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Abstract

l .h iss tu l r l ras r r ldc r takr jo l . ,d . le I l ] i i i e lhe .harac ter is t i cso fg lo i ra ra l rnc

aDsle rurout zones and perhaps onto opposite slopes. Ercessire ' trrrel attaineil L:r snorv rvrlanclcs is nlaLcd Lolx equivalent

dre f f . ieDtso f f r i c t io !and la rgesno l ' ro lL rne ' In t

1 . i le ' .a ra1anchepathsexh ib j tedercess i re t ra re l 'Theequ i ' . len lcoe i fc ien lSo l '1 r j c t i i rnc l tu | r tc r1

Lo th,,s. dut.rmni.d for far'ttarehrg aralanches elsewhere. Conditions ir the runoul zorr also allcct ooss trarrl. b(r'au!. (itli

s,krr\sional \.g.tatioD is

1 l u 1 r u ' 1 o l r o e i | ' i r i e l t s o i i | i . t i o l r e . . u l t i n g e I c e s s i l e t r a l e l i r o
posslblt'. Land use planners can utiLize these obsenotions in identilving prrticu arh hvrrlo!s siLcs.

Introduction
Xlass movcmcnts of snorv. rock" or r,eathered sur-
l icial dcbris occ,asional l ,v 0ow crccssivc distances
across thc landsc:rpe" o$,ing to lo$ coeff icients of
fr ir : t ion and large volurnes. In lhe ontext ol sno$
ariianches. "ericessive" distance can bc considcrcd
,  i t h ,  r  [ r . , r n  . r  1 ' l l nn ins  I ' F ' - t ' F '  r i \ - .  i . - . .  i ' ,  - \ ,  - - -
of the 1OO-vear avalanche runoul zone (Ives et al.
l oTo r :  o l  i n  . r  1 ' h r . i c . r l l '  h r -eJ  eun t ,  r l .  i . ,  . .  i n  ,  r -
, "  - -  " l  n " rn r r l  l r . r r ' l  , l i - l . r n , "  s  E i \ ,  r  r 1  r l r i n  l F r -
nin paramctcls (Tzumi 1988, Yarnada 1989). The
lattcr-approach has also becn applied ;n studies
of rockfal l-avalanches (sturzslroms) (Hsi i  1975.
Eisbachel 1979) and volcanic debris flons (lahars)
(\aranjo and Francis 1987). The distancres trav-
eled bv such mass movements are indicati\.e oI the
lundamental phvsical procrsscs opclating on. dnd
influenced b,v. thc lanclscapc.

Snor,i aralanches in subalpine terrain t,vpicallv
occur within t'ell deJineated paths lhich pass ver-
ticall,v through thc sur-rounding ftrrcslcd cnliron-
ment. f fodu(ing dist inct swaths of non-fofesled,
sr.rpple vegetation (Malanson and Butler 1984.
1986: Butlcr 1989a; Erschbamcr l9B9). The
tl i lnsvrrsc and longitudinal boundarics o[ thcsc
ar.alanche paLhs rnark the zone rvithin rvhich the
geornorphic inf luenr:e oI a sno$, avalanr'he is tvpi-
call,v conlined. Hotever. inliequent high-magnitude
snorr avalanches can extend be,vond the longitu-
dinal and llusverse margins ol the path and into
the surrounding forest. uprooting trccs and intro-
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clucing sccl irncnt int{) lhe slope debris r:ascade
(Butler l9{19a. Butler ancl Nlalanson 1990). Be
i  r . r - F  t h F : r  i n l r e l u e n l .  - p n l r r l l \  c \ l c n - i \ c

avalanches are erosionallv actir.e in normallv un-
allected portions olpaths, an undcrstandinpl of tht:
type and charactcristics of ar.alanchcs r,rhich tr-avrl
ex(.essive distances is irnporLant from bolh a geo
morphic and plnnning perspective.

The purpo-.e-" ol thi-. paper are to: l) eraminc
the tcrrain and avalanchc ohararlcfislics ass()ciated
with historical cases ofsnon avalanr:hes lhich po-s'
sessed large volumes. low coeff icicnts of f i ict ion,
rnd  t h . r . l , , r .  - r ,  - - . i r e  t l a ' e l  J i . t a r ree -  i n  c  l , o r
t ion ofthc northcrn Rocky N' lorrntains of lv.ontana.
l , .S.A.: and 2i describe historical cases in * 'hich
no exaressive lrarel occurred. S'e compare our
re ! rL l t !  \ i Lh  l hu .e  I r un r  ' t . r d i . '  i n , r l h r I  r r r r . , L r r r l u i , '
en\ ' i ronrnenls uith general ly sirni lar- avalanche
cl imates.

