers along 
the horizontal axis denote months of the year.
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Most landslides occurred in the south facing, upper portion of slopes. Shallow soil slips and 
fgdtku"Þqyu"ygtg"vjg"rtgfqokpcpv"hqtou"qh"unqrg"hcknwtg0"Vjg"ujcnnqy"unkru"vjcv"ygtg"ejgemgf"kp"
vjg"Ýgnf"uggo"vq"qtkikpcvg"htqo"hcknwtg"rncpgu"pgct"vjg"uqkn/ucrtqnkvg"qt"uqkn/dgftqem"dqwpfct{."
crrtqzkocvgn{"3/4"o"fggr0"Oquv"qh"vjg"fgdtku"Þqyu"ecp"dg"vtcegf"wrunqrg"vq"ujcnnqy"uqkn"unkru"
ykvj"hcknwtg"rncpgu"ukoknctn{"nqecvgf"kp"vjg"uqkn/ucrtqnkvg"qt"uqkn/dgftqem"dqwpfct{."cnvjqwij"uqog"
qh"vjg"fgdtku"Þqy"uectu"crrgct"koogfkcvgn{"fqypuvtgco"qh"dgftqem"gzrqugf"uwthcegu0"Oquv"qh"
the landslides initiated near the top of the hillslope, and then traveled towards the closest drainage 
channel. At this stage, at least a third order channel was reached, and most slides evolved there 
kpvq"fgdtku"Þqyu."kpfkecvgf"d{"vjg"uectu"nghv"*Hki0"8+"qp"vjg"jknnunqrgu"cpf"ejcppgnu0"Uqog"qh"vjg"
nctiguv"ncpfunkfgu"ygtg"oqtg"vjcp"722"o"nqpi"cpf"52/62"o"ykfg"*uect"fkogpukqp+."cpf"uwdugswgpv"
Þqy"rcvju"ygtg"\3/4"mo"nqpi"*Vcdng"K+0"Gxgp"vjg"nctiguv"fgrqukvu"*e0g0 San Lázaro and Portezuelo-
Cpe„p"Itcpfg."Hki0"8+"fkf"pqv"rtgugtxg"c"fgdtku"nqdg"chvgt"vjg"VE"rcuucig."yjkej"kpfkecvgu"c"xgt{"

200

300

400

0

100

July 1 July 15 July 28 Aug. 6 Aug. 16 Aug. 30 Sep. 6 Sep. 12 Sep. 20

D
a

ily
 p

re
c
ip

it
a

ti
o

n
 [
m

m
]

Time [days]

Hki0"60"Vkog"ugtkgu"qh"fckn{"tckphcnn"cv"Ecfwc‚q"hqt"vjg"rgtkqf"Lwn{/Ugrvgodgt"42230"Ockp"uvqto"gxgpvu"ctg"
labeled in the horizontal axis.

Vcdng"K0"Igpgtcn"rtqrgtvkgu"qh"vjg"ncpfunkfg"kpxgpvqt{0

Number of landslides 419

Ctgc"ocrrgf"*mo2): 
Total area scanned 990
Total area of catchments assessed individually :43

Average landslide size (area in m2) 4"62:

Rtqrqtvkqp"qh"vqvcn"ctgc"kp"vjg"kpxgpvqt{"*'"qh"vqvcn+"eqpvtkdwvgf"d{"ncpfunkfgu<
Larger than 1000 m2 71
Larger than 10 000 m2 407

Largest area (m2) landslides:
Boca de la Sierra 1 37"222
Boca de la Sierra 4 14 920
Portezuelo 20 3:"772

Nctiguv"twp/qwv"*mo+"ncpfunkfgu"*tguwnvkpi"fgdtku"Þqyu+<
Portezuelo 20 2.3
San Lázaro 1 2.3

Pqvg<"Ncpfunkfgu"pcogu"tghgt"vq"vjqug"tgrqtvgf"kp"vjg"uwrrngogpvct{"fcvc"Ýngu0
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rapid removal of the sediment in the channel. No indication of dammed streams appears along the 
channels, suggesting that stream power was enough to absorb and transport all landslide sediment 
downstream.

Hki0"70"Urcvkcn"fkuvtkdwvkqp"qh"ncpfunkfgu0"Kpfkxkfwcn"ecvejogpvu"ogpvkqpgf"
kp"vjg"vgzv"ctg"ncdgngf0"Uvcvkqpu"octmgf"ykvj"uvctu"cpf"ncdgngf"ygtg"wugf"
to estimate precipitation through interpolation in areas between them 
(Fig. 2). Unlabeled stations did not record. Elevation intervals are the 
same than in Figure 1. Note that most stations are located at elevations 
nqygt"vjcp"722"o"cpf"vjcv"qtqitcrjke"ghhgevu"qp"rtgekrkvcvkqp"ctg"pqv"
vcmgp"kpvq"ceeqwpv"d{"vjg"ogvjqf"qh"kpvgtrqncvkqp"wugf0
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Vcdng"KK0"Xctkcdngu"tgncvgf"vq"ncpfunkfg"qeewttgpeg"kp"38"kpfkxkfwcn"ecvejogpvu"cetquu"vjg"Ukgttc"Nc"Nciwpc"*Hki0"7+0

Catchment Area 
*mo2)

Total area
affected by
landslide
scars (m2)

Proportion of
area disturbed
by landslides

*'+

Mean
ratio

ykfvj1ngpivj

Standard
deviation

ratio
ykfvj1ngpivj

Total
slides

Slides
rgt"mo2

Estimated
sediment
removed

(m3)

Denudation
contribution,

event
(mm)

Denudation
contribution,
annual rate
*oo1{t+

Agua Caliente 8806 73 439 0.11 0.12 2027 4: 0.42 368":9: 2.2 0.02
Ciwc"Xgtfg 33.3 54"2;7 0.10 0.12 0.07 17 2073 86"3;2 1.9 0.02
Boca de la Sierra 99.2 452"6:3 0.23 0.13 0.10 78 2078 682";84 608 2027
Cieneguita 39.4 7;82 0.02 0.19 0.12 7 0.13 11 920 0.3 0.00
Gn"Iwclg 6608 84"62; 0.14 0.11 2028 20 2067 346":3: 40: 0.03
Las Ánimas 23.7 46"75: 0.10 0.14 0.09 20 20:7 6;"298 2.1 0.02
La Palma 39.1 33 200 202: 0.10 0.04 13 0.33 88"622 1.7 0.02
La Tinaja 7.3 4:"7;9 0.39 0.09 2027 10 3058 79"3;6 90: 202:
La Zorra 6;07 67"947 0.09 2038 0.13 21 0.42 ;3"672 30: 0.02
Portezuelo 74.9 369"89; 0.20 0.09 0.07 73 208: 4;7"57: 3.9 0.04
Tkpe„p"Itcpfg 460: 4:"7;9 0.12 0.11 202: 9 2058 79"3;6 2.3 0.02
San Dionisio 37604 :5"364 2027 0.14 0.09 41 0.27 388"4:6 1.1 0.01
Santo Domingo 5408 40 473 0.12 0.09 0.04 38 0.49 :2";68 407 0.02
San Jorge 7403 33 121 2028 0.14 0.07 30 207: 88"464 1.3 0.01
San Lázaro 780: 322"765 203: 0.13 2028 76 20;7 423"2:8 507 0.04
San Miguelito 4408 42"67; 0.09 0.17 0.12 38 0.71 62";3: 30: 0.02
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4. Assessment of potential conditioning and triggering factors

In the following subsections, we contrast the spatial distribution of landslides against the distribution 
of different factors that may condition or trigger slope failures.

