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ABSTRACT

The eowpaths of meltwater through sne is known to be an inhomogeneous pro-
cess. Thespatial distrilntion of meltvater «owing from the bottom of melting sne
packs is the result of horizontal anertical sow paths within the snepack. Theability
to characterize the spatial distrtton of these meltater sowpaths vould be useful in
developing models of sne melt runof which could better characterize snmelt hydro-
graphs. ¥ analyzed near infrared aerial photos of meltingvgnsing a meing windov
analysis which can characterize correlation lengths in the resectance of thalsface.
Near infrared is sensie o show grain size, which in turn may indicate higher amounts
of melt water; the grains gwe faster if the liquid ter content is higherCorrelation
lengths were 5-7 m and the probability of (Ending such correlation lengths increased from
0.22 in May 1997 when the melt had just started to 0.68 by late June when aselvel
established. Liquidvater content at the smosurface wvas sampled with a dielectric sen-
sor at 0.5 m intemis on 100-rhand 75-mM grids. Semi-ariograms sheed a sill at 5 to
6 meters. Thdiquid water measurements at the wrsnrface suggest that the correlation
lengths dewxied from the infrared aerial photos represent aefeapressions of higher
*ow density through the melting swpack. Acircular array of 16 swe melt lysimeters
each with areas of 0.2°mvas operated for tw years at Niwt Ridge in the Colorado
Front Range.Variograms indicated that «@s were correlatedver a dstance of 5to 7 m.
These three independent methods all suggest a spai@kation of 5-7 m for swpaths

draining ripe snapacks in the RogkMountains.
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INTR ODUCTION

The maement of water through the smgack is one of the least understood aspects
of snaw hydrology [Colbeck, 1975].Considerable &brt has been deted to impreing
our understanding of the fundamentaygibs underlying inCEltration processes innsno
packs [e.g. Colbeck 1971, 1972; Ambach et al., 1981; Colbeck and Anderson, 1982; Jor
dan, 1983a,b].The plysical processes of swomelting and vater inCEltration in sno
involve a @mplex mixture of snevpack thinning during the meltingycle, water sow
through a wariably saturated porous medium, refreezing of neghkw by subfreezing
internal temperatures and the swd freezing ycle, and changes in the/draulic and
thermal properties of smodue to meltvater refreezing [Kattelmann, 1999 addition,
snavpacks are highly heterogeneous due to both macroscopic layering and-soadéer
variations in lulk density and grain structuréds yet, little progress has been made in
carrying out theoretical oxperimental studies which quantify the nelet physical pro-
cesses under natural (Eeld conditions.

Movement of liquid vater through snepacks is generally recognized to occur in
distinct *ow paths rather than as uniformwothrough a homogeneous porous medium.
Seligman [1936] found that swpack permeability ws enhanced when wochannels
were present in the swpack. Odaand Kudo [1941] described so (Agers and sw
along layer intedces. Dyewas used to trace ew paths during the Coopere¢i Showv
Investigations [Gerdel, 1948 and 1954; US Arm®56]. Icecolumns, described prie
ously by Ahlmann and Teten [1923], Ahlmann [1935], Seligman [1936], and Gerdel
[1948], were recognized to be the residualvenetwork in cold snw by Sharp [1951].
Grain gravth in paths of preferential 4@ was related to higher permeability and more
efEcient s [Wakahama, 1968. Saturatedconditions and non-Dayce ow were also
obsered in these w paths [Wakahama, 1968. Heattransfer and alteration of swe
pack structure by freezing during inCEltratiomehbeen ivestigated by Colbeck [1976],
lllangasakare et al. [1990], and He&afet al. [1990, 1991]Zones of preferential v and
ice columns hee keen obsemd in mawg other studies [e.g. Whkiavicz, 1976; Jordan,
1978; Denoth et al., 1979; Higuchi andnbka, 1982; Marsh, 1982 and 1988; Kattel-
mann, 1985 and 1986].

Marsh and Wo [1985] attempted to assess tlagiability of meltwater «ow in Arc-

tic snavpacks using lysimeters with collection areas of 4, Mm25 nf, and a third
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0.25-nf lysimeter which vas subdiided into 16 cells each 0.015°rim area. The *ow

into individual compartments ranged from 0 to 240% of the meawn with no spatial
pattern. Havever, daily sows among the three lysimeters were generally within 10% of
each other Kattelmann [1989] studied the spatiariability of snav pack outeow at a
montane site in the Sierra Wela, using 4 snw lysimeters each 6-frin area and with
two of the lysimeters subdided into 2-m areas. Heeports that meltater output from

a nowvpack appears to be highlyawvable, and that thisaviability is on a much Iger
scale than was preiously recognized Because of this high spatiahnability in meltwa-

ter output from snepacks in the Sierra Neda, Kattelmann [1989] recommends the use
of snav melt lysimeters that are greater in area than’6 Rurthermore, Bloschl [1999,

in press] states that smdysimeter data at the plot scale is ualikto capture the lge
scale variability of snav melt that is due to the lger scale of topograghand climatic
conditions, and will therefore underestimate the correlation lengths of the underlying true
pattern of sne@ melt in the rgion.

Our objectve rere is to ealuate the possibility that melater sow through snar
may be spatially @anized at scales lger than those measured by Marsh andoW
[1985] and Kattelmann [1989]Direct measurements of the spatial disttibn of melt-
water movement through sne are difCEcult. Hereve investigate the possibility that there
may be some spatial ganization in meltvater sow through snw by measuring three
inferential and independent parameters: [1] Depressions in the smface that may
indicate preferential *avpaths; [2] Liquid vater content of the smosurface; and [3]
Meltwater dischage from the base of the smpack before contact with the ground in
snavpack lysimeters €g. the technique of Marsh and d& [1985] and Kattelmann
[1989)).