Background

0rcessive trar.cl distancc b\. t snon' ar.alanchc is
a funcLion c,f a number of i:lctors: t,vpe of ava-
l lnchc, snov condil ions. r.cgctal ion cncounlcrcd
along the avalanche track and in the runout-zone.
climate, tenain rclicl, ancl morphologr. of thc ava-
lanche paLh (X{ears I979. L9B4). I t  has been held
l h . r l  r \ ,  l - - nu \ \  . r r r l . r n ,  h ,  .  . r n , l  r r  r l . r n ,  h . s ,  u rn l , r i -
ing large blocks clerivcd from thc lracturc ofa hard,
drv snol slab clevelop large internal iiictional
forccs among thc moving blocks. the avalanche,
and the path sLrrface ( l lears 198,1. p. 82). These
large frictional lbrccs causc rapicl dccclcration in
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the runout zone and relat ivelv short runout dis-
tances. Con\.cr-sclv. drr-snol' pot'dcr a\.llanches
entrain air. become part!- fluidized into diffuse
aerosols. and possess srnal l  internal fr ict ional
forces. resul l ing in dispcrsal of thc avalanche de-
posit oler lon€i distances at lhe base of the slope.
DeceleraLion and recluccd dispcrs: i l  mav rcsult
liorn encounledng wet or blockv sno\'! in Lhe trarel
path, or lrom intcructing $ith large tlees and
Lrnderslorv vegetation $hich dissipate energv
rluicklv (\ ' lears I9f l4).

Rcccntl .v, Nlart inclJi  (1986). lzumi (1988).

l lears ( l9BB. l9B9). and l lcClung er ol.  ( I9{ '}9)
hare reviewcd empirical snorr-i\.{lanchc mnout
models b:lsed on analysis of telrain variables. Jrar-
ticulull thosc clcveloped b,v personnel at the Nor
ri egian Geoter.hnical InsLiluLe. NIeaN (I9{}[]. l9{}9)
and |cClung er ol.  (1989) cxrmincd data on
lunout distances iiom lbur dilierent geographic
a rca - .  anL l  d -mon- t r c ted  t l r a t  t h -  \ , ' r r . cg i r r r  c1 , -
proach is not applicable to manv of the climates
and terrains that prodLlce avalanches in North
Amcrica. 

'fhev 
concludetl that the statistical runout

equations dereloped in one mountain area should
not bc applicd to othcr arcas.

Nlears (1988) also pointed oul a bas;c prob-
lem l.ith physical models for calculating avalanche
runoul distance: thev are depcndent on thc usc o{
a friction-trrm valuc (the coelficicnt o{ friction)
rvhich varies t'ith terrain and snolt ry-pe, and which
have nol been rneasured. The values lor the coeffi-
cicnt of friction arc t_l pically cstimated, based on
Lhe erperience of the user. Cornrnonlv used values
lange from 0.I to 0.5 (Buser and !rut iger 1980.
Perla er .r l .  1980).

ln thc statistici modcls clcvclopccl bv othcrs
and discussed and used bv Slears ( l9BB p. 233.
1989 p.284) and McClrrng et ol.  (1989). the vcr-
tical rclicf of thc avalanchc path (H), has been iden-
t i f ied as an important rcntlol l ing variablc (Figurc

1). However. because a snot' avalanche is not al-
tays initiatcd at thc top of thc al.alanchc path, but
at some lo$er elevation. it is mole u,.eiul to deline
H as the reltir:al relief irom the top c-rf the bleal-
a\{ a\.  scar. This reclef init ion of H *as carl icr cm-
plo-ved by Hsi i  ( I9?5). Eisbacher (1979). and
\ r ra r r j o  r nd  F r : r n ,  i s  l l , r 87 t  i n  t h ' . i r  - ' , . rm in : r l i u r r
ol e)icessive travel distances of sturzstronls and
lahars. This approach has also bccn uscd in Japa-
nese (Izumi 19BB: Yamada 1989) and Nomegian
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(Lied and Bakkehr/ i  1980) studies of snor'-
avalanche e\cessive travel distances.

