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Abstract
Previous studies in the Prcific Northwes! have suggestcd a link bcrwccn lbrest loggnrg and increased streamflows. We present a
brief overvierv of prelious experimenlal efforts dcsigncd 1() idcntily mechanisn\ fir the\e increares. especially during rain,on-
snow (ROS) and spfing snowmelt events. To cxcnd |hc applicabilily of these data. r'e describe our mcasurcment of snow
accunulation, nlelr, and rnicrometeorolog\' in eristing uncul forcst and shelterwood units as pafi ofrhe Denronnralion ol Ecos)s-
leln Managenent Optnns (DEMO) stud,v. Uncut forest unit! arc domirured b) oter l0O-lear-old Douglas tjr (Prexdobr.rgd
,rer.i.rii) \! ith stand basal arers of ca. .10 mr/ha. M icrometeorology is mcas urcd 2 m above the grou nd surface in each | 3 ha unit.
Snow accunulalion anLl melt re measufed via $eekly sno\\' courses. Sno$pack oulilow is obt.rined fronl tr\o 1.6 inr non
wcighing snow lysimeters ir each unit. Lafge(25 mr) \\eighing lvsimeicrs prc'vidc u continuou s record of sno\{ pack evolution at
scales un.rftected b) \' iabiliry in canot) ihroughfall. Sno$ intcrccplion is nersured b] continuous \\'eighjng ofcut trees.
Harvest trertments will be imposed during summer 199E and addirionxl pLrst-han'est data will be collected. Prc harvest dirra
indicrte up to 60t. gfeater (33 mm) 3 da! production of runoll and 150% gre.rter (22 mm) 3 da,v snowmcll (outllo\! ninus
throughfalll in the shelierwood than in thc uncur lorcs( unit during ROS events. Snowmelt during radialion dLrninaied sprinS
evenis is cr. 50q. gfeatef (15 mm) ir the sheltcrwood. Rcsults lrom the weighing lysinreters show high corrclation wiih sno$
cour\e drta fioll] the sheltenrd)d but poor correlation with ihosc liom the uDcut forest due to small scale spatial larjabilit,,- iD tree

Introduction

ln recent years, attention to tloods during rain-
oD-sno\\" events has increased. During the *in-
tc rsL ' l  lq i i6 .  lqq{ ) .  t rnJ  loa5-q7.  lhe  maior r i re r .
draining the westem Cascade Mountains of Wash-
ington and Oregon experienced flooding events
with estimated relurn periods that exceeded 100

1'ears in some watersheds. Thcsc events have lead
to a widespread perception that the ftcquencv and
severity of extrcme tloods in the Pacific North-
west have increascd. Although these perceived
increases may be due to climate variability, which
has brought an end to the mild. relativelv dry
winters of the 1970s and 1980s. attention has
nevertheless been focused on possible causal links
with land use changes, including forest harvest-
ing. Although thc connection between fbrcst har-
vest and increased peak streanflou, has only re-
cently gained the attention of the media and the
general public, the problemhas long been dcbated
in the scientific Iiterature (e.g., Anderson and Hobba
1959;Rothacher 1973: Han and McCorison 1979:
Han 1981, 1986: Christnerand Harr 1982: Jones
and Grant 1996).