The grain size of wet smoincreases rapidly compared to drier wrj@Vakahama,
1968a; Colbeck, 1973, 1975, 1976; Marsh, 198#e rapid settlement of the smpack
caused by the formation of the coarse grain clusters may produce péleprshaped
depressions in the swesurface abwge them, a phenomenon reported by Seligman [1936]
and Gerdel [1948]Preferential settling of theverlying snav surface may then occur as
liquid water penetrates thewer snaov layers, proiding a visual impression of the
drainage loci within the smgpack [Wankievicz, 1979]. Accumulating lateral sav may
then occur between the depressions, with greater amounts at the depressions.
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Kattelmann [1989] reports that in a mult-lysimeter study conducted in the SieradaNe
a smilar depression formedver a mllector that consequently reced a geater wlume
of melt water than the other lysimeters.

These walleys or depressions on the sneurface may prade an ind& for the spa-
tial organization of meltvater sow through snw. Little quantitatve information &ists
on the spatial distriltion of these alleys or depressionsWankiewicz [1979] suggests a
repeating linear distance of 3 m betweemtical sowpaths and erlying valleys on a
sloped and draining smpack. Wankievicz [1979] also suggests that there may be a
consistent repeating distance between thesical «owpaths and theirverlying surface
depressions that is analogous tavéength, such thatartical sowpaths and werlying
surface depressions in a ripe and drainingwgreck are separated by a characteristic
wavelength () that is the @erage linear distance betweeertical sowpaths (Figure 1).

Remote sensing techniques mayvule a method of distinguishing these depres-
sions from raised areas on the wnaurface. Theresectivity of snoav decreases with
increasing grain size in the near infrared (0.8 to 24) because ice is moderately
absorptve in those vavdengths [Nolin and Dozierl993]. Dozier[1989] documented
the change in grain size for the seasonailvpagk in the kern Rver drainage of the
Sierra Neada over the snev accumulation and melt season using the changes in
resectance alues of snw-covered area obtained from Landsat imageiye combina-
tion of depressions with lger snav grains and peaks with smaller sngrains suggests
that there may be Ige diferences in albedo between these tneas of the s surface.
Sommerfeld et al. [1994]yipothesized that the Iger grain sizes in swate depressions
caused by the concentration of liquiciter should cause a bimodal brightness distrib
tion in infrared aerial photos of melting smoThey further typothesized that the separa-
tion of the brightnessalues vould be maximized by spatially Eltering the images with a
(Elter sized according to the spacing of theasertlepressionsThey supported this
hypothesis with resectancealues of sne-covered areas in both visible and infra-red
aerial photographslt is unclear whether these obsatiens were caused by actualfelif
ences in sudce wetness, ever the measured reecectancalues demonstrated spatial
organization with a correlation length of about 6 rdditionally, the quantity of their
data vas small and the question of the consistasidhe correlation distancever wider

areas remains open.
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Measurements of other smpack parameters thatowld supply ground-trutheriCE-
cation were missing from the research of Sommerfeld et al. [199d]used a dielectric
sensor to determine if thereaw a spatial pattern in the liquichter content of the sno
surface. Anumber of inestigators hae wsed dielectric methods to measure the liquid
water content of the smo surface, lit to our knavledge none ha wsed a systematic
sampling scheme to understand the spatial digioib [eg. Denoth et al., 1984; Bme
and Fisk, 1987; Kattelmann, 1990)Ve wse a geostatistical approach w@leate whether
or not there is anspatial oganization of the liquid \ater measurementsSemvari-
ograms preide a quantitatie method of estimating the spatial distance at which liquid
water measurements may be related.

Measurements of the timing and magnitude of negkwouteav at the base of the
snavpack also prade a surrogte for understanding the spatial disitibn of meltvater
*ow through snw [eg. Marsh and Wo, 1985; Kattelmann, 1989However, construc-
tion of snav lysimeters lager than the 6 fused by Kattelmann [1989] is problematic
because the presence of the lysimeter itself clactgbtysical processes that ineuence
snavpack properties and structure, such as heat apdrwchanges between the sno
pack and underlying sa€e. Consequentlywe measure the meliater outeov from the
base of the smgpack using lysimeters depled in a geometrical arrayrhis experimen-
tal design allars us to sample a Iger spatial area while minimizing agdts caused by
the perimental apparatus, compared to more traditional designs such asdsu@ydi
large snav lysimeter into smaller compartment&gain, we can use a geostatistical
approach to analyze the data foy gpatial dependencies.

The correlation length of 6 m for meker eowing through ripe snepacks
reported by Sommerfeld et al. [1994]asv surprisingly laye compared to the much
smaller spatial separation inweEngers and macropores reported by Kattelmann [1985],
Marsh and Wo [1985], and McGurk and Marsh [1995)Ve test these null ypotheses:

[1] The characteristic distance separating bimodal reeectance peaks from aerial pho-
tographs of a draining smpack in Colorado will not be the same as that reported by
Sommerfeld et al. [1994] for a Wwming snavpack gg results reported by Sommerfeld

et al. [1994] were site speciE&{)] The frequeng of bimodal distrilution of brightness
values from aerial photographs of snoovered area will not increase from early in the
melt season to later in the melt season as ratdtwowpaths became more established.

[3] Direct measurements of the liquicater content of the smosurface will a) hae o
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spatial structure, and b) if there is spatial structure it will ne¢ ltee same characteristic
distance as bimodal disttibons of brightnessalues. [4]The correlation length of melt-
water dischage measured in smolysimeters at the base of the wpack will not be the
same as the bimodal brightness disttitn of aerial photographsHere we are using
measured alues of the liquid ater content of the smosurface and the outaw of snow
lysimeters as ground truth for the analysis of the aerial photographs.

SITE DESCRIPTION

All experiments were conducted on MNitwRidge, located in the Colorado Front
Range of the RogkMountains about 5 km east of the Continentalida (40 03' N,
105> 35' W) (Figure 2). This site is an UNESCO Biosphere Regead a Long-€rm
Ecological Research TIER) netvork site. Climate is characterized by long, cool winters
and a short gmwing season (1-3 monthsMean annual temperature is -38and annual
precipitation is 1,000 mm [Wams et al., 1996a].About 80% of annual precipitation
falls as snw [Caine, 1996].

