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Abstract

Here we proide information on ice columns and frozen rills found in late-seasaom-sno
packs in and near the Green kakAlley of the Colorado Front Range, USAhe pres-

ence of ice columns and frozen rills in late seasowgacks may prade insights with

which to understand the spatial distion of preferential fiwpaths in melting sve-

packs. InJuly and August of 1996 and 1997 we found ice columnsery ene of the

more than 50 smwo fields we ivestigated. Theice columns shwed a consistent mor
phology; each column as approximately 7&m in \ertical extent, with about B8m pro-

jecting abee the snav surface and 78m extending into the smapack. Ananalysis of
variance test shws that the 81 ice columns on the sowtbifig slopes were significantly
greater than the 57 ice columns on the naattirlg slope (p = 0.01)There were about 3

ice columns per square meter on the soatinfy slopes and 2 ice columns per square
meter on the northating slopes.There vas an interestingyisteresis in sne and ice
temperatures that became stronger with increasing depth in adjacent thermocouple arrays.
This hysteresis in the temperature profiles is consistent with the release of latent heat
from the freezing of greater amounts of liquidter in and near the ice columns com-
pared to the surrounding smpack. Atthe Martinelli catchment, spacing between the
frozen rills aeraged 2.6n (n = 73). We interpret these "ribs" of solid ice to be the rem-
nants of suece rills. Vertical ice columns were connected to these frozen fllse ice
columns and frozen rills may prde a snapshot or "schematic" diagram of the major

flowpaths in a ripe and draining smoack.



Ice columns and frozen rills -3- Williams et al.

Intr oduction

Much remains to be learned about meltsy flav through snw. Movement of liquid
water through snwpacks is generally recognized to occur in distinat fimths rather
than as uniform fi through a homogeneous porous mediugeligman (1936) found
that snavpack permeability ws enhanced when fochannels were present in the gRo
pack. Odaand Kudo (1941) described fofingers and fi along layer interhces. Dye
was wsed to trace flo paths during the Cooperaéi Show Investigations (Gerdel 1948
and 1954; US Army 1956)Preferential flapaths, ice layers, and ice columnsédnéeen
obsered in may other studies, in a wide range offdilent geographical settinge.d.
Wankiewicz 1979; Higuchi anddnaka 1982; Marsh andd&' 1984a,b; Kattelmann 1985,
1989; McGurk and Marsh 1995).

However, atempts to characterize the spatial disttibn of preferential flwpaths
have had only limited succes&.. Marsh and Wo 1985, Kattelmann 1989Attempts to
understand meltater flav through sna from first principles hae dso had only limited
success€g. Colbeck 1979, 1991)An understanding of the spatial distriton of prefer
ential flovpaths in melting smgpacks has stdred from the ephemeral nature of the
flowpaths and the problems caused by destreigimpling of the snepack €.g. Schnee-
bli 1995). The ability to characterize the spatial diattibn of these meltater flavpaths
would be useful in desloping snevmelt runof models which could better characterize

snaovmelt hydrographs.

The presence of ice columns in late seasonvgacks may prade a useful tool
with which to understand the spatial distibn of preferential flapaths in melting
snavpacks. lcecolumns, described prmusly by Ahlmann and Teten (1923), Ahimann
(1935), Seligman (1936), and Gerdel (1948), were recognized to be the residungtflo
work in cold snav by Sharp (1951).Woo & al. (1982) preided additional information
on ice columns in Arctic smgpacks and Pféér and Humphne (1998) report the pres-
ence of ice columns near the equilibrium line on the Greenland Ice Aapmproved
understanding of the morphology of imdiual ice columns, heat flux to and from the-sur
rounding snw, and their distrilntion over space may pnade insights into he meltwater

flows through snw.