6010 Antecedent and storm rainfann
Comparison of landslide triggering points and total accumulated rainfall isohyets indicate that most 
qh"vjg"ncpfunkfgu"ctg"nqecvgf"kp"c"tgikqp"dqwpfgf"d{"vjg"822"oo"eqpvqwtu"*Hki0"7+0"Vjg"pqtvjgtp"
ncpfunkfgu"crrgct"kp"ctgcu"yjgtg"kpvgtrqncvgf"vqvcn"rtgekrkvcvkqp"ku"crrctgpvn{"nguu"vjcp"722"oo."
with the caveat that at least three stations in the northwestern SLL were not reporting at the time 
qh"LwnkgvvgÓu"crrtqcej0"Pqvg"vjg"ncem"qh"jkij"*@"722"o+"gngxcvkqp"uvcvkqpu"dgvyggp"Ecfwc‚q"cpf"vjg"
SLL western slopes that could be used in assessing rainfall distribution in this rugged topography. 
Pq"ncpfunkfgu"ygtg"qdugtxgf"wpfgt"c"pqtvjgtp"dcpf"qh"jkij"*\:22"oo+"ceewowncvgf"tckphcnn"cnqpi"
Sierra Carrizalito (Fig. 1) centered at San Bartolo (Fig. 2), in a northern extension of the SLL.

Oquv"qh"vjg"ncpfunkfgu"ctg"enwuvgtgf"cnqpi"vjg"gcuvgtp"UNN"*Hki0"7+."yjkej"eqttgncvgu"ykvj"vjg"
jkijgt"rtgekrkvcvkqp"ceewowncvkqpu"qdugtxgf"kp"vjku"ctgc"*Hkiu0"4/7+0"Vjku"hcev"kpfkecvgu"vjcv"vjg"
event precipitation and associated runoff are probably the main factors responsible for slope 
hcknwtg0"Vjku"kpvgtrtgvcvkqp"ku"uwrrqtvgf"cnuq"d{"vjg"ncem"qh"eqttgncvkqp"dgvyggp"cpvgegfgpv"tckphcnn"
(Fig. 3) and landslide location, which indicates that previous summer precipitation was not a 
factor in triggering the slope failures.

6020 Ieonogy

The SLL geology is composed predominantly by Late Cretaceous granites and granodiorites intruded 
into Early Cretaceous granodiorites, tonalities and diorites (Consejo de Recursos Minerales, 2002, 

Hki0"80"Fgdtku"Þqy"fgrqukv"tgockpu"qp"vyq"ejcppgnu"kp"vjg"Rqtvg¦wgnq/Cpe„p"Itcpfg"
catchment. Main panel shows extent of the landslides in this area. Main channel bed 
gngxcvkqp"tcpigu"htqo"682"o"kp"vjg"nghv"vq"582"o"cv"vjg"nqygt"tkijv"rqtvkqp"qh"vjg"kocig0"
Highest ridges at the top of the image display elevations of ~1200 m. Note other shallow 
unkru"cpf"fgdtku"Þqyu"rcvju"qtkikpcvkpi"htqo"vjg"tkfigu"kp"vjg"wrrgt"rqtvkqpu"qh"vjg"
kocig0"Fcvg"qh"IgqG{g"̶"kocigt{<"42270"*c/d+"Itqwpf"xkgyu"qh"vjg"nqygt"rqtvkqpu"qh"
vjg"fgdtku"Þqyu"rcvju"ujqyp"kp"vjg"kocig0"Oquvn{"ogvcoqtrjke"tqem"dqwnfgtu"*3/4"o"
kp"fkcogvgt+"tgockp"kp"vjg"uvtgcodgf."cpf"Ýpgt"itckp"uk¦g"ugfkogpv"jcu"dggp"uvtkrrgf0"
Date of ground photographs: 2011.
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422:="Octv‡pg¦/Iwvkfittg¦"et an0, 2010), the latter outcropping mostly along the western side of 
the range (Fig. 7). Jurassic metasediments, mostly schists, phyllites and gneiss appear in slivers 
kp"vjg"gcuvgtp"ukfg."kpvtwfgf"d{"vjg"itcpkvke"tqemu0"Vjg"itcpkvgu"cpf"itcpqfkqtkvgu"ctg"chhgevgf"d{"
dtkvvng"cpf"fwevkng"fghqtocvkqp"kp"vjg"uqwvjgcuvgtp"rqtvkqp"qh"vjg"tcpig."pgct"Ucp"Lqufi"fgn"Ecdq0"
Igqnqikecn"uvtwevwtgu"fgÝpg"c"ejctcevgtkuvke"rcvvgtp"qh"GUG/YPY"xcnng{u" kp" vjg"uqwvjgtp"cpf"
eastern portions of the Sierra, while in the northwestern sector a NW-NNW pattern associated 
with the La Paz fault, a regional structure, is predominant. Field observations and analysis of the 
ftckpcig"pgvyqtm"*e0g0."Octv‡pg¦/Iwvkfittg¦"et an0, 2010) indicate that the fracturing pattern and its 
gzrtguukqp"kp"vjg"ftckpcig"rcvvgtp"fkhhgt"dgvyggp"vjgug"vyq"tgikqpu."ykvj"c"ygnn"fgÝpgf"fgpftkvke"
pattern in the northwest SLL, versus a subparallel or trellis drainage pattern in the southeast. 
Vjgug"rcvvgtpu"ctg"eqpvtqnngf"d{"htcevwtgu."fkmgu"cpf"hcwnv"u{uvgou."dwv"cnuq"d{"nkvjqnqi{<"fgpftkvke"
rcvvgtpu"rtgfqokpcvg"kp"itcpkvke"tqemu"yjkng"uwd/rctcnngn"cpf"vtgnnku"rcvvgtpu"rtgfqokpcvg"kp"vjg"
ogvcoqtrjke"tqemu"vq"vjg"uqwvjgcuv0

After considering the proportion of area covered by the different lithologies (Fig. 7), landslides 
appear to correlate to areas of predominantly metamorphic (gneiss and schists) and granitic 
lithologies displaying brittle deformation. This correlation is evident when comparing the largely 
itcpkvke"tqwpf/ujcrgf"ecvejogpvu"qh"Nc"Rcnoc"cpf"Ciwc"Xgtfg"ykvj"vjg"GPG"gnqpicvgf."uejkuv/
gneissic dominated San Lázaro, Portezuelo and Boca de la Sierra catchments. Faults and foliation 
do not appear to dictate a rriori landslide location, but they strongly dictate slope and drainage 
qtkgpvcvkqp."cu"kp"vjg"Rqtvg¦wgnq"cpf"Ucp"Nƒ¦ctq"ecvejogpvu"*Hki0":+0