Niwot Ridge is an alpine interewe and was not glaciated during the Pleistocene; it
extends from the continentalwiile at an eblegtion of 3,700 m east about 6 km to an ele-
vation of 3,400 m (Figure 2)Aerial photographs were tak of the alpine area sho in
Figure 2, which is about 2 km in length west to east and 0.5 km in length south to north.
Slope angles range from about 0 t6 ®d4th a median of about’4azimuth ranges from 0
to 365 with slopes predominantly eat to easteing. A meteorological station, sub-
nivean laboratorysnow lysimeter arrayand index snowpit site are located on the Saddle
area (Figure 2).This research area is eat and continuous with terrain that gradually
increases in slope to about’Id the top of the st Knoll about 400 m to the west of the
Saddle research sitdhe snav at the research area is not isolated from the surrounding

snavpack, follaving the protocol of Schneebeli [1998].

DATA ANALY SIS

One needs an objeedi aiterion for rejecting or not rejecting the nulgothesis for
a particular statistical testStatistical tests calculate the probabilify) ©f a particular
event occurring. The probability used as the criterion for rejection of the ngplolthesis

is termed the signiCEcanceelg(a) [Zar, 1984]. Hereusea = 0.05 as the signiEcance
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level, or the probability of anwent occurring must be less than 1 in 28dditionally, a
requirement for parametric tests such adest of means or aR-test of \ariances is that
the data be normally distaked (bell-shaped frequencurve).

Geostatistics prades a means of understanding the geographic disbib of a
variable such as smodepth or meltvater ow through snw. The semiariance is a mea-
sure of the dgree of spatial dependence among samples as a function of disGaorce.
ceptually samples are uniformly spaced along straight lines at some uniform difance
The semiariance §,) can then be estimated for distances that are multiplBh ¢br the
linear lag distance), as the sum of the squarddrdiices between pairs of points sepa-
rated by the distandeh [Davis, 1986]. If we calculate the sewariance for diferent \al-
ues ofh, we aan plot the results in the form of a sganiogram. Pointslose to each
other tend to beery similar and hae a snall semvariance. Atsome distance the points
being compared are sarfapart that theare not related to each other and the sami
ance becomes equal to thariance around theverage \alue. Thesemvariance no
longer increases and the serarHegram deelops a «at rgion called a sill. The linear
distance (or range) at which the seaniance approaches thanance (the sill) deEnes a
spatial range within which all locations are related to one anothgwractice, senviari-
ances can be calculated foryadistance, whether samples are a multiplebbfor not.
While geostatistics pxade a quantitatie method of gauating the spatial dependencies
of a \ariable, thg cannot be used to test whetharigbles are signiEcantly fdient
[Davis, 1986].

Fdlowing Bloschl and S@palan [1995] and Bloschl [1999, in press], we suggest
that the measurement scale for our geostatistical analyses consists of "spaxienqt’, "e
and "support"."Spacing" refers to the distance between sampleseni® refers to the
distance wer which the samples are made, and "support” refers to the area of thé-indi

ual sample measurements.

Spectral analysis is the partioning of theiation in a rgular repeating series into
components according to the duration or length of the @ltevithin which the ariation
occurs [Dais, 1986]. Spectral analysis is kiam by various names, including harmonic
analysis, Burier analysis, and frequenanalysis. Thedistance from a point on one
wave form to the eqwilent point on the né waveform is called the avdength, /.

Here the length of a avdength identiCEed byoErier analysis is the same as the distance
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or wavdength/ of successie vetical sowpaths in a draining smgack as suggested by
Wankiewicz [1979] (Figure 1).Fourier analysis of spatial data can also be used to Elter
the data, that is to smooth a data set such that "short-term" or "high frgtnerse is
removed from the data set toveal an underlying "long-term" signal.

Remotely-sensed data prdes a non-destruet method of sampling some smo
properties ver large areas.Here we adapt the approach of Dozier [1989] to distinguish
the spatial distribtion of \alleys or depressions on the sneurface composed of Ige
grains from raised areas on the wnaurface that are composed of smaller graiviée
apply a Burier analysis to the brightness signal recorded by aerial photographs, using a
modiCEedersion that reduces computational time, calledsa Burier transform or FET
Our objectves with the Fourier analysis of aerial photographs were to a) look for repeat-
ing patterns in light intensity (brightnesalwe), and b) as a Elter to rembigherfre-
gueng patterns. Remotsensing images of swecovered area using space-borne sensors
are not appropriate for this analysis because thad pixe of Landsat (30 m) an&/ARR
(1,000 m) are layer than the spacing of wgpaths in a ripe and draining smoack.

METHODS

Snavpack conditions are monitored about weekly at the Saddle site @t Ridge
(Figure 2) follaving the protocol of Wiams et al. [1996b]. Shov water equialence
(SWE) measurements are made using a 1-L stainless steel cuttetidal \increments of
10 cm [Williams and Melack, 1991].Temperature of the smpack is measuredvery
10 cmwith 20-cm long dial stem thermometers, calibrated 2°C using a one-point
calibration at @C. Graintype, size, and smgpack stratigraphare also recordedDepth-
weighted alues are then calculated for sipack densitytemperature, and ater equi-
alent. Ra& and calculated alues, along with additional information on methods, are
available at the Niwt Ridge TER site (http://culte€olorado.EDU:1030/Subvean/)
[Williams et al. (in reiew)].

Aerial Photographs

Aerial photographs of smecovered area were acquired using a 70-mmod&k
Infrared Aerographic type 2424 Elifhe camera as a motor dve Hasselblad, with a
250-mm lense.Visible light sensitiity was attenuated with a yelloder (Wratten No.
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12) resulting in a spectral response of approximately 900 to 1200Awsmal pho-
tographs were ta at an altitude of 5,000 m m.a.s.l. (or about 1,500 nieabe study
area) on three dates: 14 June 1995, 13 May 1997, and 24 June 1997.