Anderson and Hobba (1959) appear to be the
l i rs t  to  a rgue tha t  the  s iu  c  o f  pea l  l lou '  in  ues t
em Orcgun hrLl heen increa.ed b5 loggrng. De-
spite considerable research on snow hydrology
in the intermountain west and the Sierra Nevada
(where snowmelt is dominated bv radiation), the
issue oflogging efttcts on snow hydrology in the
Pacific Nonhwest was largely ignofed until the
1980s. Building on the work ofthe USACE (1956).
Harr (1981) hypothesized that clearcut logging
would increase convective heat transfer to the
snowpack and thereby cnhance snowmelt rates.
especially during rain-on-snow (ROS) events.
Through areanalysis ofprevious u ork (Rothacher
1973, Harr and McCorison 1979) in which no
ellects were detected, Han (1986) fbund that peaks
in streamflow during ROS events increased sig-
nificantly due to clearcutting. Christner and Harr
(1982) also found evidence for an increase in ROS
inducedpeak streamflows in an analysis ofpaired
wate$heds in the central Oregon Cascades (sec
also Jones and Grant 1996). Although these studies
offer considerable evidence for the effects of 1br-
est haNesting on streamf'lows u'ithin a small wa-
tershed, they only suggest possiblc mechanisms
for the increase.
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Subsequently. in thc fansient snow zone of
the western Oregon Cascades, a series of plot-
scalc studies (i.e.. at the scale of several trees)
demonstrated that snow accumulation can be sig-
nificantly enhanced in clearcut areas (Beris 1984,
Beris and Han 1987). However, in three offive
ROS events more snowpack outflow was obscrved
undcr the tbrest canopy than in the clearcut. In
the remaining two events. the increase in clearcut
snowmelt can arguably be attributed to mofe an
tecedent sno\\" in the clearcut and not to highcr
melt mtes dudng the event. Unlbrtunately. the
relatively srnall area of the snow lysimetcrs (2.0
m:) precludcd accurate estimation of snowpack
outflow undeneath the lbrest canopy fbr any of
the events.

Equivocal results wcrc also obtained from stud
ies in the coastal mountains of Brit ish Colunrbia
(Beaudry and Golding 1983). Outflow from two
small snowmelt Iysimeters with a combined area
of 0.9 m':had almost no correlation with weekly
snow course data. In confast. large lysimeters
(28 m']) indicated that total runoff fiom the clearcut
snowpack was increased by 106/c during heavy
rain ( 19,1 mm rainfall in I .5 days) and by up to
19% for smaller events. In two of three events.
dillerences in outflow can be attributed to both
dift'erences in melt rates and antecedent snow
accumulation.

Recognizing the linitation in design and the
small sample size of previous studies. a second
more extensive plot-scale study was undertaken
in the transient snow zoDe of nofihwestemWash-
ington (Coffin and Harr 1992). Unfbrtunately, a
series oflogistical and design problems combined
with unseasonably cold weather made compari
sons among treatments (clearcut versus uncut
tbrest) questionable ti)r the majority of obseNed
ROS events. During tbur ROS events in which
the sample size under the mature canopy was suf
ficient. 12-14c/o lireater runoff in the clearcut was
arguably due to both increased melt rates and
greater antecedent snow accumulation.

Combined, these studies present considerable
evidence that removal of the ti)rest canopy in-
crcases snow accLllllulation and melt by influencing
the moisture and cnergy flur.es from the forest
canopy to the fbrcst floor Snow is intercepted
by the forest canopy and can bc subsequently
sublimated. nelted or released (as snow.) off the
canopy (e.g., Mil ler 1962. Satterlund and Haupt

1970.1. While sublimation represents a direct loss
fiem the soil-snow system, drip of melt-$ater trom
the caDopy is either stored by the snowpack or
routcd dircctly to thc soil (dcpcnding on the snow-
pack temperature and liquid watel content). Snow
released from the canopy adds directly to the wirter
equivalent of the snowpack.

Mclt of thc ground snowpack is atfected by
removal of the canopy through the fbllowing
mechanisms. The canopy grcatly attenuates shon-
wave radiation to the ground surfnce while en-
hancing long wave radiation transfer (e.g., Black
et al. 1991). Shod-wave radiation absorbed by
the canopy is re-radiated to the snowpack as long-
wave ndiation. Furthermore, the canopy sen'es
to shelterthe snowpack fiom turbulent exchanges
oflatent and sensible heat which depend directly
on windspeed and thc near sufi'ace gradients of
tempenture and humidity. During events in which
shorl-wave radiation and turbulent energy f)uxes
prevail, canopy removal enhances snowmelt.
However. the canopy can also hasten snowpack
outf'low. Because intercepted snow melts rrpidly
in the tmnsient snow zoDe. snowpacks under a
forest canopy tend to be shallower with higher
liquid water contents. Theretbre. they can release
rneltwater or rainfall sooner than snowpacks in
clearings (e.g.. Berris and Har 1987)