Fig. 7. Spatial distribution of the central and southern landslides in the 
UNN"eqorctgf"vq"vjg"fkuvtkdwvkqp"qh"igqnqikecn"wpkvu0"Igqnqikecn"ocr"
ceeqtfkpi"oquvn{"vq"Octv‡pg¦/Iwvkfittg¦"et an0 *4232+."cv"3<72"222"uecng0"
Dncpm"ctgcu" vq" vjg"pqtvj"cpf"yguv"fkurnc{"wpfkhhgtgpvkcvgf"itcpkvke"
tqemu"ceeqtfkpi"vq"Eqpuglq"fg"Tgewtuqu"Okpgtcngu"*4224."422:+"cv"
uecng"3<472"222"cpf"vjgtghqtg"vjg"ctgc"ejqugp"hqt"vjg"Ýiwtg"eqxgtu"c"
smaller, more detailed zone than the whole area covered by the study (see 
nqecvkqp"ocr+."kp"qtfgt"vq"jkijnkijv"rquukdng"nkpmcigu"dgvyggp"hcknwtgu"
and geology.
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An indication of the possible role of fracturing in controlling the slides is given by the spread 
in the population of width to length ratios of landslide scars (Table II). The spread is lower in 
catchments where fracturing is homogeneous and pervasive, as in the granitic-tonalitic areas 
(e0g0, La Palma and Agua Caliente catchments). In the regions where heterogeneous fracturing 
dominates (e0g0."hqnkcvkqp"cpf"ogvcoqtrjke"uvtwevwtgu+."nkmg"Ucp"Fkqpkukq."Nc"¥qttc"cpf"Dqec"
de la Sierra in the north, and San Miguelito in the south, the ratios display more spread. The 

Fig.":0 Images illustrating the"kpÞwgpeg of faults and fractures on shallow 
unkfgu"kp"vjg"uvwf{"ctgc0"*c+"4232"URQV̶"kocig"ujqykpi"nqecvkqp"qh"VE"
Juliette-related landslides (circles indicate estimated triggering points) in 
relation to a WNW fault in the San Lázaro catchment. Failures are located 
on the hanging wall, on the north side of this structure. (b-c) Small, probably 
rquv/4223"tqemunkfgu"kp"vjg"nqygt"Ucp"Fkqpkukq"ecvejogpv0"Pqvg"igqnqikuv"
on the debris lobe of the deposit in (b), and the planar bright surface in 
*e+"uwiiguvkpi"vjcv"cp"gpvktg"ygfig"qh"tqem"hckngf"hqnnqykpi"vjku"uvtwevwtcn"
feature. Date of ground photographs: 2011. 
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Fig. 9. Slope and aspect frequency distribution of landslide inventory. (a) Slope. (b) Aspect.

Fig. 10. Spatial distribution of landslides vs0 predominant 
xgigvcvkqp" cuuqekcvkqp" *KPGIK." 4227=" Ng„p/fg" nc" Nw¦" cpf"
Domínguez-Cadena, 2010). CA refers to cultivated areas, with 
some irrigation. Note that vegetation types roughly follow 
cnvkvwfkpcn"¦qpgu"*eqorctg"vq"Hkiu0"3"cpf"7+0
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latter indicates that scar dimensions in these regions are constrained by the fracturing pattern 
cpf"urcekpi0"Vjku"ku"tcvkÝgf"kp"vjg"Ýgnf."cu"uqog"qh"vjg"ncpfunkfgu"engctn{"fkurnc{"tgoqxcn"qh"
ocvgtkcn"kp"ygfigu"qh"tqem"dgvyggp"htcevwtgu"*Hki0":e+0

6030 Snore and asrect

Oqtg"vjcp";2'"qh"hcknwtgu"kpkvkcvgf"cnqpi"unqrgu"qh"\66/344'"*45/72³."Hki0";+."ykvj"c"ogcp"ctqwpf"
57³0"Vjg"unqrg"fkuvtkdwvkqp"*Hki0";+"ku"dtqcf."kpfkecvkpi"vjcv"unqrg"ku"pqv"vjg"ockp"hcevqt."cpf"vjcv"
qvjgt"oqfwncvkpi"hcevqtu"ctg"kpÞwgpekpi"vjg"fkuvtkdwvkqp"qh"unkfgu"cetquu"jknnunqrgu0"Hqt"oqtg"vjcp"
;2'"qh"hcknwtgu"vjg"igqogvtkecn"egpvgt"qh"vjg"kpkvkcn"fgvcejogpv"ctgc"ku"nqecvgf"kp"vjg"wrrgt"vjktf"
qh"vjg"unqrgu="c"ukoknct"Ýiwtg"ku"qdvckpgf"yjgp"eqorctkpi"unkfg"kpkvkcvkqp"rqkpvu"cpf"curgev"qh"vjg"
slope (most failures occurred on SE or S slopes, Fig. 9).

6060 Xegetation

Vjg"xgigvcvkqp"kp"vjg"ctgc"ku"fqokpcvgf"d{"uwdvtqrkecn"ft{"cpf"qcm"hqtguvu"igpgtcnn{"cdqxg"372/522"
cpf":22"o."tgurgevkxgn{"*KPGIK."4227="Ng„p/fg"nc"Nw¦"cpf"Dtgegfc."4228="Ng„p/fg"nc"Nw¦"cpf"
Fqo‡piwg¦/Ecfgpc."4232+0"Kp"ctgcu"dgnqy"372/522"o"c"ucteqecwnguegpv"fgugtv"uetwd"cuuqekcvkqp"ku"
hqwpf0"Pqvcdn{."oquv"ncpfunkfgu"eqttgncvg"urcvkcnn{"ykvj"qcm"hqtguvu"qt"ykvj"vjg"nqecvkqp"qh"vjg"geqvqpg"
dgvyggp"qcm"hqtguvu"ykvj"vjg"uwdvtqrkecn"ft{"hqtguv."ykvj"xgt{"hgy"ncpfunkfgu"kp"vjg"ncvvgt"wpkv"*Hki0"32+0

6050 Soins
Field observations in the northern (San Dionisio) and southeastern portions of the study area (San 
Nƒ¦ctq+"kpfkecvg"vjcv"qxgt"oquv"jknnunqrgu."htcevwtgf"dgftqem"crrgctu"eqxgtgf"d{"c"vjkp"*\3"o+"xgpggt"
qh"tqem"htciogpvu."cpf"vtgg"cpf"ujtwd"tqqvu"rgpgvtcvg"fggrn{"kpvq"vjg"htcevwtgu"vq"chÝz"vjgougnxgu"
vq"vjg"tqem{"uwduvtcvg0"Uqknu"vjgtghqtg"ctg"ujcnnqy."ykvj"xctkcdng"fgrvju"dgvyggp"c"hgy"egpvkogvgtu"
cpf"3/4"o"qh"fgxgnqrgf"rtqÝng"cdqxg"tgiqnkvj"qt"dgftqem."ykvj"fggrgt"rtqÝngu"qp"vjg"dcpmu"cnqpi"
oclqt"uvtgcou0"Uqknu"kp"vjg"ctgc"ecp"dg"encuukÝgf"cu"gwvtke"tgiquqnu"vq"ejtqoke"ecodkuqnu"*KPGIK."
2007) in the southern portion (San Lázaro), varying to eutric regosols and lithosols in the central and 
northern SLL (e0g0, San Dionisio canyon, Fig. 11). Almost all landslides appear to be developed in 
areas displaying eutric regosols along the catchment uplands, indicating that soils are not a controlling 
factor in the failures.

5. Discussion

We have documented the occurrence of hundreds of failures resulting from the approach of TC Juliette 
to the southern Baja California peninsula. In the next paragraphs, we analyze triggering factors and 
antecedent conditions favorable to failure development, both introduced in section 4, and conclude 
estimating possible recurrence of a similar event from the analysis of historical information.