Black and white ngetives from the three «ights were digitized using a $&CCD
color video camera with a resolution of 640 X 780efsxper frame.The resulting scale
factor, 570 mm pixel, was determined by ground and map measurements of identiCEable
features. Camerimnages were acquired in ImagePro Plus (Media Cybernetics, 1995) as
grey scale images.The softvare includes aafst Fourier transform capabilityThe result-
ing two dimensional spectrum as edited in the 1@ pass mode to seleedy remove
higher spatial frequencies.

A checlerboard analogy puides a good>ample of hav we evaluated the bright-
ness lgels after the Burier analysis.The entire cheakboard is a subset of the frame or
"window". Raisedareas of the smegpack should hae snaller grains and a higher albedo
and represent the white blocks on a cleegbkard (see Figure 1)Depressions should
have larger grains and a\eer albedo and represent the blackdsrn a cheekboard.
One wavdength () of light intensity from a chee&kboard wuld then be the length of a
white box plus the length of a black box; you then reach tgmiieg of the ngt white
box or the start of the rewavdength. Thebrightness alues of the white box at yan
point on the white box wuld be correlated with itselfub not correlated with the light
intensity of the black boxThe correlation length for brightnesalwes of the white box
would then be the length of the white box, or 1/2with the same relationship holding
for the black box.

We then construct a frequendiagram of brightnessalues for that winde. We
will get a bimodal distribtion of brightnessalues if the spatial CElter is about the length
of one black box plus one white box of the clexblard. Ifthe spatial Elter is ¢gr or
smaller that the length of the dvboxes, we get a bell-shaped frequemicstribution.  If
the snav surface is not composed of alternating dark and light patchas) ag will not
obtain a bimodal distriltion of brightness alues. Figure3 shows an &ample from
Sommerfeld et al. [1994] of othe frequeng distribution of brightnessalues changes
by changing the size of the spatial Elter used inahedr analysis.At a wavdength of
1.5 m there is a single peak in the freqyeofdorightness alues. Agshe size of the spa-

tial Elter increases the frequerdistribution of brightness alues changes, with a
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strongly bimodal distribtion at a vavdength of 12 m or correlation length of 6 m.

No formal method was used to randomize this seyv Howeve, the aircraft pilot
made no attempt to acquire images of speciEc areas and the only criteria used to select
frames for analysis as (1) the frame &s lagely snav covered and (2) it did not signiCE-
cantly overlap other analyzed framedt is thus unlilely that there as an bias in the
image selection.

Liquid W ater Content of Snav Surface

The liquid water content of the smosurface wvas measured with a portable dielectric
sensora FAnnish Snav Fork [Shivola and Turi, 1986]. The snav fork measures the lig-
uid water content at the swasurface to a depth of 60 mm andepan area about 2 cm in
diameter The snav fork was used because the instrument is fully automated wakta f
response time, which is important because the liqutemcontent of the smosurface
changes in response to the local ggdralance.Accurag of the liquid water measure-
ments in sn@ by the the sne fork was assessed by comparison to the more standard
Denoth Wtness Sensor [Denoth et al., 198@pomparisons between the snéork and
the Denoth wetness meter were made early in the melt seasan\ariety of snav con-
ditions to insure that the swdork produced reliable estimates of the liquiater content
of the snav surface. V¢ then made gridded measurements of the liquatewcontent of
the surfce of a ripe and draining smpack for geostatistical analysis in late July on a
nearly «at area (slope less thaf) 8f Niwot Ridge within 200 m of the lysimeter array

The spatial distribtion of the liquid vater measurementsaw ealuated using aari-
ogram as suggested by Bloschl [1999, in press]:

a(h) = o S1Z(x) - Z(x + Y

where h is the lag distance between wetness measurememssihe total number of
points, Z(x;) are the measured wetnesalues at each poing(x; + h) are the measured
wetness a@lues at each poitdistance fronZ(x;), andg(h) is the semrariance. Thesill

of the semiariogram de(Enes the spatial distance which separates measurements which
are correlated (less than the sill) from measurements that are not correlated or are inde-
pendent (equal to or greater than the silllsing the terminology of Bloschl [1999, in
press], the "spacing” as 0.5 m, the %ent” was 10 m and 7.5 m, and the "supporésw
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4 am? (the area sampled by the snfork).

Ly simeter Array

During the summer of 1994, a circular array of sixteemvdgsimeters, each 0.2°m
in area with 25-cm sidedlls, was installed with a 5-m radius and approximately 2-m
spacing along the arc of the circle, as reported indR&ket al. [1996] Previous arrays of
lysimeters hee generally used a gridded distuifion [eg. Marsh and Wo, 1985; Kattel-
mann, 1989; Sommerfeld et al., 1994)le wsed a circular array because there are more
combinations of linear lag pairs than with a square array made from the same number of
lysimeters. Consequentlyhe circular array prades the opportunity for more robt
geostatistical tests compared to a square array with the same number of lysifrteters.
use of a circular array does not mean that we \eeimeltwater sowns through snw in a
circular pattern.

The lysimeters were inddually plumbed and output routed by gitg into dedi-
cated tipping bckets (Dais Rain Collector II) in a subwmean laboratory All buckets
were mounted, leled, and drain funnels directed all mediver through the eoor to a
gravel bed belov. Individual tipping luckets were wired to a Campbell ScientiEc CR10
data logger and the data storage caas weplaced and dmloaded weekly Meltwater
sux was recorded as the total number of tips at ten-minute atserviipping huckets
were calibrated toalume by slavly pouring a knavn amount of \ater into the bckets
and recording the number of subsequent tips; one &p 46 ml (precision of about
10%).