Given the conplex interaction of the forest
canopy with meteorological conditions and the
fansient nature of snow accumulation on and under
thg fbrest canopy, previous studies have provided
on l ;  l im i red  in lb rmat ion  re lc ranr  lo  r  quant i rc
tive model of snow accumulation and melt under
forest canopies (e.g., van Heeswijk et al. 1996).
Snowpack outtlow dudng melt events is influ
enced by antecedent snow accumulation on thg
ground, antecedent snow stonge in the foresl
canopy, and the nricromctcorological conditions.
Therefore. additional studies are needed to mole
completely chartrcterize the full ran-qe ofcxpcctcd
differences between han'ested and uncut forest
sites.

hevious studies that compareclearcut anduncut
forests are also of limited value in that current
harvest practices have become more diverse and
now include a range of levels and patterns of re
tention of l ivc trees (i.e.. grcen-trec rctcntion).
Thus, the effect ofcanopy density on snow accu-
nulation and melt has becone an impofiant ques
tion. Currently. varitrt ion in ti)rest can()py cover
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is largely ignored in determining the hydrologi-
cal effects of logging. For example. the Wash-
ington State watershcd analysis procedure (WFPB
199.1) utilizes an overly simple model lbr pre-
dicting snowrnelt during ROS events which as-
sumes that wind speed is a linear tunction of canopy
coverage. Because canopy coverage is based solely
on stand maturity, hydrolo-eic impacts of paflial
har-vests are nol con)ider(J. This l imitrt ion i:
not surprising considering the lack of data relat-
ing partial harvest to expected snowmelt produc-
tion in the Pacific Nofthwest.

Recently. more advanced. quantitative mod-
els have used an energy-balance approach to pre-
dict snowmelt given a set of micromctcorologi-
cal variables and antecedent snowpack conditions
(Anderson 1976, Marks and Dozier 1992, Yamazaki
and Kondo 1992, Wigmosta et al. 1994). Hou-
erer .  under -e lnopy  rn r rumc l t  l rnd  In ic rumctco-
rological data ofsufficient high quality necessary
lbr model validation have been unavaihble in the
Pacific Nonhwest (van Heeswijk et al. 1996). A
fufiher limitation of these nodels is that they laryely
ignore thc cffcct of the canopy on snow accumu
lation. Unless antecedent conditions can be de-
scribed. Lheir value as a predictive tool is limited.

Obiectives

To addrcss the limitations and expand the appli
cability of previous data, we have been evilluat-
ing changes in snow accumulation and snowmelt
in response to partial retention harvests within
the context of the Demonstration of Ecosysten
Managenent Options (DEMO) study (Aubry et
a]. 1999). To review. at each ofeight study blocks
in western Washington and Oregon, five han'est
ffeatments and a control hilve been rnndomly as-
signcd to 13-ha experinental units. Treatments
reprgsent retention of green trees at varying lcv-
els (l-5 1007o of original basal area) and patterns
(trees uniformly dispersed vs. aggregated in 1-ha
patchcs) (Aubry etal. 1999). The specific objec
tives of the snow hydrology studies are to:

( l) Detemine the differences in accumulation
ofsno* under vuyin-u levcls and pattems ofgreen-
ffee retention,

(2) Identity differences in outtlow raies among
lreatnents dudng rain on snow events,

(3) tdentify differences in melt rates during
spring radiation-doninated events,

(4) Measure the diff'erences in wind, tempera-
ture. humidiq'. radiation, and turbulent heat ex-
change among treatments. and

(5) Provide data to improve existing nodels
ofsnow accumulation and snowmelt atbothpoint
(single tree) and stand-level (13-ha trcatrnents)
scales of resolution.