In order to validate our analysis, we assessed whether the landslide inventory obtained a 
fgecfg"chvgt"vjg"uvqto"qeewttgf"ku"tgrtgugpvcvkxg"qh"vjg"qtkikpcn"unqrg"hcknwtgu0"Yg"ctg"eqpÝfgpv"
vjcv" vjg" ncpfunkfg" kpxgpvqt{" tgÞgevu"xgt{"ceewtcvgn{"unqrg"hcknwtgu" hqt" vyq"tgcuqpu0"Hktuv." vjg"
area-frequency graph (Fig. 12) still shows the characteristic shape of inventories prepared 
immediately after triggering by rainfall, characterized by a heavy-tailed distribution (e0g0, Larsen 
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and Torres-Sánchez, 1992; Malamud et an0, 2004). Second, estimated revegetation rates (Fig. 13) 
appear to be slower than suggested for some tropical humid environments (Crone et an0, 2001). 
Revegetation rates might be more similar to the ones estimated for semiarid to temperate slopes 
chhgevgf"d{"ukoknct"ujcnnqy"unkfgu."yjgtg"hcknwtgu"ecp"uvknn"dg"uggp"chvgt"Ýxg"*Ygdd"et an0."422:+"
or ten years (Hovius et an0, 2000).

Fig. 11. Spatial distribution of landslides vs0 soil types.
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Fig. 12. Area-frequency diagram for the TC 
Juliette landslide inventory.
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5010 Oechanisms of snore fainure

The more than 400 landslides triggered by Juliette represent a unique opportunity to study the 
natural processes that generate slope failures in a relatively undisturbed subtropical, semi-arid 
landscape. Across the entire study area, landslides were mostly shallow, upper slope failures, and 
vjg"kpxqnxgf"uqknu"cpf"fgdtku"ygtg"vtcpuhqtogf"tcrkfn{"kpvq"fgdtku"Þqyu"vjcv"ncvgt"ygtg"kpeqtrqtcvgf"
kpvq"vjg"uvtgco"Þqy0

501010 Eonditioning of snores

Pgeguuct{" eqpfkvkqpu" hqt" vjg" qeewttgpeg"qh" hcknwtgu" ctg" vjg" kpekfgpeg"qh" uvggr" unqrgu" *@"44³+."
eqodkpgf"ykvj"c"igqnqikecn"uwduvtcvg"ykvj"fgxgnqrgf"htcevwtg"u{uvgou"vjcv"hqewugf"kpÝnvtcvkqp"vq"
urgekÝe"ctgcu"kp"vjg"ncpfuecrg0"C"tgncvkqpujkr"ykvj"xgigvcvkqp"v{rgu."cnvjqwij"nguu"engctn{"fgÝpgf."
ku"rquukdng."jqygxgt"oqtg"fgvckngf"ukvg"kphqtocvkqp"ku"pggfgf"vq"enctkh{"vjku"rqvgpvkcn"nkpmcig0

The spatial distribution of failures supports a heterogeneous distribution of rainfall intensities 
cpf"coqwpvu"fgtkxgf" htqo"Lwnkgvvg"cetquu" vjg"UNN."eqpÝtokpi"qdugtxcvkqpu" hqt"oqtg"jwokf"
vtqrkecn" ugvvkpiu" *Icngyum{"et an0."4228+0"Vjg"ykpf"Þqy" kp" vjg"gcuvgtp"uvqto"swcftcpvu"ycu"
responsible for the higher proportion of S-SE facing slopes portraying landslides. Orographic 
lifting of moist air across the entire sierra in an EW transect is observed in the differential rainfall 
developed for the eastern and western sections of the range, which is strongly correlated with 
landslide occurrence.

501020 Vriggering mechanisms

Vjg"rtgfqokpcpv"ncpfunkfg"qeewttgpeg"kp"vjg"wrrgt"rqtvkqp"qh"unqrgu"kpfkecvgu"vjcv"uwthceg"kpÝnvtcvkqp"
of rainfall in the higher elevation portion of the hillslopes was not enough to cope with runoff from 
the high rainfall intensity derived from the storm. It is estimated that rapid saturation (i0e0, hours) 
qh"vjg"wrrgt"3/4"o"qh"uqkn"cpf"htcevwtgf"dgftqem"kpetgcugf"vjg"rqtg"rtguuwtg"kp"vjg"nqqug"tgiqnkvj"
on the steep slopes. The regolith started mobilization by gravity in these conditions and, under the 
tgncvkxgn{"nqpi"fwtcvkqp"*46/58"j+"kpvgpug"rtgekrkvcvkqp."qxgtncpf"Þqy"fgxgnqrgf."ectt{kpi"cyc{"
Ýpgt"rqtvkqpu"qh"vjg"ugfkogpv."Ýpcnn{"tgoqxkpi"uwrrqtv"hqt"nctigt"dnqemu"fgtkxgf"htqo"vgevqpke"
htcevwtkpi"qh"vjg"wrrgt"unqrgu0"Kp"c"ncvgt"uvcig."nctigt"*@"7"o"fkcogvgt+"dnqemu"qh"dgftqem"ygtg"nghv"
free to be also mobilized by gravity, carrying in their fall remaining soil and vegetation attached 

Hki0"350"IgqG{g̶"kocigt{"knnwuvtcvkpi"tgxgigvcvkqp"ugswgpeg"hqt"c"rckt"qh"VE"Lwnkgvvg"fgtkxgf"ncpfunkfgu"kp"
the San Lázaro catchment between 2004 and 2009. Dates in format YYYYMMDD.
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to them. Probably, not all slopes reached this stage as large boulders are still recognizable dotting 
some of the original scar areas.

The general pattern described above can be considered valid for most of the failures, although 
it is possible to identify and characterize more precisely two types of slope failures related to the 
VE"crrtqcej<"vjqug"vtkiigtgf"d{"qxgtncpf"Þqy"gpjcpegogpv."cpf"vjqug"tgncvgf"vq"fkuvwtdcpegu"qp"
the upland SLL forests.

A0 Qvernand Þow triggered dedris Þows and shannow snirs0 For an important portion of the 
ncpfunkfgu."hcknwtgu"qeewttgf"koogfkcvgn{"dgnqy"ctgcu"qh"gzrqugf"dgftqem."kp"vjg"wrrgt"vjktf"
of the slopes. The corresponding mechanism appears to be related to generation of excess 
qxgtncpf"Þqy"korcevkpi"ugokeqpuqnkfcvgf"eqnnwxkwo."cu"tgrqtvgf"kp"qvjgt"ugokctkf"oqwpvckp"
settings (e0g0."ItkhÝvju"et an0, 2004; Webb et an0."422:="Eqg"et an0."422:+0"Cnvjqwij"vjg"UNN"
displays more vegetation, including arboreal species not present in the regions above described, 
eqpegpvtcvkqp"qh"twpqhh"cv" vjg"gpf"qh"wrrgt"unqrg"tcxgnu"qt"cv" vjg"hqqv"qh"dgftqem"enkhhu"jcf"
rtqdcdn{" vjg" ucog" ÐÝtg" jqugÑ" ghhgev" *e0g0." Lqjpuqp" cpf"Tqfkpg." 3;:6+" fguetkdgf" kp" vjqug"
tgikqpu0"Vjku"ogejcpkuo"tgswktgu"uvtgcoÞqy"qxgt"c"ycvgthcnn"qp"rtggzkuvkpi"eqnnwxkcn"ygfigu"
at the base of cliffs, causing failure and subsequent mixing to create a slurry (cf0"ItkhÝvju"
et an0."4226+0"Tgncvkxgn{"uecteg"wpfgtuvqt{"eqxgt"kp"vjg"vtqrkecn"ft{"cpf"qcm"hqtguvu"kp"vjgug"
ecvejogpvu"*Ng„p/fg"nc"Nw¦"cpf"Dtgegfc."4228+"okijv"dg"tgurqpukdng"hqt"vjku"ghhgev0"Qpeg"vjg"
initial portions of the surface sediment are mobilized, they displace downslope, either eroding 
cpf" kpeqtrqtcvkpi"oqtg"ugfkogpv" kpvq"c"fgdtku"Þqy."qt"gpvgtkpi" kpvq"c"Ýtuv"qt"ugeqpf"qtfgt"
ejcppgn0"Vjg"ugfkogpvu"oc{"dg"ncvgt"tgoqxgf"d{"cevkqp"qh"c"uwdugswgpv"fgdtku"qt"ejcppgn"Þqy0"
Qwt"Ýgnf"qdugtxcvkqpu"kpfkecvg"vjcv"vjku"tgoqxcn"oc{"dg"uvtqpin{"fgrgpfgpv"qp"vjg"qtkikpcn"
vtkiigtkpi"ogejcpkuo0"Kh"qxgtncpf"Þqy"ycu"kpxqnxgf."cu"j{rqvjguk¦gf"hqt"vjg"fgdtku"Þqyu"kp"
the San Lázaro catchment, streambeds tend to remain free of sediment. In other cases, large 
dqwnfgtu"ctg"nghv"cu"c"nci"fgrqukv"*Hki0"8+0