The semiariance is not only equal to theesage of the squared tBfences between

pairs of points spaced a distaride apart, it is also equal to thenance of these dis-

tances:
* éN Z X - Z)Zu é 1 Nh l‘J
o' =S EPVE 0 S L Sz 41y~ (o)1
&1 N g ez 0

whereh is the lag distance between pairs of lysimeteis,the total number of points,
is the number of pair&(x;) are the measured ws andZ is the mean of the measure-

ments.

Sommerfeld et al. [1994] used thisrsion of the semariogram to galuate the spa-
tial correlation of lysimeter outsww from 12 lysimeters underneath aydvhing
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snavpack. Herewe analyze our lysimeter results using the same geostatistical test as
Sommerfeld et al. [1994] so that we can compare our results to those of Sommerfeld et al.
[1994]. Thetwo different semiariograms are equalent. Herethe point at whichy *,
crosses 0 and becomegdeve is gquivalent to the sill. The spatial ariability of melt-

water eux was calculated for linear lag distances of 0, 1.9, 3.8, 5.5, 7.1, 8.3, 9.2, 9.8, and
10.0 m. Again using the terminology of Bloschl [1999, in press], the "spaci@s'about

2 m, the "tent" was 10 m, and the "support'as 0.2 ri. Computations were made
using a computer script&) which ran the spatialaviogram on each possible combina-

tion of pairs at each lag distance at ten minute iatsrv

RESULTS

The 1997 snw year was about werage, with a maximum smodepth of 2.57 m
occurring on 7 May at the ingesite on the Nivot Ridge saddleThe snavpack became
isothermal at ©C on 10 May, with complete meltout\ar the lysimeter array in the sec-
ond week of July Maximum sna water equralence (SWE) was 1,016 mm.The 1995
snav year was characterized by hgaspring snwfall and a later melt date, with smo
melt starting about 1 June [Cline, 1997]he 1996 snw year started late, with weral

small melt gents in the autumn months.

Aerial Photographs

Figure 4 illustrates the process of (Ending the spatial digirilof brightnessalues
in this snev covered image from 14 June 1998lorth is to the top of the scene and the
photo was talen about 11 AM.The upper left and eer right areas are unaltered sec-
tions of the original frameBlack areas are smefree areas and the gray area is thevsno
surface. Notethat the snw-covered area shas a consistent gray color with no dark or
light patches.The upper middle portion of the frame has been transformed aiteieF
analysis with a 12-m spatial Elt&tote that this portion of the frame st® contrasting
patterns of dark and light patches on thewsisorface. TheFourier transform with a
12-m spatial Elter has resulted in highlighting light and dark areas of thessfece
that occur in "patches" that aredar in spatial @ent than the pid size of the frame.

We've highlighted one "winde" located just to the upper right of the center of the
frame. Thewindow is goproximately 150 pigls by 150 pirls, for a total of about 22,500
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brightness measurements representing an area on the ground of 7,3IBeninset on
the lowver left of the frame is a frequgndiagram of brightnessalues for this winde;

the x-axis of the inset is brightnesslve and the y-axis is the number ofgsxwith that
brightness alue. Theras a tri-modal distribtion of brightnessalues shan in the inset

histogram.

For this and all frames, we collected similar measurements of the frggdistrdou-
tion of brightness alues by meing the windav to different areas of the framéVe then
repeated thedurier transform on the original image at datiént spatial Elter andaday
repeated the same analysis for each windiothe nev spatial frequeng. This approach
is a labor intenseg, trial and error method, that uses the subjegtidgement of a trained
obserer to determine the spatial (Elter thavigles a bimodal distriltion of reeectance
values (see Figure 3 for axample). V& analyzed a total of 30 frames, 10 frames from
each aerial susy d snow-covered area, with nine winaes per frame and at least three
spatial Elters per frame, generating more than 1000 frgchistograms of pigl bright-
ness from more than 22.5 x®1Prightness &lues. Herave provide summary informa-
tion from the three aerialvereights that were conducted just after the initiation of melt at
the bottom of the smgpack (13 May 1997), near the height of the melt season (14 June
1995), and near the end of the melt season (24 June 1B#vipdal distrilutions of
brightness alues were found from all three «ight3.he probability of Ending bimodal
brightness distribtions increased from 0.22 just after the initiation ofwsneelt to 0.68
near the end of the melt season (Figure H)e association between the stage ofasno
melt and the probability of Ending a bimodal distidm in the frequencof brightness
values was good.

For al three eights the best separation of the modes in the brightness wlismib
was associated with a correlation lengt of 5 to 7 meters (FigureH@)wvever, in most
frames there as a multi-modal distrildion of brightness alues. © illustrate, in both
Figure 3 and Figure 6 there are multi-modal peaks in the freguémhcightness alues.
In most cases thewer-magnitude peaks in brightnessliwes were nested within higher
magnitude brightnessalues with the characteristic distance of 5-7 These results sug-
gest that the correlation length of 5-7 meters in the bimodal distnibof brightnessal-
ues may be composed of higlierqueng patterns in meltater sow (eg. meltwater
sowpaths are "bnched"). Thats, there may be a hierarchial structure to metiéw cowv
through snw such that the correlation length of 5-7 m may be composed wpaths
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that are aganized into groups with spatial dimensions less than 5-7 m.

Liquid W ater Content of Snav Surface

We made measurements of the liquiciter content of the smosurface to test if
there vas al spatial oganization. Liquidwater measurements by the snéork were
comparable to those made by a Denoth md#asurements of liquid ater content by
both instruments were normally disuied ata = 0.05 (p > 0.05,n = 48). A t-test
shaved that the &erage liquid vater content of 3.7% measured by the Denoth medsr w
not signiEcantly dédrent than the 4.2% measured by theviork ata = 0.05 (p =
0.19,n = 48). Additionally, an F-test shaved that there as no signiCEcant féifences in
the variances measured by theotimstruments ak = 0.05 (p = 0.19; n = 48), although
the \ariances were greater for the gnimrk compared to the Denoth metdihese results
are similar to comparisons by Denoth et al. [1984], who reported that licuet wea-
surements by the instrument types in the Stubai Alps of Austriawbd almost iden-
tical means, and with the smdork having a slightly higher standard dation. Further
more, the absolutealues of liquid vater content measured by the wnimrk were less

important for our statistical analysis than the retatalues

After validating the accurrgcof the snav fork, we made neasurface measure-
ments of sne wetness on a 10 x 10 m grid £ 441) (Figure 7) and a 10 x 7.5 m grial (
= 336). For both grids, measurements were at 0.5-m increments in late July and with the
sun directly werhead. Bothdata sets were normally distuied ata = 0.05, with p =
0.08 for the 100-mgrid andp = 0.10 for the 75-rAgrid. Theaveaage liquid vater con-
tent was similar for bothgeriments, 9.1% for the Iger grid and 8.8% for the smaller
grid.