Dendritic rill patterns on smo cover appear to be a swate gpression of preferen-
tial flow paths on sloping terrain (Marsh 1991)n one of the fer studies of dendritic
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rills, Higuchi and &naka (1982) reported increasedvilmlumes and grain sizes beneath
rill patterns. McGurk and Kattelmann (1988) suggest that theaseridepression of rills
results from the remwal of small grains by liquid &ter and resulting collapse of the
overlying snaw. Frozen rills may preide information on preferential figpaths as terrain

increases in slope.

Here we pruoide information on ice columns and frozen rills found in late-season
snavpacks in and near the Green kakalley of the Colorado Front Range, US/&Ape-
cific objectves include: (1) characterizing spatial frequgn@) aspect controls on spatial
distribution; (3) description of the morphology of imdiual ice columns; (4) engy bal-
ance and liquid ater rgime of the ice columns; and (5) comments on tleuéon of

the ice columns and frozen rills.

Site Description

Research @as conducted in 1996 and 1997 in the Greeretaklley (40 03'N, 105 35’
W) of the Colorado Front Range (Fig. ihe Green Lads \Alley is an east-ficing head-
water catchment that abs the Continental Dide and is located entirely within the Ara-
pahoe-Roose&lt National Forest. Thebasin is 700a in area and ranges in \&on
from 3,250m to = 4,000 m(Fig. 1). The catchment appears typical of the highvatlen
ervironment of the Colorado Front Range, and includesoNRidge, where research has
been conducted since the early 185@aine and Thurman 1990About 80% of the
annual precipitation in the Green lesk \alley occurs as snw. Sreamflavs are
markedly seasonal,arying from less than 0.1%s during the winter months to greater
than 1.5 ms?* at maximum dischae during sn@melt just belev Lake Albion at the
lower end of the alley (Caine 1996).

Niwot Ridge forms the northern boundary of Greendsa\élley (Fig 1.) and is an
UNESCO Biosphere Resaenend a Long-€rm Ecological Research TER) netvork
site. Muchof the research that we report heraswconducted in the 8-ha Martinelli
catchment, located ab® treeline on the south slope of NoiwRidge at an eletion of
3,415 m(Caine and Sanson 1989).Slope angles ranged from about 5 t&,@nerally
increasing from the bottom of the catchmentaals the top.The Martinelli catchment
accumulates a smocover which often &ceeds 10n in depth at maximum accumulation

and persists through late summer in most years (Caine 198&surements of the
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spatial distriltion of ice columns were also made in late-seasowsacks located on
the floor of Green Lads \alley between laks 4 and 5Additionally, we rnoted the pres-
ence or absence of ice columns on about fifty late seasanpatches on a serendipitous
basis in Green Las \alley and on Niwot Ridge.

Methods

Ice columns were identified on the sneurface using these criteria: (1) Unusual hard-
ness relatie  the surrounding sng (2) enlaged grain size; (3) notable relief relatito

the surrounding smg dther raised or depressed; and (4) presence of a debris cap at the
top of the ice column.Density of sna and ice were measured in the field using a
250-mL density cutter and a digital weighing scal@ ()); ice was cut to fit the shape of

the density samplerGrain size vas measured with a 10x hand lens and crystal card with
1- and 2-mm gridsSamples of debris that form a cap on the ice columns were analyzed
for mineral and aganic content using standard laboratory methods, including air drying
at 35C and then determining size separates using thve-siedigraph method.

The morphology of indidual ice columns s irvestigated through>eavation and
measurements. heer density sne was remeed from the denser and harder ice
columns using smwe shovels, ice tools, and finally paintbrusheBimensions of features
such as height and width were made with a metric tape measheeheight of ice
columns relatie o the surrounding smegpack was measured by placing a 1-m ruler on
the snav surface and then measuring the height of the ice column with the horizontal
ruler at the 0-cm heightDepressions were gdive heights avay from the horizontal
ruler and protruding ice columns were pastieights increasing with distance aleahe

horizontal ruler

The spatial distribtion of indvidual ice columns as mapped with an accuyaof
+5cm. We found that late in the melt season the ice columns became connected by "ribs"
of protruding ice oriented along thallfline of the snev patches. W measured the dis-
tance separating these ribs using a tape measure and selecting measurement points using
a random valk method.