D0 Horest disturdances triggering snore fainures0 A portion of landslides, particularly those 
cuuqekcvgf"ykvj"vjg"geqvqpg"qcm/vtqrkecn"ft{"hqtguv."ygtg"kpkvkcvgf"kp"ctgcu"qh"eqpxgz"qt"rncpct"
topography. In these landslides, apparently concentration of runoff in colluvial hollows or by 
wrunqrg"dgftqem"ejcppgnk¦cvkqp"ycu"pqv"c"tgngxcpv"rtqeguu0"Uqog"qh"vjgug"ctgcu"ujqwnf"jcxg"dggp"
largely exposed to high winds near ridges in the southern and eastern facing slopes. We interpret 
these slope failures as occurring in areas of enhanced precipitation caused by topographic lifting 
coupled with high rates of uprooted trees caused by high winds (cf0"Cttkcic."3;::+."ecwukpi"dqvj"
immediate regolith disturbance and increasing bare areas that enabled runoff concentration. A 
rqvgpvkcn"fkhhgtgpvkcn"tgurqpug"vq"jkij"ykpfu"dgvyggp"vjg"qcm"hqtguv"cpf"vjg"vtqrkecn"ft{"hqtguv"ku"
not possible to assess with the available data, because detailed mapping of forest structure, canopy 
cover, tree mortality, etc., was unfeasible under the scope of this study.

Triggering of landslides by disturbance of the vegetation is not uncommon in upland areas 
affected by TCs (e0g0, Larsen and Torres-Sánchez, 1992) or in other forested environments (Millard, 
2003). This fact highlights the large effects of topography in the spatial distribution of rainfall and 
ykpf."dqvj"qh"yjkej"yknn"gxgpvwcnn{"chhgev"ncpfunkfg"vtkiigtkpi"*Icngyum{"et an0."4228+0"Ncpfunkfgu"
appear concentrated in the highest upslope portion of the eastern edges of ENE oriented catchments 
(i0e0."Dqec"fg"nc"Ukgttc."Ucp"Nƒ¦ctq."Rqtvg¦wgnq+0"Vjgug"hgcvwtgu"okijv"jcxg"hwppgngf"vjg"ykpf"Þqy"
vq"igpgtcvg"¦qpgu"yjgtg"tckphcnn"gzeggfgf"guvkocvgu"eqpukfgtkpi"c"Þcvvgt"vqrqitcrj{"*Hki0"4+."cpf"
probably created enhanced wind turbulence not only in the facing slopes but also on the lee side 



200 J. L. Antinao and L. M. Farfán

(Ianewsky et an0, 2006) that enhanced vegetation disturbances (e0g0, wind shear) and therefore 
favored slope failures as we interpreted above.

Vjg"tgncvkxgn{"jkij"rtqrqtvkqp"qh"ncpfunkfgu"vjcv"qeewttgf"cnqpi"vjg"geqvqpg"qcm/vtqrkecn"ft{"hqtguv"
cnuq"uwiiguvu"c"eqodkpgf"kpÞwgpeg"qh"igqnqikecn"cpf"xgigvcvkqp"hcevqtu0"Kv"ku"rquukdng"vjcv"dgecwug"
qh"vjg"jkijn{"f{pcoke"pcvwtg"qh"vjg"geqvqpg"ctgc"*Ng„p/fg"Nc"Nw¦"cpf"Dtgegfc."4228+."vjg"cnvgtpcvg"
chemical and biological activity of different vegetation associations have affected physical properties 
qp" vjg" uwduvtcvg0"Vjgug" ejcpigu" kpÞwgpeg." kp" vwtp." vjg" uwuegrvkdknkv{" vq" unqrg" hcknwtg0"Ejgokecn"
weathering in the ecotone region might be different to the one present in more stable inner portions 
qh"vjg"qcm"qt"vtqrkecn"ft{"hqtguvu0"Vjg"qtkikpcn"eqorqukvkqp"qh"vjg"tqemu"hqtokpi"vjg"uwduvtcvg"okijv"
cnuq"tgkphqteg"vjku"fkhhgtgpvkcn"ygcvjgtkpi"uv{ng="kp"vjku"ecug."ogvcoqtrjke"tqemu"rtqxkfg"c"uvtwevwtcnn{"
complex system with numerous fractures for roots to deepen and extract more water, but also enabling 
unqrgu"vq"fgxgnqr"hcknwtg"wpfgt"kpetgcugf"rqtg"rtguuwtg"kp"vjg"wrrgt"rqtvkqpu"qh"vjg"eqpvkpwwo"dgftqem/
tgiqnkvj/eqnnwxkwo0"C"okzgf"hqtguv"uvtwevwtg"cnqpi"vjg"geqvqpg"*Ng„p/fg"nc"Nw¦"cpf"Dtgegfc."4228+"ku"
also more conducive to heterogeneous concentration of runoff. Combination of upland and lowland 
tree associations has edge effects on soil moisture and runoff (Joffre and Rambal, 1993; Breshears 
et an0, 1997; Asbjornsen et an0, 2004). In addition, the ecotone region can have a wide variety of trees 
cv"fkhhgtgpv"jgkijvu"cpf"uvgo"uk¦gu."etgcvkpi"dqvj"ygcmgt"hqtguvu"wpfgt"uvtqpi"ykpf"cevkqp"*Cttkcic."
3;::+"cpf"jgvgtqigpgqwu"twpqhh."dgecwug"qh"vjg"fkhhgtgpegu"vjcv"vjg"geqvqpg"urgekgu"okijv"fkurnc{"
on the way rainfall is directed from the canopy to the surface. Testing the above hypotheses in this 
tgikqp"ku"qwv"qh"vjg"ueqrg"qh"vjg"rtgugpv"yqtm."cnvjqwij"vjg"eqpÝtocvkqp"qh"vjgug"kfgcu"tgrtgugpvu"c"
mg{"uvgr"kp"qtfgt"vq"wpfgtuvcpf"ncpfuecrg"rtqeguugu"kp"vjku"tgikqp"cpf"ukoknct"ctgcu0