Somaevhat surprisinglythe semrariogram analysis indicates that therasaspatial
organization in the liquid \ater content of the smosurface (Figure 8).The sample ari-
ances dfiered between the twsates, with the sampleariance of the 10 x 10 m grid
almost three times that of the 10 x 7.5 m gtitbwever, even with these lage diferences
in sample wariance, both ariograms had smallalues forg, for measurements that were
close togetherindicating that thesealues for liquid vater content were relatedlhe
vaue of g, then increased with increasing distance apart of the measurements for both
grids. Thesill occurred at 5.9 m for the 10 x 10 m grid and 5.2 m for the 10 x 7.5 m grid.
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These geostatistical analyses indicate that the liqattmcontent of the smosurface
was orrelated at distances from about O to 6 Moreover, the fact that the range as
similar for the tvo variograms een though there was a lage diference in the sample
variance preides additional conEdence that the correlation lengths were notaut aftif
the sampling parameterfn both cases, thereas a small change in slope at about 2.5 m,
suggesting that the sill at 5 m may ecf be composed of correlation lengths with a
higher spatial frequeyc The geostatistical analysis suggests that the liqaigmcontent

of the snav surface at this time had a spatiagarization of about 5-6 m, similar to the
correlation lengths demd from aerial photographs of the sweurface during sne
melt.

Ly simeter Array

Meltwater dischaye was recorded for all 16 lysimeters in 1995, 1996, and 1997.
However, meltwater dischage was inconsistent at times in 1996 because of icing prob-
lems and these data are not reportBidistrating with results from 1997 (some of the
1995 data s reported in Rikdes et al. [1996]), meltater was collected in all lysimeters
from 11 May to 5 July Total measured *w in each of the 16 lysimeters ranged from a
low of 420 mm to a high of 16,000 mm (Figure 9), compared to 1,016 mm in the inde
snawpit.

Figure 10 is a plot of * 1, versus lag distance at ten-minute time steps for the entire
1997 f = 132,156) and 1995n(= 131,200) melt seasongzor 1997, theg *, values
become ngdive (or reach the sill) at a distance of 5 fihe g *(,, vaues then become
positve & about 9 m. For the 1995 season, tige* ;) values become mgetive & about 6.5
m. Similarto 1997, they * 1, values in 1995 approach zero at a lag distance of about 9
meters It do not become posie. The semiariograms from both 1997 and 1995 sug-
gest that meltater dischage from the base of draining smeacks is correlated for a dis-
tance of 5-7 m.

DISCUSSION

The correlation lengths of 5-7 m that we report from aerial photographs @t Niw
Ridge in Colorado are the same as the 5-7 m correlation lengths reported by Sommerfeld
et al. [1994] for a Woming snavpack. Oumresults from a more roist data set skothe
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same correlation lengths in the distrion of reeectance alues from snw-covered area

that Sommerfeld et al. [1994] reported from a more limited set of resectance measure-
ments based orxploratory researchSomevhat surprisinglyour results suggest that the
Endings reported by Sommerfeld et al. [1994] were not site spdci€Eanclear ha

large an area these results apply Tdwe correlation length of 5-7 m for a bimodal distri-
bution of resectance &lues for sna-covered area may apply to reasonably eat terrain in
continental, mid-latitude ggons.

Furthermore, the spatial patterns that we olexemwith the Burier analysis of the
aerial photographs are similar to visual descriptions of depressions by other scientists.
Gerdel [1954] considered that the dendritic pattern of depressions commonlyedoserv
the snav surface of melting snepacks indicated the presence of internal«channels.
Higuchi and &naka [1982] carried out (Eeld obagons in the &teyzama Mountains of
Japan on the morphologicalgrdarity of dendritic depressions on the wnsurface and
the relation between the depressions and edmeltwater They report that s grains
were coarser (lger) in the depressions compared to surrounding snd that the total
outeow from rain gutters placed under the sgd depressionsas 5.4 times the outvo
from areas outside of the depressio@air results are not conclusi esidence that these
valleys or depressions occur on the wnaurface late in the melt season at amerage
spacing of 5-7 mHowever, these results are intriguing and yice the impetus for fur
ther typothesis testing.

The correlation lengths of the liquidater measurements of the snsurface sug-
gest that the spatial distuton in the bimodal distrilition of resectance alues vas the
result of greater liquid ater content in the holMes or dark patches of the smaurface.
It was quite surprising that we foundyaspatial structure in the spatial distiion of lig-
uid water measurements at the wnaurface. Itwas even more surprising that the tw
independent measurements resulted in the same correlation lengths of about 5-7 m.
Moreover, it is quite encouraging that there appears to be some spatial structure to the
wetness alues at the smosurface.