Clenne (1986) and Izumi (I9BB) defined H as
"the verl ical avalanche fal1 heighL," ralher than as
Lhe total rel ief of thc avalanchc path. ancl L as the
horizontal reach ofthe avalanche (l'igure 1). With
these variables. thcr subscqucntlv calculatcd the
equivalent coeflicient of friction (p) as:

p = HtL. (1)

Excessilc tralcl distancc (T,c). dclincd b_-v Hsii
{1975, p. l38) as ' ' the horizontal displacement of
the t ip. .  .  bevond the distance one e\pecls from
a frictional sliclc dot'n ln incline t'ith a normal
coeff icient of fr ict ion of tan 32o (0.62)," mav bc
cxpressed as:

Le = L - H/tan 32o. 12)

The i32" angle, tvpical lv ut i l izcd in sturstrom
rrork. has also bccn cxpcrimcntal lv conl irmcd bv
Japanese t 'orkers lbr use l , i th snow alalanches
( I zum i  198 ,3 ) .

lzumi ( l9BB) ut i l ized Hsi i ' -s (1975) del init ion
irr a modif ied lorm" referr ing to un'hnlubricated
slide rnass'' r'ather than a "fiictional slide." A1-
though Izumi used the terrn "sl ide massj"; t ;s as-
surned that aralanchc rnotion is not ncccssari lv a
sliding onc, but in all likelihood a turbulent 11o\'!
(a point ernphasized by Clenne. l986). Tzumi i l -
lustratecl an inverse relationship betteen avalanche
volurnr and equivalent cocff icicnt of fr ict ion. and
a dircct rclationship bett'een volume and erces-
si!e travel dislance.

lzumi's ( l9BB) results l iom the studv o[ both
!!et- and drv-snol! avalanches in the marit imc
mountains of Japan there{ore illustrated relation-
ships similar lo thosc lrom sturzst lom and debris
.rrcl lrnche - ludie.: mJ-.-mo\emcnt: ha\ ing grert.r
volurnes tcnrlcd to cxhibit  l txrcr cquivalent coeff i-
cicnts of friction, and $'ere rnore likel,v to travel
lonpl distances. Slab avalanches of dry srro* had
the lowest coeff icients of fr ict ion in Izumi's studv.
and as a group the slab avalanches also hacl Lhe
grcalcst c\ccssivc tra\.el distances. l'ull depth, dry
po\r'der avalanches hacl intermediate coefficients
offriction gcncrall_v in the range of 0.4 to 0.6; and
Iirll depth. iret-snow avalanches had the highest
p values, ranging from 0.4 in onc casc b thc morc
lypical0.6 to 0.8 rangc. Exccssivc travel distance
for the dn. full-depth avalanches rvas limitecl. tvpi-
call,v lcss than 200 m. Only one lvet sno\! ava-
lanche achieved ercessire travel distance. All slab

dvdlanchcs in Izumi's sample tra\.eled e\cessive
distances, ranging trom 100 to l ,{100 m.

In feview. lno aspeds of the r,,.ork on avalanrfic
distanccs nccd to bc rcitcratcd. l ' i rst,  the concept
of "cxccssivc distance" is verv impo ant. Nlears
(I989) referred to "maii imum runo(rt dislancc" o{
a "dcsign avalanche." His calculation of a runoul
fat io expressed lhe concepl of cxccssivc distance,
and NlcClung and Lied (I987) and XlcClung et al.
(1989) hare shorvn how this conccpt can bc used
in a prcdict ir .c rncthod. Hsti  (1975) and Izumi
(l9BB) specilied a precise definition of"excess;ve"
as in excess of an expcctcd distancc. wh;ch i tsel l
nccds further consideration. l'or \lears'(1989) lbr-
mula for runout rat io (RR)" i t  is necessan'to meas
ure the horizontal component of path length above
and bclow a l0o slope angle on the path ( l0o be-
ing the presumed angle belou which retardation
of snow motion occLrs; Lied and Bakkchrli 1 980).
In l{sii's (1975) ltrrmula (cquation 2), cxccss lengh
is the total actual length minus the erpected lcngth,
which in turn is cclual to the horizontal lenplh de-
f i r r ed  h r  a  - t r a i gh t  l i ne  o i32o  s l npe , ' r i u i n r t i ne  r l
thc top ofthe slide. It should be noted that the pro-
cess oflocating either oI these tangent-c lo the slopc
may produce efror or lr ias dcpcnding on thc scale
of thc sourcc mdtcrial, r'hcthcr topo€iraphic maps.
aerial photographs. or digital elevation moclcls
(Walsh er o1. l9B7).