Fig. 14. Hydrographs for La Palma and San Nƒ¦aro streams during passage of hurricane Paul 
*Ugrvgodgt"4;/Qevqdgt"3."3;:4+0"Vjku"wpkswg"ugv"qh"Þqqf"j{ftqitcrju"*uvcvkqpu"octmgf"cu"
{gnnqy"rqkpvu+"ycu"eqnngevgf"kp"vgp"uocnn"*47/3;2"mo2) catchments by Conagua (available 
at jvvr<11yyy0kovc0iqd0oz1kpfgz0rjrAqrvkqp?eqoaytcrrgt(xkgy?ytcrrgt(Kvgokf?367."
ncuv"ceeguugf"4233132132+0"Rgcm"wpkv"uvtgco"rqygt"ycu"guvkocvgf."dcugf"qp"unqrg"kp"ejcppgn."
ejcppgn"igqogvt{"*Dqpknncu."3;:6+."cpf"fkuejctig0"Vjg"ujcfgf"ctgc"wpfgt"vjg"rgcm"fkuejctig"
kpfkecvg"vjcv"fwtkpi"vjcv"rgtkqf"vjg"uvtgco"ycu"cdng"vq"ectt{"dqwnfgtu"@3"o"kp"fkcogvgt0"
Pqvg"vjcv"uvtgco"rqygt"nctigt"vjcp"tgswktgf"vq"oqxg"207"o"dqwnfgtu"ycu"uwuvckpgf"fwtkpi"
almost 24 h. Discharge measurements for these catchments were discontinued as of 1994 
*Nc"Rcnoc+"cpf"3;:;"*Ucp"Nƒ¦ctq+0
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5020 Runout of snore fainures

Except for a few landslides occurring directly on the mountain front, most of the slope failures 
tgcejgf"uvtgcou"qh"ugeqpf"qt"vjktf"qtfgt"cu"fgdtku"Þqyu0"Ikxgp"vjg"igpgtcn"unqrg"cpf"ftckpcig"
patterns, these channels joined in short distance streams of higher order with larger discharges 
ecrcdng"qh"ectt{kpi"vjg"yjqng"ncpfunkfg"nqcf"ykvjqwv"unqykpi"fqyp"vjg"uvtgcoÞqy0"Kpfggf."uvtgcou"
qh"hqwtvj"qtfgt"*nkmg"Nc"Rcnoc"qt"Ucp"Nƒ¦ctq."Hki0"36+"ecp"ectt{"oqtg"vjcp"3222"o31u"fwtkpi"8"j"
or more when a large TC affects the area. Debris deposition was therefore precluded along the 
mountain mainstems, where stream power reached maximum values, transporting most of the 
available bedload and suspended load (e0g0."Dqpknncu."3;:6+."cpf"qvjgtykug"gtqfkpi0"Ugfkogpv"
uwrrnkgf"d{"ncpfunkfgu"gpvgtgf"vjg"Þqy"cpf"ycu"fkuejctigf"dg{qpf"vjg"oqwpvckp"htqpv0

Hki0"370"Enkrrkpi"htqo"vjg"San Hrancisco Eann, Saturday, November 2, 1907, depicting 
vjg"fcocig"qh"c"vtqrkecn"e{enqpg"chhgevkpi"Ucp"Lqufi"fgn"Ecdq"cpf"pgkijdqtkpi"tgikqpu"qp"
October 14, 1907. Available at the Online Archive of California: jvvr<11yyy0qce0efnkd0qti1 
]ncuv"ceeguugf"4233132132_0



202 J. L. Antinao and L. M. Farfán

5030 Ieomorrhic renevance and recurrence of siminar nandsnide events

503010 Ieomorrhic renevance

The landslides that developed in the SLL during and after the approach of TC Juliette resulted 
in a large geomorphic effect, removing an important portion of regolith and boulders from the 
hillslopes, and contributing to sediment transfer to the channels and beyond. Estimated calculations 
wukpi"ogcp"Ýiwtgu"hqt"ncpfunkfg"uect"uk¦g"cpf"guvkocvgu"qp"uect"fgrvj"qh"\4"o"dcugf"qp"vjg"hgy"
Ýgnf" ejgemgf"gxgpvu" kpfkecvg" vjcv." hqt"oquv"qh" vjg" ecvejogpvu." cp" cxgtcig"qh"4/7"oo"uwthceg"
lowering for the entire catchment can be attributed to this event (Table II). These values, using 
density adjustments, can be converted to mass transfer rates for these catchments, to compare for 
gzcorng"ykvj"uwurgpfgf"ugfkogpv"vtcpurqtv"tcvgu"kp"Þwxkcn"u{uvgou0"Ukoknctn{."kp"qtfgt"vq"eqpxgtv"
vjku"Ýiwtg" vq" c" vgorqtcn" cxgtcig" vjcv" ecp"dg"wugf"yjgp" eqorctkpi" vq" vgevqpke" wrnkhv" tcvgu" qt"
sedimentation rates, an estimation of the recurrence of events as large as TC Juliette is required. 
In the next paragraphs we obtain an estimation of recurrence based on historical records and also 
on interpretation of landslide scars from events occurring after this TC.

A0 Pre-2001 nandsnides0 An event similar to Juliette should have been noticeable to any observer 
in the form of hundreds of landslides in the hillslopes. A thorough review of historical records 
(Antinao and McDonald, 2011) has indicated that at least in the 20th century (e0g0."Xknncpwgxc."
2001), besides localized mass wasting in areas inside or very close to the main settlements of La 
Rc¦"cpf"Ucp"Lqufi"fgn"Ecdq."hgy"ncpfunkfgu"jcxg"dggp"tgeqtfgf"cu"igpgtcvgf"d{"vtqrkecn"uvqtou"kp"
the peninsula. However, one particular record is especially noteworthy and refers to a large TC 
that occurred in October 1907, where the only explicit mention to landslides in the ca0 300 years 
of historical records was found (Antinao and McDonald, 2011). A report from the November 2, 
1907 edition of the San Hrancisco Eann pgyurcrgt"*Hki0"37+."uvcvgu<"ÐVjg"ukfgu"qh"Oqwpv"Nƒ¦ctq"
were scarred as if some monstrous hand had clawed them and through the once fertile valley, 
kpuvgcf"qh"c"igpvng"uvtgco."vjgtg"tkqvgf"vjtgg"cpit{"vqttgpvu"]È_0Ñ"Htqo"vjku"nkpgu"yg"gzvtcev"vyq"
kpvgtrtgvcvkqpu<"Ýtuv."hcknwtgu"kp"vjg"wrrgt"rqtvkqp"qh"vjg"Ucp"Nƒ¦ctq"ecvejogpv"ygtg"ykfgurtgcf."
ykvj"vjg"fgrkevkqp"qh"c"Ðoqpuvtqwu"jcpfÑ"kpfkecvkpi"ugxgtcn"uectu"qp"c"ukping"jknnunqrg."ukoknct"
to what happened during the approach of TC Juliette in 2001; second, the type of failures across 
unqrgu"ycu"ukoknct."vjg"yqtf"ÐuectuÑ"fgrkevkpi"yjcv"oc{"dg"vjg"vtcegu"qh"fgdtku"Þqyu"qtkikpcvkpi"
in the upper portion of slopes, reaching the channels. 