The liquid water contents measured by thewriork appear reasonabl&oyne and
Fisk [1987] report that measurements of the liquader content of the smosurface hae
an error oft 2.3 cnt of H,0 per 100 cm of snaw, much less than the 0.5% fiifence we

obsered between mearalues measured by the Denoth meter and the $ak (n =
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48). Themean value of 4.2% liquid \ater content measured by the wrfork during the
comparison with the Denoth meter is also within the range measured by Kattelmann
[1990] during the early stages of snonelt in the Sierra Neada. Additionally Pfeffer

and Humphnre [1998] measured a liquidater content of 2-3% using the samevefork

(exact same instrument) along agseent of the equilibrium line in ¥ét Greenland.
Measurements of the liquidater content of the smpack made later in the melt season
generally hge values greater than 5% [Kattelmann, 1990he irreducible \ater content
(analogous to the Eeld capacity of soils) of a ripe and freely drainingaskois gener

ally considered to be 4 to 5% by most process-based snelt models such as
SNTHERM [Jordan, 1991]The mean &lues of about 9% that we measured in late July

on the snwr surface therefore appear reasonable.

The amount of lysimeter outwo varied widely among lysimeters<Compared to the
1,016 mm of SWE measured at the xdeowpit at maximum sne accumulation, ev
of the 16 lysimeters had annual outs® within 10%, six of the 16 lysimeters had annual
outeows less than 10%, and €&¥ the 16 lysimeters had annual outs® greater than
10% of the inde snowpit. Two o the 16 lysimeters had quite high ouiss, about 8
times and 16 times the SWE measured at thexisdewpit. Most likely these high
amounts of lysimeter outs were the result of lateral ¥ within the snavpack from the
gently-sloping snepack to the westAt an alpine site in the eastern Sierravdtia, Har
rington and Bales [1998] report that annual disgeaifrom eight 1-flysimeters ranged
from 20% to 205% of the meanwp an order of magnitude diérence. Hwever, that
site was located on the top of a small tor and maféw contrilition from surrounding
slopes did not occurThe etra contritluting area that must account for the high lysimeter
outeows at our site appears similar to thxeess dischage that Kattelmann [1989] reports
for lysimeter D that appeared to reaelateral «onv from the surrounding siagack.

Coneicting reports hee gpeared on whether meklier sowpaths are re-used in a
seasonal sngpack. Schneebelil995] reports that a dye study in the Alps of Europe
shaved that meltwter drained from the smosurface into a cold swepack in preferential
channels, bt that these meliater sowpaths froze and were not re-usedowever,
Wankiewicz [1979] strongly agues that meltater does @ continuously through prefer
ential areas in a ripe and draining wpack. Themulti-lysimeter vork of Kattelmann
[1989], Harrington and Bales [1998], and our study support tharant of Vénkiavicz
[1979] that more meltater maes through some Mumes of the snepack relatve ©
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other wlumes of the snepack.

The correlation lengths of 5-7 m that we report for the three independent measures
of meltwater «ow through snw are a statistical representatiowe interpret these results
to indicate that there is a higher density of matew sux on the scale of 5-7 m folkieed
by areas with a lwer density of meltater sux every 5-7 m, as shen in Figure 1.These
results do not mean thaénical sowpaths, pipes, or macropores occur gaage &ery
5-7 m. In fact, our results suggest that areas of thevpaok with higher densities of
meltwater sux most lilely are composed of higher concentrations of macropore pipes or
"bunches" or "bndles" of ertical sowpaths.

There will olviously be \ariance within a siteMost likely there will be a dierent
statistical relationship for areas with fdifent topograpy and/or climate. These results
are not uniersal. Havever, they strongly suggest that melater sow through snar may
have a gatial structure that is greater inxtent" then preiously thought. The consis-
teng/ of these statistical relationships is encouragiiigdoes appear that there is some
spatial oganization to the «av of meltwater through a ripe smpack at the scale of 5-7
m in the central RogkMountains of the United Statefurthermore, Schneebeli [1998]
reports that recent dye traceqperiments in the Swiss Alps of Europe wied preferen-
tial .owpaths through a melting smpack on the scale of 5 m.

Dye tracer periments hae $rowvn that meltvater produced at the top of the s8R0
pack can mee laterally through the smgack at distances mariimes the sn@pack
depth before emging as outeav at the base of the smpack. Thecorrelation lengths
that we report for the three independent measurements of atesitvow through snw
are simple statistical structures and cannot imply caus&lityetheless, a comparison of
our results to unsaturated wothrough soils may prede helpful insights and generate
additional lypotheses garding the plsical processes that control medter eow
through snw. Ruan and lllangesakare [1999, in pressjehdnown that microtopograph
plays a controlling role in the initiation of macroporemon soils. Macroporedocated
in depressions are initialized and remainwectecause of the lger amount of\ailable
water provided by topographic controls at the soil sgd. Incontrast, macropores on
raised areas are not initialized or stop draining soon after initialization because there is
less vater aailable for inCEltrationThe snev surface may act in a somvbat analogous
manner There may be a high density of macropores or preferentigbaths at the smo
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surface, as suggested by therkw of McGurk and Marsh [1995]For a snavpack in the
Sierra Neada, the report sow dagers spaced about 20 to 40 mm apart, mean diameters
of 15 to 20 mm, and a total wetted area of about S%ater inEltrating through these
macropores from the sade into the interior of the swpack may then become ponded
on ice layers or (Ene-togargrain transitionsLiquid water then mees laterally through

the snavpack until breakthrough is ackiel and \ertical maement can continueThe
snav overlying these ertical sowpaths then settles, creating a depression at th& sno
surface. Theremay then be a posit feedback system such that macropores in the
resulting surice depressions carry more liquidter and macropores in the raised areas
carry less liquid \ater causing the depressions to become deeper and catey from a
larger contriluting area.As the snapack ripens, meltater sowpaths then become eor
related on the scale of meters.

CONCLUSIONS

Three independent techniques were used to testypetheses presented in the
introduction: (1) lev pass spatial Eltering to identify multimodal brightness disiwits
in near infrared images of melting svywacks; (2) ariograms of the spatial disttition
of meltwater from the bottom of melting smpacks; and (3) capacitance measurements
of the liquid water content of the upper sacke of melting snepacks. Thehree tech-
niques support theypotheses presented in the introduction.

[1] The characteristic distance separating bimodal resectance peaks from aerial pho-
tographs of a draining swpack in Colorado wuld be the same as that reported by
Sommerfeld et al. [1994] for a Wming snavpack. The characteristic distances
from the aerial photographs reportedsaapproximately 6m.