Both dcfinitions cmbod,v valuable concepts. In
Slears (1989) rve f ind that the excessi l 'e distancc
is a function o{thc lcngth ofa runout zone relat ive
to an upper path or sJide zone. For Hsi i  (1975),
the dist inct ion between the t,o is less arbitraN.
$' i th the 32o f igurc bcing bascd on obsen'at ional
nnd experimental results for slLrrzstr-oms, which
mav bc cautiouslv applicd to snov avalanches.
lzumi's (1988) "equivalent <rreff icicnt of fr ict ion"
h . r s  r . r l u ,  . r - . r n ,  . r s i h  c . r l c r r l . r t e r l  i r de \  r ^ t  r e , l u i f -
ing or.er\ precise (i.e.. largel than l:24.000-scall
topographic maps or Lime-consLrming field data coL
lection.

Other fatiors influcncin!! excessive runout are
the topographic fealur-es o[ the palh i tseif  and thc
tcrrain in vhich the path is located. Runout dis-
tance is not affected b;- q)ndit i()ns in thc start ing
zone, for either a dry or *'ct-snolr avalanche. on
unconfined aralanche paths. The angular transi-
t ion beti ! 'een lrack and runout zone is signif icant
[or identifring paths r,".ith thc potential for extremelv
long rLrnoul distances (1![alt inel l ;  J986, p. 30).
Ar.alanche paths haling linear or slightlv concare
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tracks tith abrupt transitions (at point Li3 on Fig-
urc 1) to nearl-v f lr t  runoul zoncs ha!e been cal lcd
"hockcv st ir :k paths' '  by Nlarr incl l i  ( I986). and
a\alanches on such paths have Lerrr lccl to run "un-

usuallv long distances. '" 
' lhe 

transversc profi le
across an avalanche palh is an impo anL norpho
logical rariablc that has not bcen incofporatcd into
mathernal ical runout rnodcls. and shoulcl be. (h
conlined (charnelized) avulanche paths, r.cleased
snol is forced through:r confincd track. thercforc
incrcasing velocitv and making runout distrnce dc-
pendent on thc size of t l le st i l r t ing zone. r.c.,  mak-
ing runout distance dependcnl on snot volLrmc
(\ ' lears 1979). A rcccnt paper bl Nicolett i  and
Sorriso-Valvo (1991) i l lust lates holr transver-se
mor-phologic contlols can be incorporatcd into corn-
putal ions of Iunoul distancc Ibr rock avalanche.
and oilers promise lbr similar applications rn snot-
avalanche runout prccl ict ion.

The Study Area

Clac,icr National I'ark (CNP) is locatcd in norrh-
$eslcur Nlonlana. f i .S.A.. astr icle lhc continental
divide. Thc western h:r l f  of GNP (Figurc 2) has a
modified Pacific mu-iLime climate lirh relativclv
rn i l J  t empe la tu r ,  s  . r n , l  he r r , -  r , r ' t  - no r r l a l l .  F . r s t
of the dividc. winters are much colder anrl  rdndier.
and snol lal l  tcncls to be clr icr and l ighL. Plcisto-
ccle glaciat ion produced a stecp landscape pronc
lo snow *alanchcs. ancl Butlcr and Nlalanson
(1985a) and Butlcr (1986a) havc i l lustr:rted Lhc

lanrhcs in CNP. thc tvpes of avalanches that oc-
cur. and the climatic conditions rhat produce them.
-Slab and lxrint ar.alam:hes of rvet and dry powder
snor,; have been rcported from both sidcs of the
continental divide.

Analysis
Sir cases (Figurc 2) of snos avi i lanches of known
tvpc. and \{ith knotn initiation ancl terminarion cle-
lations. arc available in published and arr:hival
literatlrre ffom CNP (Anonymous 19,\6. Ilungry
l irne,\crs 1975. l 'ancbaker 1982, Marrinel l i
I984, S i l i iarns and Arrnstlong l9f l4. Butler and
fr lalanson l9B5b. ! ' rauson 1979). Dara on the
volumes ol lhcsc avalanche dcposits were not mea-
sured. bul can in some ca-ses lrc rcconslrucLed from
the arcal ertent of ar.alanche dcposits visible on
photos. in cornbination t i th deprh estimates de-
lir.ccl lrorn evirlcnce oi regetation damagc alongl
palh rnarfqns.