Tgrqtvu"qp"vjg"Qevqdgt"3;29"gxgpv"fkurnc{"cnuq"qvjgt"kpvgtguvkpi"qdugtxcvkqpu<"ÐVjg"]000_"nkpgt"
Ewtcecq"]000_"dtqwijv"yqtf"qh"vjg"fguvtwevkqp"qp"Qevqdgt"36."fwtkpi"c"vgttkÝe"ejgdcueq"]sic_."qh"vjg"
vqyp"qh"Ucp"Lqufi"fgn"Ecdq"]È_"Vjg"hgtvkng"rnckp"]Ucp"Lqufi"tkxgtA_"vjcv"jcf"{kgnfgf"ugxgtcn"vjqwucpf"
people a comfortable living, had been robbed of its soil by the torrents which had left instead a 
dcttgp"rkng"qh"itcxgn"cpf"tqemuÑ"*San Hrancisco Eann, November 2, 1907, p. 9). Observations from 
the effects of Juliette are very similar. However, the damage in 2001 appeared to be more contained 
cpf"tguvtkevgf"vq"vjg"tkxgtdgf"cpf"vjg"nqygt"vgttcegu."cpf"kv"ku"nkmgn{"vjcv"vjg"ghhgevu"qh"vjg"3;29"gxgpv"
were indeed larger than the ones associated with Juliette. In the early 20th century, after destruction 
qh"vjg"qnf"vqyp"qh"Ucp"Lqufi"kp"3:;7"d{"vjg"ghhgevu"qh"cpqvjgt"VE"*Cpvkpcq"cpf"OeFqpcnf."4233+."
the main government buildings had already been relocated to a place closer to their current location; 
vjgtghqtg."vjg"nctigt"ghhgevu"qdugtxgf"kp"vjg"3;29"Þqqfkpi"yqwnf"korn{"c"nctigt"Þqqf"vjcp"kp"42230

The presence of subtle landslide scars, probably triggered by a pre-2001 event in portions of 
the study area, indicate that at least some events after the 1907 TC have been able to mobilize the 
jknnunqrgu."dwv"pqv"kp"vjg"ykfgurtgcf"ocppgt"vjcv"Lwnkgvvg"fkf0"Ncem"qh"cgtkcn"rjqvqitcrj{"eqxgtcig"
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dghqtg"3;95"jkpfgtu"vjg"rquukdknkv{"qh"rkprqkpvkpi"vjgug"gxgpvu."cpf"wpvkn"qvjgt"Ýgnf"ogvjqfu"nkmg"
fgpftqejtqpqnqi{"ctg"wugf"vq"ejgem"vkokpi."kv"crrgctu"vjcv"vjg"pgzv"qnfgt"gxgpv"ukoknct"vq"Lwnkgvvg."
is the 1907 event.

D0 Post-VE Luniette nandsnides. Analyzing post-2001 imagery, we were able to detect landslides 
generated during the passage of subsequent storms. For example, after the passage of hurricanes 
Kipcekq"cpf"Octv{"kp"4225."vjtgg"ncpfunkfgu"ctg"kfgpvkÝgf"kp"vjg"wrrgt"Okitk‚q"ecvejogpv."cv"vjg"UNN"
yguvgtp"unqrgu"*Hki0"38+0"Kv"ku"rquukdng"vjcv"tgcevkxcvkqp"jcu"qeewttgf"kp"uqog"ctgcu"chhgevgf"kp"4223."
dwv"kp"oquv"ecugu."vjg"unqrg"hcknwtgu"nghv"qpn{"dgftqem"cpf"pq"hwtvjgt"oqxgogpv"ku"gzrgevgf"kp"vjg"
near future. Based on these observations of events before and after TC Juliette, a conservative 
estimate for recurrence of events similar to it is the period 1907-2001, or 100 years approximately.

503020 Sediment transfer rates from nandsnides to channens
Kpfkxkfwcn"ecvejogpv"ugfkogpv"vtcpuhgt"tcvgu"fwtkpi"VE"Lwnkgvvg"xctkgf"htqo"4"vq"7"oo"qh"gswkxcngpv"
landscape lowering rate in each individual catchment (Table II). Assuming that the 1907 TC was 
similar to Juliette, then the time-averaged landscape lowering rate (only considering landslides) 
htqo"vjgug"gxgpvu"ku"2023"vq"202:"oo"rgt"{gct0"Vjku"xcnwg"ku"kp"vjg"wrrgt"tcpig"qh"guvkocvgu"hqt"c"
semiarid, tectonically passive margin (e0g0, Bierman and Nichols, 2004), although it is lower than 
guvkocvgu"hqt"vgevqpkecnn{"cevkxg"jwokf"ctgcu"nkmg"Vckycp"*Jqxkwu"et an0, 2000) or Japan (Imaizumi 
et an0."422:+0"Vjgug"tcvgu" korn{"c" nctig"coqwpv"qh"ugfkogpv" vtcpurqtvgf"fqypuvtgco"vjcv"owuv"
be considered in future management decisions regarding water supply through potential stream 
damming.

5060 Vhreshond of snore fainure

It has been highlighted that Juliette was exceptional in terms of precipitation (Farfán, 2004), but 
the relevance of its effects over the entire geomorphic system are less obvious (cf0 Martínez-

Hki0"380"Rckt"qh"IgqG{g̶"kocigu"qh"vjg"wrrgt"unqrgu"qh"vjg"Okitk‚q"ecvejogpv."yguvgtp"UNN."ujqykpi"c"
couple of landslides that appeared probably as a result of hurricane Marty in 2003.

2003/05/25 2003/11/21
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Iwvkfittg¦"cpf"Oc{gt."4226+0"Vq"enctkh{"vjg"tqng"vjcv"Lwnkgvvg"jcf"kp"eqorctkuqp"vq"ukoknct."tgegpv"
meteorological systems, we compiled rainfall intensity and duration from some of the largest 
storms affecting the region during the last 20 years, and estimated a threshold curve for slope 
failures (Fig. 17). For example, one of the largest recent storms that brought torrential rains to the 
SLL (November 1993) was a mesoscale convective system (MCS) that did not cause widespread 
slope failures based on a survey of Landsat imagery before and after the event. This event brought  
@322"oo1f"vq"ocp{"uvcvkqpu"kp"vjg"uqwvjgtp"UNN0"Vjg"vqr"32"ceewowncvkqpu"ygtg"kp"vjg"tcpig"
qh"342/582"oo1f"htqo"Pqxgodgt"5"cpf"6."cpf"vjg"uvcvkqp"cv"Ucpvc"Cpkvc"*lwuv"pqtvj"qh"Ucp"Lqufi"
fgn"Ecdq+"tgeqtfgf"582"oo"qp"Pqxgodgt"50"Ukoknctn{."chvgt"vjg"rcuucig"qh"Jwttkecpgu"Rcwn"
*3;:4+"cpf"Kuku"*3;;:+."dqvj"ykvj"nctig"ghhgevu"kp"vjg"cnnwxkcn"tgcejgu"qh"cnn"uvtgcou"qtkikpcvgf"
in the SLL (e0g0."Dqpknncu."3;:6+."pq"unqrg"hcknwtgu"ygtg"qdugtxgf"kp"dqvj"Ncpfucv"kocigt{"cpf"
the few available aerial photographs.