The spatial frequerycand aspect controls on the distriton of ice columns @as
investigated on a seasonal svgatch near Green Lek 4 (Fig. 1) using a nested plot
design. Eightplots were established, eacim2x 2m in area, with four on the south-
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facing aspect and four on the nortdeing aspectPlots were randomly selected by toss-
ing rocks onto the smgpatch and using the rock location as the center of the plod.
number of ice columns as recorded in each ploAdditionally, we counted the number
of ice columns along a transect oriented from south to north aspects of whdieddo
The transect as 34 m in lengthlce columns were counted in 34 sections, eachii
length by 0.3@n in width.

Changes in height of three ice columns were monitoved an deven-day period.
Two columns started as depressions in thevsaoface and one column started as a pro-
jection abee the snav surface.

The temperature ggme of the ice columns and surroundingvsneere measured
using a paired array of thermocouples, with one array positioned in the ice column and
the second array positioned @0 avay in the snavpack. Thermocouplesere installed
at three depths belothe suréce of the ice column or swpack: 5, 10 and 2€m. Ther
mocouples were installed by digging a wpd, creating a small-diameter hole at the
appropriate depth by heating a brass wire and inserting the wire horizontally albout 30
into the ice or sn@ to minimize edge décts, inserting the thermocouple into the hole,
and then backfilling the sagit to its original depth.Thermocouples were made from
copperconstantine wire with a soldered junction and connected to a Campbell CR21x
data logger Temperatures were measuregrg 5s and means recordedey 5 minutes.

A one-point calibration of all six thermocouplesasvconducted before and after each
experiment using an ice-bath thatsvconstantly agitatedrer the 20-minute calibration
period. Precisionf the temperature measuremengsw0.2°C.

Results

Surface epressions of the ice columns were easily recognized by the presenageof lar
melt-freeze, polycrystalline smograins. Theeffective sze of the sne grains was
3-5mmin diameter Generally the snav grains were frozen together in a permeable,
hong/comb structure if air temperature were beldC, similar to the report by Marsh
and Wbo [1984a] for ice columns in an Arctic smoack. Ifair temperature as greater
than OC, the lage snav grains on the sugice of the ice column disaggeeed into a
loose pile wer the harder ice column belo
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In July and August of 1996 and 1997 we found ice columnweary ene of the
more than 50 swofields we inestigated. Azimuthangles of the smofields ranged from
0 to 360°, dope angles ranged from 0 to°3and elevation ranged from 3100 to 3800 m.
Ice columns were ubiquitous in late-seasomgraeks throughout our study area.

Ice columns appeared to start as depressions on thesarface and then become
elevated as a result of dd@rential melt, with the surrounding smalepth melting &ster
than the ice columnMeasurement of ice column height relatio the surrounding snwo
for three columns that were folled for ele@en days shws that the height of ice columns
increased relate b the snav surface wer time (Fig. 2). Over the 11-day period in July
these three ice columnaiged about 4m in height relatie o the surrounding swepack.

Five ice columns werexeavated at the Martinelli catchment in August of 1996.
Slope angles of the swdield varied from 10 to 18and snw depths ranged from 2 to
4m. The ice columns sheed a consistent morphology (Fig. 3Each column \as
approximately 78m in \ertical ettent, with about m projecting abee the snav sur-
face and 7@m extending into the sigpack. Thetops of the ice columns were composed
of polycrystalline ice grains with anfettive gain size of about Bim and topped with a
cap of debris composed of bothgamic and inoganic material. The tops of the ice col-
umn that projected ale the snavpack ranged in diameter from 10 to@b. Thediame-
ter of the ice columns became progredgiwider with depth in the smegpack, with each
ice column reaching a maximum width of aboutcB0in diameter At a snow depth of
about 7@m, all ice columns terminated in adarice lens.This ice lens \&@s approxi-
mately 6cm in thickness, 30m wide, and continuous up andwdothe &ll line kut not