For cach ofthe sir historic cases. I I  rr .as calcu-
late. l  l )v subtracting the lolest elevarion ofthe av-
. r Lnehe  , l - 1 " ^ i t  l l u rn  t he  h igh ,  - t  kno$n  { t J r r l i rS
clcvdtion. L uas calcuhted lrv mapping rhe loca-
t ion o[ thc snor lai lure zone and Lhe avalanche de-
posit on [.S.C.S. 1: 2,1,000-scale ropographic
rnaps and measLrring the horizontal distance down
the <:entcr ol the path bch\,een the uppcr and lorver
eleraLions. I) istance mcasuremenls arc therefore
considercrl dccur:rte to Iithin 20 m. Thc equiva-
lent coeificicnt o{ liiction for- each case was calcu-
latcd using eq uation I lTable I ) .  Le r,as calculatcd
for-each case using equation 2. Bv comparing Le
to p. te eranrine the length of an avalanche in
lerrns of i ts areragc slope:rncl a slopc of 32o. For
lo*cr average slopcs. i .e..  lower t lcff icients ol fr ic-
t ion. Lhr distance in crccss ol a i : i2c r.un i l i l l  bc
gfeater lor-a pjr.en path lcngth.

T:rble I also plor.ides information on avalanche
chalacterisl i( .s ancl path terrain. The t lpe o[ ava-
lanche is r-ccorded for cach example. Volume of
l h ,  - nn r '  , 1 .1 ' , - i l ,  J  i n  t h -  r r r no r r r  zone  s r s  r ' - t i
natccl in the cascs of the Goat Lick (1979 and
l982) and Shed Scvcn alalanchrs bl mapping thc
afeal cxtent apparcnl on photographs in Panebakcr
(l9{t2). Mart inel l i  {1984). and Wil l iams and Arm-
stlong (|984); und bv esl imating snorr clcpth ei,
thcr f iom the knoln height of objects in rhe
photographs, or frorn lhc hcight ol rcgcLuLrol rn
the mnout zonc (Butlel and M:rlanson I985b). Ter
rain condil ions and tvpe of vegetation rr i thin each
avalanche paLh's track and r-unout zone i lerc cx-
amincd in the l ield (Figures 13.4) for al l  bur rhc

. l.,n alion olhisro.i.! srcs urahn.hcs dinussed nr
dre t.rt. L Golt LicL 1979 rnrl 1982 aralarr hr.s.
2  i l p , l  ;  |  \ l r .  l t - n k " t .  t .  J . - 1 , t , r , .  t . . k " .  i .
Kint la l .uke.

But lcr  and Malanson

geograph icallv,l idesprcad occurrenccs of ava-

Figure 2.
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Kintla Lake case. which was sLndied using acrial
photographs and a topographic, map. Faclors par-
ticulul,v allicting the potendal lor excessive runoLrt
ucrc lhc dcgrcc of incision (if anv) of a central
channel running longitudinal ly dorvn the path (the
"inner zonc"), the longitrrdinal prof i le of the path
(sensa lv.art inel l i  1986), and the character ofvege-
tat ion prcscnl. calcl ior ized os: inner zone, o{
primaril;- lrerbaceous vegctation svch ds Urtica di
oica; flanking zone. of flexihlc deciduous trces such
as Alnus sinuata, Acer glabrun, ana Popu[us
IrcnrLloi(Le\: and outer zonc. of morc l iclel,v scat
tered trees and shrubs slc:h as Anekmchier alntfo-
l ia (Malanson :rnd Butler 1984, J986).

Results

Ear:h oi t l re snou,-avalanchc palhs cramincd has
a 'hockcv-st ick path prof i le" (\ Iart inel l i  1986). a
steeplv plr inging uppcf lrack $ith a plonol lnced
break in slope leading to the lon-anglc runout zone.
Of the sir cases eramined (Tablc l i ,  ibur
avalanches possessed relatively lol cquir.alcnt

coeff icients of l i ict ion (( 0.5) compared to lhosc
avalanches in this study ancl Tzuni 's (1988) which
dicl not h-avcl excess distances. The lbur aralanches
1r'ith lower equivalent .roefficients oi friction at-
lained ercessir 'e travel distanccs of 5.1,1-969 m.
Volumcs exceeded 85.000 (0.85 x 1Os) m3 in thc
three cases for which recxrnstruction of dcpositional
volume was possible.

' lhese 
data compare falorablv with Izurni 's

(I988) resulLs. He illrstralcd that avallnches lar€ier
Lhan I r l0s mt cxpcricnced excessive l favel dis-
tance. Howe\.er. all sur:h ar.alanches in his sanr-
ple were slab avalanchcs of drv snow. 