The threshold curve derived from the intensity and duration data for these storms, along with 
Lwnkgvvg."ku"uvtkmkpin{"ukoknct"pqv"qpn{"vq"ewtxgu"guvkocvgf"kp"ygv"vtqrkecn"hqtguv"ctgcu"chhgevgf"
by TCs (Larsen and Simon, 1993) but also to curves developed for semiarid regions affected by 
warm-season convective systems (e0g0, Webb et an0."422:+0"Lwnkgvvg"dtqwijv"oqtg"kpvgpug"tckphcnn"
vq"Dclc"Ecnkhqtpkc"vjcp"cp{"qvjgt"uvqto"kp"tgeqtf0"Vjg"ncem"qh"cp"gpjcpegf"icwig"pgvyqtm"kp"vjg"
SLL precludes us from quantifying more precisely this estimated threshold curve or to extend 
our results to propose a forward predictive model of slope stability. This fact highlights the need 
qh"kortqxkpi"vjg"cevwcn"j{ftqogvgqtqnqikecn"pgvyqtm"vq"dgvvgt"wpfgtuvcpf"unqrg"dgjcxkqt"wrqp"
vjg"crrtqcej"qh"kpvgpug"uvqtou"nkmg"vjg"qpg"cpcn{¦gf"jgtg0

Fig. 17."Itcrj"eqorctkpi"rtgekrkvcvkqp"kpvgpukv{"cpf"fwtcvkqp"vjtgujqnfu"hqt"ncpfunkfg"qeewttgpeg"kp"ugngevgf"
regions (dashed gray lines), with conditions for the landfall or approach of several tropical cyclones and local 
uvqtou"vjcv"fkf"*itc{"ektengu+"cpf"fkf"pqv"*yjkvg"ektengu+"ecwug"ncpfunkfgu"kp"vjg"Ukgttc"nc"Nciwpc0"Jgcx{"dncem"
nkpg"ku"guvkocvgf"vjtgujqnf"hqt"Ukgttc"nc"Nciwpc."Ývvgf"xkuwcnn{0"Vjg"xcnwgu"hqt"uvqtou"rnqvvgf"ctg"dcugf"qp"
rainfall data from both daily"*37 UTC, 07 local time, at this point measurements restart for the next day) and 
10- minute automatic stations. Start and end of rainfall associated with the storm obtained from station records, 
cpcn{uku"qh"IQGU"kocigt{"cpf"VTOO"fcvc0"Rqkpvu"ctg"cxgtcig"qh"vjg"32"jkijguv"tckphcnn"xcnwgu"ctqwpf"UNN0 
SC: Santa Catalina Mountains, Arizona (Webb et an0, 422:+= PR: Puerto Rico (Larsen and Simon, 1993); BR: 
Dnwg"Tkfig."Xktikpkc"*Ykge¦qtgm et an0, 2000); EQ<"uqwvjgtp"Tqem{"Oqwpvckpu."Eqnqtcfq"*Eqg"et an0, 422:+0
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6. Conclusions

Sustained high-intensity rainfall associated with the approach of TC Juliette to the southern Baja 
California peninsula triggered a large amount of landslides in the mountainous terrain of the SLL. 
Most landslides occurred in a region where total storm precipitation during ca0 three days was 
oqtg"vjcp"822"oo."cpf"uqog"tgikqpu"tgegkxgf"qxgt":22"oo0"Vjg"ncpfunkfgu"ygtg"oquvn{"ujcnnqy"
unkru"cpf"fgdtku"unkfgu"qh"nkokvgf"ctgcn"gzvgpv"yjkej."ikxgp"vjg"nctig"coqwpv"qh"uvtgcoÞqy"kp"vjg"
ftckpcig"pgvyqtm."ygtg"eqpxgtvgf"tcrkfn{"kpvq"fgdtku"Þqyu"vq"dg"ncvgt"gzrqtvgf"vqyctfu"vjg"nqyncpfu"
qh"vjg"Ucp"Lqufi"fgn"Ecdq"dcukp0

The main factors affecting landslide occurrence were total rainfall and intensity, geology and 
xgigvcvkqp0"Vjg"qeewttgpeg"qh"ncpfunkfgu"ycu"nguu"eqttgncvgf"ykvj"cpvgegfgpv"tckphcnn0"Igqnqikecn"
hgcvwtgu" nkmg" nkvjqnqi{" cpf" htcevwtg" urcekpi"rtqdcdn{" eqpfkvkqpgf" uvtqpin{" pqv" qpn{" vjg" fktgev"
qeewttgpeg"qh" ncpfunkfgu."dwv"cnuq"c"xgigvcvkqp" kpÞwgpeg" vjtqwij" vjg"fgxgnqrogpv"qh"fkhhgtgpv"
cuuqekcvkqpu" nkpmgf" vq" vjgo0"Ogvgqtqnqikecn" hcevqtu" nkmg" tckphcnn" tcvgu"ygtg"rtqdcdn{" vjg"ockp"
triggering factor. Two processes can be distinguished as initiating slope failure. One is rainfall 
ceewowncvkqp"htqo"gzrqugf"dgftqem"unqrgu."igpgtcvkpi"gzeguu"qxgtncpf"Þqy"cu"vjg"ockp"rtqeguu"
nkpmgf" vq" hcknwtgu" kp" eqpecxg" vqrqitcrj{0"Vjg" ugeqpf"rtqeguu"ycu"rtqdcdn{" c" eqodkpcvkqp"qh"
vjg"ykpf"cpf"gzeguu"qxgtncpf"Þqy"kp"vjg"oqtg"eqpxgz"qt"rncpct"wrrgt"unqrgu."cu"wrtqqvgf"vtggu"
fkunqfigf"nctig"tgiqnkvj"cpf"dgftqem"dnqemu."qrgpkpi"unqrgu"hqt"hwtvjgt"twpqhh"eqpegpvtcvkqp"rctvkcnn{"
hqnnqykpi"vjg"Ýtuv"ogpvkqpgf"rtqeguu0

A reduced proportion of the landslides accumulated material in the lower slopes, as most of 
it was carried over by the streams, attesting the high transport capacity that they display during 
vjgug"uvqtou0"Ncpfunkfgu"ctg"vjgtghqtg"c"xgt{"ghÝekgpv"ogejcpkuo"qh"vtcpuhgttkpi"ocuu"htqo"vjg"
jknnunqrgu"fktgevn{"kpvq"hqwtvj"cp"Ýhvj"qtfgt"uvtgcou"vjcv"ftckp"qwvukfg"vjg"UNN"tcpig0

The approach of TC Juliette was not only extreme in terms of total and intense rainfall but 
also in terms of slope failure triggering. When the rainfall data is plotted along with those from 
other storms that did not cause extensive landsliding, a threshold curve for triggering landslide 
kp" vjku" tgikqp"ecp"dg" umgvejgf." kp"c"rqukvkqp" ukoknct" vq"guvkocvgu" htqo"qvjgt" uwdvtqrkecn"cpf"
tropical areas.

Htqo"vjg"cpcn{uku"qh"jkuvqtkecn"kphqtocvkqp."kv"ku"guvkocvgf"vjcv"uvqtou"nkmg"Lwnkgvvg"crrtqcej"qt"
ocmg"ncpfhcnn"kp"vjg"uqwvjgtp"rgpkpuwnc"qp"cxgtcig"qpeg"gxgt{"322"{gctu0"Fgpwfcvkqp"guvkocvgu"kp"
the form of landscape lowering rates were obtained for several of the catchments where landsliding 
occurred, and correspond to lower-end estimates of mass transfer for the region, given that smaller 
events that also transport sediment are not included. Even considering this effect, the rates are in 
the high end for a tectonically passive margin and highlight the consideration of sediment transfer 
tcvgu"yjgp"vcmkpi"fgekukqpu"tgictfkpi"ocpcigogpv"qh"ycvgt"tguqwtegu"kp"vjku"ctgc"vjtqwij"fcookpi"
streams.

The results emphasize also the need for a more detailed representation of the spatial distribution 
qh"tckphcnn"cpf"ykpf"Ýgnfu"hqt"vjku"oqwpvckpqwu"tgikqp"chhgevgf"d{"VEu0"Kp"rctvkewnct."cp"kpetgcug"
in the number of stations representing the higher altitude region of the SLL is needed to more 
accurately analyze the relation between storm characteristics and landslide occurrence in future 
gxgpvu0"Vjgug"cpcn{ugu"tgrtgugpv"c"mg{"uvgr"kp"qtfgt"vq"rtqrgtn{"ocpcig"vjku"tgikqp"kp"vgtou"qh"
water resources and natural hazards.
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