laterally,

An interesting obseation was the presence of reddish rings surrounding some of
the ice columns.These rings in appearance were similar to tree rifidge rings were
composed of alternating ice and snarranged in concentric circles, with the ice layers
raised by a cm or twrelatve o the laver snov layers (Fig. 4).Three to fie rings gener
ally surrounded an ice column, with thegest (outside) rings kiang a diameter of 0.5 to
1.0m. A reddish snev algae (presumably the resting stageGhialymdomonas nivalis)
was located in the smocircles, providing a somehat unique and unusual pattern to the
surface of these late-lying swdields. Thepresence of the adgin the snav layers may
be the result of preferential trapping in the non-frozen portion of the rilgsrnatively,
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the alg may be preferentially located in the snangs because nutrients such as nitrate
become concentrated in the liquicter as surrounding areas freezg.(Williams et al.
1996).

We looked at aspect as a possible control on the frequeinthe ice columns in
early July Somewhat surprisinglythe plot eperiments sheoed that south&cing aspects
had more ice columns than the norélathg plots. An analysis of g@riance test shes that
the 81 ice columns on the soutieing slopes were significantly greater than the 57 ice
columns on the northating slope (p = 0.01)There were about 3 ice columns per square
meter on the southaging slopes and 2 ice columns per square meter on the aoirtlg-f
slopes. Theransect data also shdhat there vas significantly more ice columns on the
south-fcing slope than the nortading slope (p = 0.004)However, most ice columns
on the southdcing slope were protruding while nyarce columns on the nortlading
slope were located in depressio8e may have found more ice columns on soutring
slopes simply because theiere better xposed on southating slopes relate o north-
facing slopes. The greater amount of smmelt on the southakting slopes may ke
resulted in betterxposure of the ice columns, with ice columns on naathinig slopes
still buried belav the snav surface. Alternatiely, Pfeffer and Humphng (1998) shav
that refreezing is enhanced by greater amounts of @weltvinput. Consequentlymore
ice columns may actually be formed on slopes with a southern aspect as compared to a
northern aspect because of the presence of more aeitin the snopack with a south-
ern exposure.

Night-time temperature profiles of paired thermocouple arrayweshsome inter
esting diferences. (Day-tim&emperatures were not used because of radibgiating of
the thermocouples)Here we illustrate the temperature profiles of adjacent ice and sno
thermocouple arrays during a summer night in August when air temperatures decreased
below 0°C dter a warm day with considerable smonelt. Snav and ice temperatures at
a depth of 5cm were near @ a 1800 hrs(Fig. 5). Temperatures then decreased in both
the snav and ice to a diurnal minimum of about -3@near 060Mrs. Asimple linear
regression shes that temperatures at a depth ehGtraclked each other well, with ad r
of 0.94 and a slope of 0.89 (ice temperature = -0.35 + 0.@%=moperature; n = 187).

The cooling cures for 10 and 20m depths for both smoand ice columns sho
significant diferences, possibly reflecting the refreezing of matiéwin the ice columns.
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The 10 and 206m records all shweed initial periods of steady temperature while tempera-
tures at ©m were &lling. Therecords during the inteaV of steady temperature were
within 0.2 - 0.28C of 0°C, within the error of the temperature measuremernials, the
periods of steady temperature ned€ @re assumed to be at@. Theduration of the
interval of steady temperatureaw longer for the the records from the ice column than the
corresponding depth in swpindicating greater initial liquid ater content in the ice col-
umn. Oncehe 10 and 206m depths commence cooling, the rate of cooliag wompa-
rable in all 4 cures. Sincehe records for 10 and 2én depth in the ice column were
held at OC for longer those locations cool to aanmer final temperature only because
the duration of the inteal of cooling (follaving refreezing) s shorter While the ther

mal conductrity of the ice column was higher gien the ice columrs geater density of
870 kgm™ vs 470 kgm™ for snaw, cooling in the ice column as delayed wing to a
presumably greater initial liquidater content.