' fhe

$ct-snov avalanches he examined rarelv crcccdcd
0.3 r l0'  mr in r.ohrmc. and thus uni lbrmll  high
equilalent coel l icients of lr ict ion () 0.5i1 in al l
hL r l  , , r -  r  a . ' l  anJ  , l i , l  r r u t  , . r p , . r ' i ence  e ree - - i ' , e
travcl.

In contrast to Izumi's (1988) I int l ings. al l
lvilanches in our studv t'hir:h possessed lol cocffi-
c i - r r t . , ' i i r i t t i on . rn r l  t r c . s r i r .  t r J \ e l  d i ' t r nce  \ \ e re
$et-sno\r avalanches. The Clacier Park Ict-snol

fisur.l- ,sh.(l ; {ulanche plrh. with deeplv Dcised cerral gullr- a.d lo$- h.rba.ci(n,s i,,gr-rdion hnoiv). Futhesr reaches ol
th,i ru,NUr zo,r, in lbffsround. \ote the snoicshed corering the railnrad rra.Ls.

A2 Brrl ier and Malanson



avalanohcs occurrecl in cleeply-incised. steeplv
plunging path-r *ith t'eil'defrned inner zoncs oflo*
herbaccor.rs vcgctalion (Figure 13). These conditions
apparentl_-v precluclccJ signifi cant ene|gv dissipalion
alrng the lateral margins of flon', so that thc lorr
fr ict ion and conl;nued high ener€a lelels lavolcd
excessive travel in the runont zonc. A similar con-
clusion for rock avalanches ras recentlv repo ed
bv Nicolett i  and Sorriso-Valvo (1991).

The Llansverse shape of an dlalanchc path also
sccrns kr be important. -4. drv snol 'avalanchc in-
colpori l t ing air can hare considerable depth so the
relatire proportion of the alalanchc conlading the
ground will be small. e\'en on a flal slope. ln $'et-
sno\\ '  avalanchesj ho$,ever. this rat io of volumc lo
contact r,".ill bc lov unlcss the llo* is channelized
lrv Lrc,a] Lerrain leatures.

( londit ions in the runout zonc in cach case of
e\cessi,re 1ra!el also Ia!ored continued movcrncnt.
ln thc t! , io Coat T.ick aralanches. the sno\\,dis-
charged onto the l loodplain of the Middlc Fork of
the l ' lathcad Rivcr. *hcre legelat ion is sparse to
non-e\istent. The Shed 7 avalanche encountcrcd
yonng conilers \\'hcr-c powcr Jiner mainlenance h:ld
removed lhe mature vegctation (! igrrrc 4); and the
N'lt. Ilcnkcl avalanche debolrched into a post-firc
succrcssional grovc of voung aspen (l'rprrlus

t re nulo iles) .

T l r r  t s ' , . r r r l a r r r he -  r . h i ch  J i , l  r r o t  r 1p ,  1 i ,  n , r
excessi!e tru\.el had high ccluiralcnt cr)efficienls ol
ir ict ion (Table l) .  in the same rangc as thosc
dcscribcd b,v IzLrmi (19f18) which did not undergo
e\cessive travcl.  Both our cascs invoh'ed drr-
prxr der avalanr:hes l i i th :rccompanying l indblast.
'[]re 

Josephinc [,akc avalanche (Tal-rle I) crcurred
on an open. unconfined slope. i .e..  i t  did not trar.cl
dot'n a deepl_v incisccl gull_-v in the cenler ol the
r r rLn ,  h -  1 , r t l r .  Th .  l e ,  k  o i  ,  on l l r r en rcn l  i n  l r . cn
tral gullv mav allo$ cncrgJ to dissipate along an
. r ra l a r r "h "  -  I ' r t e ra l  n r r r ' 3 i r r .  l e . r J i n :  l u . r r r  i n ,  r - . r - -
in lr ict ion and a shorter travel distance. Although
lolume inibrmation 1r'as not available fr-rr this ava-
lanchc, i l  possessrd sulf icient strength to demol'
ish a bo:rl-stolrge shed at thc basc of thc path,
possibly a rcsult  of the assor: iated windblast ( l lun