[2] Thefrequeny of bimodal distritution of brightnessalues from aerial photographs
of snaw covered area wuld increase from early in the melt season to later in the
melt season. The probability of Ending multimodal brightness distiims
increased from 0.22 to 0.60 and 0.68, corresponding toctertef snav melt.

[3] Direct measurements of the liquidater content of the smosurface will hare the
same characteristic distance as bimodal digiobs of brightnessalues. Although
there vas a (Ener spatial structuvedent in the liquid vater measurements,giens

of higher and lwer liquid water content ggregated into separate areas of about 5 m
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in diameter Variograms shwed a sill at about 5 m and appeared to indicate an anti-
correlation at about 10 m although the data at this distance is limited.

[4] Thecharacteristic length of melater dischage measured in smolysimeters at the
base of the snegpack will have the same characteristic length as the bimodal bright-
ness distribtion of aerial photographsvariograms indicate that correlation length
of the meltvater collectors is 5 to 7 m and there is an indication that the melt is anti-
correlated at about twice that distance.

These warious spatial statistics are similar to those found in a preliminary study in
the Snavy Range of Woming and indicate that a correlation length of 5-7 m for naeltw
ter sow through a ripe sigpack may be of ggonal extent. Animportant result of this
study is that infrared aerial photos can be useduesiigate these spatial statisticgen
wide regions without labor intengg surface measurementdVhile these results are not
conclusve, they do generate additionalypotheses on the spatialganization of meltva-
ter sow through snw that warrant testing.In particular these results support the con-
tention of Bloschl [1999, in press] that the correlation lengths of ratdtwow through
snav are greater than pveous measurements made at the plot scale.
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Figure 1. Planimetric and cross-sectional wie shaving theoretical *avpaths of liquid

water in a ripe and draining swpack, based on the conceptual ideas ainkéavicz

[1979] and Sommerfeld et al. [1994Rits or \alley-shaped depressions are caused on the
snav surface because of preferential settling of therlging surface as liquid ater pen-

etrates to laver snav layers. Thehigher amounts of liquid ater in the pit areas cause

snav grains to grav faster and lager in the pit areas compared to surrounding raised
areas. Théigher absorption of light in the nelR region by lager snav grains causes a
decrease in albedo in the depressed areas compared to the raised areas, resulting in the
snov surface haing a checkrboard appearance caused by alternating light and dark
areas. Accumulatingateral sow within the snavpack may then occur between the-sur

face depressions, with greaterwocamounts underneath the depressiofi$ie distance
between sudce pits is the awvdength () of a repeating spatial patterrOne-half/

would be the distance that features are correlated using geostatistical tests such as semi-

variograms.

Figure 2. Oblique aerial photograph tak in April near maximum smoaccumulation.

Niwot Ridge is the broadening ridge in the center of the photo and running left to right.

Figure 3. An illustration of hav the frequeng of brightness alues changes by changing
the cutof wavdength of the Burier Elter from tav different windevs [adapted from
Sommerfeld et al., 1994[The x-axis is brightnessalue, the y-axis is frequeypcand the
far-left values are the awdength of the spatial (ElteAt a wavdength of 1.5 m there is a
single peak in the frequenoof brightness wlues. Asthe size of the spatial Elter
increases the frequendistribution of brightnessalues changes, with a strongly bimodal
distribution at a vavdength of 12 m or correlation length of 6 m.

Figure 4. Aerial photograph of swocovered area on Niat Ridge, 14 June 1993 orth

is to the top of the scene and the phoss walen about 11 AM.The upper left and feer
right areas are unaltered sections of the original fraBlack areas are non smecov-
ered area and the gray area is thevsaoface. Theres little patterning to the smecov-
ered area.The upper middle portion of the frame glsothe image after theokrier anal-
ysis with a 12-m spatial Eltevhich highlights dark and light patches on thevgno
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surface. V¢'ve hghlighted one "winda" located just to the upper right of the center of
the frame. The windav is gproximately 150 pigls by 150 pirls, for a total of about
22,500 brightness measurements representing an area on the ground of%7,3t@ m
inset on the laver left of the frame is a frequgndiagram of brightnessalues for this
window; the x-axis of the inset is brightnesslue and the y-axis is the number ofg#x
with that brightnessalue. Theres a tri-modal distribation of brightnessalues shan in
the inset histogram.

Figure 5. Probability of Ending a bimodal distrilon in the frequencof brightness al-
ues from aerial photographs of snoovered area as a function of the stage ofsnelt.

Figure 6. A histogram of brightnessalues from aerial photographs of snoovered
area, illustrating the bimodal distution of brightness alues. Notethat there is a
smaller peak in brightnesses between the twmain peaks.This smaller peak sug-
gests that perhaps the correlation lengths in brightredaessthat we report of 5-7 m are
composed of smaller sgpaths that are ‘mched" into longer awvdengths.

Figure 7. A 3-dimensional sutce plot of liquid vater content of the smosurface from a
100 nt grid with 50-cm sampling resolutioriThe x and y ags are length (m) along the
grid and the z-axis is percent liquichter content of the smosurface by wlume, as mea-
sured with a dielectric SmoFork.

Figure 8. A semwvariogram of lag distance in mevsus semariance §,) for measure-
ments of the liquid ater of the snw surface from a 10 m X 10 m grid and a 7.5 m X 10
m grid, each with measurementgegy 0.5 m.

Figure 9. Total measured dischge (mm) in each of the sixteen lysimeters for 1997.
Maximum snav water equalence (SWE) measured at the irdaow pit was 1,016 mm.
Dischage in lysimeters ranged from 42% of sipit SWE to 16 times smepit SWE.

Figure 10. Variogram for measured disclyg for the 1997 and 1995 smmelt seasons,
normalized by diiding by the populationariance. Measurekg distances ranged from
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Oto 10 m.
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