There vas an interesting yisteresis in sn@ and ice temperatures that became
stronger with increasing deptiA simple regression analysis stws that there was little
difference between the cooling andrming limbs of the temperature profile at a depth of
5 am (p > 0.05 for slopes) (Fig. 6)The ice column and smopack cooled and heated at
about the same ratédowever, a a depth of 2@cm there vas little change in temperature
of the ice column until the corresponding wmmoled devn to -1.8C (slope = 0.016, n =
145) (Fig. 6). The ice then cooled at adter rate than the surroundingwnmtil the ice
reached a temperature of -0CA(slope = 1.55, n = 12)The ice column then remained at
a temperature of about -0@ as the surrounding swepack bgan to warm tavards OC.
The lysteresis in the temperature profiles at a depth of 10 @snintermediate between
that of the 5-cm and 20-cm depthBhis hysteresis in the temperature profiles is consis-
tent with the release of latent heat from the freezing of greater amounts of lafeidinv
and near the ice columns compared to the surroundingpsiod.

Potentially a geater wlumetric water content may be accomodated in the ice
columns despite their greater density if the ice columns were at full saturatidrsipace
fully occupied by vater) because of higher capillary tension, while thevsndl be
nearly at irreducible saturation &er occuping ca. 5% of vid space).Densities of 870
and 470 kgn™3 translate to blk porosities of 0.05% for ice and 0.49% for wndor full
saturation in the ice and 0.05% saturation in thevsitee lulk volumetric water content
in the ice column is ca. 0.05% ofilk volume, vs. 0.02% oflk volume for the sno.
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The relatve dfference - the column carrying approximately 2.5 times matemn lk

- is comparable to the relat dfference in duration of the initial periods of steady tem-
perature. lIfthe refreezing in the ice column includesadume of highly saturated swo
surrounding the ice column, then this number can be higher

Late in the s melt season (August) "ribs" of solid ice wepgesed at the smo
surface on the Martinelli catchment (Fig. An general, these ribs were continuous and
oriented parallel to theafl line. At times two "ribs" of solid ice wuld coalesce into a
single unit. We interpret these "ribs" of solid ice to be the remnants o&serfills. Ver-
tical ice columns were connected to these frozen flilse snavpack between the frozen
rills rarely contained ertical ice columns.

At the Martinelli catchment, spacing between the frozen nisaged 2.6n (n =
73). Spacingf individual columns along the frozen rills ranged from 5 t@®8 with a
mean of 2&m (n = 87). The height of indiidual ice columns abe te surhce of the
surrounding snw pack ranged from 1 to 2dn, with a mean of 8m (n = 69).

Discussion

The size of the ertical ice columns are comparable to the ice column vednfsom a

cold snav cover in the Canadian High Arctic and described ind/\ét al. (1982).n con-
trast, flav fingers in sn@ are often an order of magnitude smaller and closer together
than the ice columns we repoiffor example, Marsh and @ (1984a) reported a mean
finger width of 3.&m and a spacing of B for an Arctic sn@ pack. Similarly
McGurk and Marsh (1995) report Wofingers spaced 2 tocfn apart with mean diame-
ters of 1.5 to 2.8m for a snwpack in the Sierra Neda. Incontrast, the size of our ice
columns were about an order of magnitude greegaging from 10 to 2Bm in diameter

The relationship between the dar ice columns and smaller fingers is not well
understood. Marsfil991) suggests that thenay be related to the same processes which
control the deelopment of surice rill patterns and related internalwlachannels
described by Higuchi andahaka (1982).Higuchi and &naka (1982) studied the mor
phological rgularity of surfice rills on a melting smocove in the Tateyama mountain
range in Central JapanThey report that suce rills follaved the &ll line (maximum
inclination) of the slope and corresponded to preferentiad ¢lmannels of meltater in
the snav cover. Wankievicz (1979) also noted the geometrical pattern ofasertills on
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a doping snav surface (Fig. 29, p 241)He states that accumulating lateraiflof melt-
water occurs between the depressions, watieal flov at the depressions.