g/l  l lorse ,\e?{s 28 lcbruarv l9?5).
' lhc 

othcr casc r)f  alalanching \ l i thout e)ices
sive travel. at Kintla Ltkc (l'ablc l ). did ocrcrrr on
a path uith the reqLrisi te terrain condit ion-" for er-
cessire tralel; a steeplv plunging and deepl,v in-
r  i s '  J , "  n t r r l  gu lh  s i t l r  l , ' s  he l l , c c ' ' , , r .  ' ege ta t i on

in thc inner zone. Ho!!e,ier, the low-angle runout
zone $as l i rnited in e\tent. and thc avalanchr en-
tcrcd a maturc' coniferous forest near the held oI
that zone (Anonvmous i  9,tr6). Entry i [ to the Ibr-
esl.  causing increased fr ict ion during f low plLrs up-
rooting and destr-uct ion of the trees, dissipatccl thc
eners- that might othcr$isc havc propelled lhe av-
. r hn rh .  L l r t h r r  i r l , '  l l r F  ru r , ' u l  r . nc

Discussion

Thc number of avalanches examined in this studv
is lor,".. mainlv because of the limited number ol
on-site obsen'ations of starling elevation. Ilorvever.
tree-rinli data rcr.eal that far-Lraveled avalanches
also reached the longitudinal peripherics of thc
Coat Lick path in thc rvinters of I971-72,
1 96,1-65, 1 962-6i1, L9s6-57. I949-50. 19,14-,15.
I936-37. l934-35, and I924-25 (Butler and
Nlaluson 1985a); ancl that avalanches reached the
outcf edges of the Shed Seven nurout zonc in thc
\\, inters of L975-76. 1973-74. I971-72, and
]968-69. Frauson (1979) also described anothcr
snol\,alalanche t ' i th cxocssi l 'e lrarel dislance at
thc l \{ t .  Tlcnktl  path. also occur ng in 1979: un-
l b r l r n , r l . l \ .  nu , l . r t u  r ' . r .  a ra i l ah l .  r once ln i r r p

sLarling elevation. 
'l'hese 

aclclitiond cxamples re-
leal that snow alalanches frequently havc travclcd
long distances in Clacicr Park.

Rainfall associated $'ith a risc in tcmper-ature
is the most common dimaLic lr igger oi snoir
a\,alanches in CNP. and $,et-snolv trvulanches are
thc most cornmon t,vpe (Butler l986a). Historical
data conoboratc that most cases ofe\.iessi!e Lrarel
at the Coat Lick and Shed Sevcn pdths wefc $,et-
snorr d\. t lanches (see BuLler 1986b. fbr detai ls).

Civen the results of this and other studies. a
gcncral model of avalanr:he movement and ener;ry
is desirable. We proposc somc dircd;ons for su(lr
a lask lhaL can be easily appJied b_v land-usc plan-
ncrs lr i lhoul intensive labor requirements as-
sociated t i th on-sitc rnonitoring. In Figure I.  *e
shov thc longitudirral prof i le oi a typical avalanche
paLh. lith several keJ locations notcd. The path
is cl ividcd into lhree porLions: the part l32o and
steeper (Izumi l9BB) (Hl and T,1): thc pan bc-
low.that point but above Lhe point defined by an
average 32c slopc ( l{2 anrl  L2): ancl the runout
zone (HlJ and L3). We can rcfcr to these as lhe
Ial l  zonc, thc ff ict ion zone. and the runout zone.
The motion ol an avalanche r,".ill bc gcncratcd dur-
ing the fal l  on thc slope steepel than l32o: this
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energv will mostlv be dissipated in thr fliction zone:
and the extcnt to vhich it is not fulh dissipated
in the friction zonc rvill be expressed in Lhe lcngth
of thc mnout zone. Thus exccssivc distance is. as
erpressed bv NlcClung and Lied (1984. l9B7) and
Mears (I989). a fLrnt l ion ofthe rat io olthe lengths
of tvo po ions olLhe path. Wc suggest. hol,erer.
lhat j t  is the upper hro scctions of the path that
arc imporlant in .lelermining thc cxcessive dislance
travclcd (that distance *hich ercccds the calcu-
lated value ftrr an alerage slope of i i2").  Thc cx-
ccssir.c cl istance is. thcn. a cl ircct I  nct ion of Hl.
and an indirect function of II2. Also. the coefli-
cients of lhc function(s) mav diffel for thc portions
of the slopc above and below H2. Thc cxact func-
tion need noL bc spccified here because. as notcd
in most studies. other facto$ must also be Laken