The frozen pipes and rills of our smpack are consistent with the results of Higuchi
and Tnaka (1982) and &vikiewvicz (1979). Late in the melt season almost all the ice
columns were directly connected to the frozen rills on the Martinel $redd, with fev
ice columns in the smgpack between the frozen rilldMost likely these areas of rela-
tively large meltvater flux are used continuously throughout the melt seaBoa.frozen
pipes that we obseed on late-lying snepack were most Iy the remnants of the
largest \ertical flovpaths in the seasonal syymack. Theseertical flowpaths and result-
ing ice lenses appear to be directly connected to areas of thpaskotransporting the
most liquid water devnslope. Suice depressions or rills were then caused by settling of
the overlying snawvpack.

The question remains on whether the smallev flagers of liquid vater hae sme
connection to the lge ice columns that we report and that are also reportecbye¥\al.
(1982). Atthe initiation of snawmelt, small flov fingers as described alsogpear to be
ubiquitous in most swgpacks g.g. Marsh and Wo 1984a; Kattelmann 1985; McGurk
and Marsh 1995)Ice columns are formed with similar dimensions and spacing as melt-
water flovs into a cold snepack and the liquid ater freezesFor example, Kattelmann
(1995) reports ice columns 1.0 tocth in diameter with a density of 30 to 100 for a
cold snavpack in the Sierra Neda. Ourresults suggest that there is a pusifeedback
system such that as smonelt adances in time certain areas reeenore meltvater than
others. Agill areas form on the smosurface the flav fingers and ice columns associated
with these features carry more medter than the lateral conttibng areas.These ice
columns continue to gmin dameter as liquid ater freezes on the outside of thaése
ing ice columns, a greth mechanism analogous to the formation of iciclescontrast,
once the sudce rills are formed much less liquidater flavs in the fingers or ice
columns in areas between rill€onsequently these small ice columns do notgro
size and melt outv@r time in a varm snavpack.

The temperature ddrences in the ice columns and surroundingvsgagpport the
idea that there is more liquidater associated with thenical pipes than the surrounding
snav. The tysteresis in the temperatures of thevgianod ice columns at the same depths
appear to be due to thfences in the amount of liquidater The ice columns remain
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warmer and hee a hgher heat flux than the surrounding wnigecause there is more lig-

uid water to be frozen in and near the pipe compared to the sBonsequentlythe
latent heat released during freezing of the liquatew in the ice columns results in the
temperature of the ice columns remaining né&rWhile the surrounding smocools at a
faster rate.Once the liquid ater in the ice column is frozen, the ice columns thgmbe

to cool. Liquid water may remain in the ice columns because of the high capillary ten-
sion caused by the small pore size of the ice columns, in constrast t@épdes size of

the surrounding swgpack where most liquid &ter drains by graty.

A simple calculation shws that the lage heat flux associated with the pipes is com-
patible with the refreezing of liquidater in and/or near the pipeshe heat flux between
the 5 and 28m depths of the ice columns is abouvB@n2 over an 11-hr period, equi-
alent to a total heat loss of 1.96%10Dn 2. We can than calculate the mass of ice frozen
using the latent heat of fusion @tx10° Jkg™) as @out 60 kgn2. For a frozen pipe
with a diameter of 20m (includes the ery wet snw surrounding the pipe), 1.82 kg
(1.82x10% kg ni®) of ice would be refrozen during the 11-hr peridéithe part of the ice
column irvolved in refreezing is 40 cm in depth, thelume of the pipe is 0.0187°.
The amount of liquid ater refrozen is then about 14% of tr@uwne of the ice column
and surrounding wet sno

The lateral spacing of our frozen rills of 26 supports the obseations of
Wankiewicz (1979) and Higuchi andafhaka (1982).Wankiewicz (1979) suggested that
the lateral distance between crests onasetills on a uniform slopeas about 8. Itis
worth noting that the spacing of sack rills in Japan of 1rh reported by Higuchi and
Tanaka (1982) ws less than half that of the Zn6from our continental site in the Rock-
ies. Meltwater flux in the maritime climate of Japan is mostlitkmuch greater than in
the continental climate of Colorado, suggesting that the spacing atsuills in a melt-

ing snavpack may be wersely proportional to the melt rate of the wrsurface.

Peckham (1999) has foundveral analytic solutions to an "ideal landform" equation
that is based on first principles, spatially uniforeess rainrate, and a parameterization
of unit-width dischage as a function of slopgne of these solutions &k the form of
regularly-spaced rills that descend an inclined plane of stopEhe solution shas that
the spacingA) between rills is gien by: A = gql/(c* R), whereql is the unit-width dis-
chage for unit slopeg is the slope of the plane, aRtis the steadyxxess rainrate when
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the rills were formed.This solution is gpected to model the kind of rills thabwld be
seen on a road cut.

It is not yet clear whether these results are also applicable tav 'dligy. This
approach suggests that for snncreasing rates of melRJ for a gven dope () will
cause a decrease in the spacihgof surface rills. The spacing of 2.6 a our continen-
tal site with relatrely low rates of snev melt and the rill spacing of 1rh in the maritime
climate of Japan with relagly higher rates of swo melt appear to be in qualites
agreement with the mathematical formulation of Peckham (198@yitionally, rills
should become more closely spaced witiwvlslope distance because of the increase in
water supply from upslope areas.

Moreover, 5 meters may be the upper limit on the spacing of rills on a flat or near
flat snav surface. Pfder and Humphne (1998) report sudce rills separated by a
wavelength of about 1 on a 2 slope near the equilibrium line in Greenlarimilarly,
Sommerfeldet al. (1994) and Wliams et al. (1999) report ertical flavpaths with a
wavelength of about & late in the melt season for flat to nearly flatvgisorfaces in the
continental US.The approach of Peckham to understanding the spatial digiribof
surface rills bears westigating on snar surfaces.
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Figure Captions

Figure 1 Topographic map of Green Lek \alley and surrounding arealce columns
and frozen rills were wrestigated on the Matrtinelli snefield, located on the center of the
map. Aspectontrols on the spatial distibon of ice columns &as conducted on late-

lying snavpacks located between k4 and 5.

Figure 2 Changes in height of three ice columns reéat surrounding sne over an
11-day period.

Figure 3 Anin situ photograph of an ice columxevated in August of 1996, 7&m in
vertical length and a diameter of & at the top.The folding ruler on the left is &n
in length.

Figure 4 Concentric rings with aklg deposits surrounding ice columnghe scale of the

photograph is approximatelyn2 by 1 m.

Figure 5 Adjacent temperature profiles of sm@and an ice column separated horizon-
tally by a distance of 26m, at depths of 5, 10, and @D belav the suréce.

Figure 6. Hysteresis in temperature profiles at depths of 10 and 20 cmv thedcsurhce

of an ice column and the smpack in adjacent thermocouple arrays.

Figure 7. Looking upslope at frozen rills composedglely of \ertical ice columns on
the Martinelli snav field in August of 1996 Note that each of the ice columns has a dark
cap composed primarily of ganic debris. The distance separating theotivozen rills in

the background is 218.
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