Clenne (I986) summarizcd many ofthese fac-
tors relat ivc to a smooth longitudinal surlace: they
include u,eathcr and snorrpack. melt ing, and the
changes in mass of thc ar.alanche along the path
(thc friction of moving sno* is also a lunction of
its mass and r.olumc). S'e have enrphasizcd thc im-
pofiance of local terrain and vcgetation. S'e note
thal thc lransvcrse topographv and vegdation of
a path may aflecl Lhe ftiction. bccause of changes
in the arca of sulf ice conlacl relal ivc to the mass
:rnd volume ofthc uvalanche. VariaLion in thc lon-
gitudinai topographv nnd ve€ietation. beyoncl tht:
effccts of a large stand of trccs at the bottom of
a sl ide. must also bc considered. For exarnplc" our-
Shcd 7 path. and many oLhcrs in Clacier Park, the
Rocky Mounlains in gcncral.  and in Europe, pass
ovcr a sno\rshed (gallcrv) thich vill cause a fas!
moving flot to becorne airborne for at lcast a shorl
distance. Abrupt profile interruptions lo a licncr,
allr' concar.e "hocker-stick" profile coulcl atso cause
snolr, accclcration or deceleralion, tlcpcnding on
the shape (convex or concavc) and steepness of the
rnterruptions.

Conclusions

Our clala rer.cal that manv wet-snorv avalanchcs can
trar.el excessive distanccs Iith low equivalenl
coefficients of friction. Orrr data do not preclude
the possibiJities thaL slab and drl'-snow rvalanchcs
mar also travcl cxcessive distanr:es. as clcscribed
bv lzumi (-t98B) and Yamada (I989) lbr Japanese
avalanches; hotever. our limitccl historical sam-
ple revcals no such cases. In the nonhern llockv

Nlountains, cxccssi\ .e travel distances develop
shere largc-r.olume avalanches are relcased on
"hockev-stick profilc" paths which are deeply in-
t iserd. A flume like terrair works in concert with
l ou - - t a tu r . .  f l ,  r i h l e  rege ta t i on  o f  t h .  i nn ,  r  zune
to provide minimal ff;ctional lesistance 1rt the pas-
sage ol the snorv; and rnovcmcnt continues into lorv-
angle rurout zones where \.clictation is limited in
arc:rl cxtent and heighl. Wherc avalanches do nol
travel in confir'red paths. and/or rvhcr-e thcv encoun-
l e r  r n r l , r rF  i ' r ,  - l  i n  l hc  n tnou t  t nnF ,  F \ , ,  { { i \ .
travcl is unlikelv.

These lindings have several gcomorphic impli-
cations. Effective scorrring of thc bclor-snorv sur-
face will be ]imited to the transvcrsc (Butler and
Malanson 1985a, Butler 1989a) and distal mar-
pfns of aralanchc pnths. lnner zones of stccplv
plunpjnpl avalanclre paths subject pimarilv to $,et-
snow ar.alanches are not likely lo cxpcrience sig-
nif icant avalanche erosion. As pointed out else
rvhere (Butlcr and frtalanson 1990). these
flumelike snot-avalanche paths seem to be rclict
landlbrms.

ln the outer margins of ar.:rlanche runout zones,
lorest mav be entered and Lrees uprootccl (Butler
and Xlalanson 1990). Deposit ion of densc rvct-
snot'avalanches can also block creelcs and rrvers,
producing temporan clams vhich ultimateh iail
and release jokulhlaupJikc outburst l loods oI sur-
prisinglv high peak discharges (tsutlcr l9B9b).

Land-use planners can utilizr thc information
presenled in this papcr to identify particrrlarlv dan-
gcrous sites. Excessir 'e travel l ikcl ihood can be
quickly calculatcd by determining the cquivalent
coefl icient of lr ict ion using p = H/L. The ncccs-
sary data lbr sur'h calculalions ale quickly and eas-
i ly extractcd from topoplaphic maps and mnps ol
avalanche path location (tlutler and Walsh 1990),
in concert with descriptions ol past ar.alanches.
Even il histolical data arc absent. runout zones and
slopes opposite avalanche paths that are rnost likel!
to be imptctcd b,v excessive travel can bc identi-
lied on tlre basis ofpath topography; "hockcy-stick

profile'' paths (easilv discerniblc irom topogfaph;c
maps) r,ith dceplv incised cenLral gullics (also easilv
identified on maps) prcscnt the €ireatest danger.
Limiting devclopment on, immediatelv across irom.
and dot,nval lel from such paths seems the most
prudent course for planners sccking to applv our
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