Each ser .on  o f  d l ta  co l lec t ion  \ t r i \es  lo  p ro-
r iJc :r continuou. rccr rrt l r ' f nerr-ruri rce n ricrt 'me-
teorology and snowpack outflow at several points
in each unit while providing weekly data on snor'",
accumulation over the entir-e unit. Objective I
rclics on snow course data taken over the 13-ha
treatment unit. Point observations of microme-
teorology and snowpack outllow support Objec
tives 2-,1. Objective 5 can be satistied by cali-
brati ng a snow accumulation and snowmelt model
to point measurements and validating against data
over the entire unit. The degree to which alter-
ation of physically measurable paramctcrs such
as canopy coverage tiaction can explain differ-
ences between point observations of melt and i:Lreal
obsern'ations ofaccumulation will directly tcst the
scalabil ity of such a moclel.

Micrometeorological and snow data have been
collected in uncut, pre-ffeatment forests and in
adjacent shcltcrwood stands (lbrest thinned to very
wide spacings) at one of the eight cxperimental
blocks. Watson Falls. Oregon. Due to the large
number of trcatmcnts. the sample size and tie-
quency of the current experimental design are
limited. The expense of collccting detailed me-
te,rr h'gicul unJ r rurl l, 'r.r Juu Iimit. us to one mjcro
neteorology station and four lysimeters per treat-
ment unit. Snow coruse data are collected weekl,"'.
Hiin'est treatments will be conpleted during sun.r
mer 1998 and each han'est unit wil l then be in-
.tnrmented $ ith four l l  " imelers and one mi. romr-
teorological station. Three yea$ of post-harvest
data will be cdlected to quantily the effects of
ra ry ing  le rc l .  and pa t te rn : , ' f  eunop)  rc lcn l i r \n .

Given the l imitation on sampling within each
unit and the lack of trcatment replication, we may
be unable to make detlnitive statements about the
significance of specific treatments on snow ac-
cumulation and snowmelt. Although u'e can de-
tect dift-erences in outflow from an uncut mature
forcst and a shelterwood (scc Results and Dis-
cussion), more subtle differences (as would be
expected between a ,10 and 757o retention har-
vest) may be undctectable (or insignificant) given
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our small sample sizc. Furlhermore. the lack of
treatment replication (in thc snow hydrology srudy)
lirnits thc applicability of findings to the specific
un i r . . ruJ ie t l .  A l though rhe  r re r rmenr  un i r \  \ \e r r
selectcd to be as similar as possible, the lack of
replication makes it impossible to differentiate
treatment eftects fiom other site level difttrcnces
(e.g., aspect, exposure to prevailing winds). A
true test oftreatment effects will requirc data from
replicated samples.

In the following sections we bdefly describe
the study sites and detail thc data collection method.
We then present a brief comparison of da|a fron]
the ple har,'est DEMO units and adjacent shelter-
woods. Finally, rve describe additional data col-
lection efforts aimed at quantifying process-level
(on t ru l :  o r l  \no$  accumula l ion  lnd  mel t  (e .9 . .

canopy interception) and the preliminary results
of this work.

Scale: km

Methods

Si te  Descr ip t ion

The study sites are located northwest of Crater
Lakc, Oregon in the Umpqua National Forest
(Figure l) (see also Aubry et al. 1999). Three
DEMO treatment units (2, 5. and 6) are located
at 900 m elevation and two (1 and 4) aL 1200 m.
An additional control treatment (7) js sampled at
thc low clcvation site. Unit 3 (not shown in Fig-
ure I ) is not uti l ized due to dit l icult ies with u in-
tcr acccss. To provide a more extensive period
during which snow accumulation and melt could
be compared between uncut and harvested sites.
an additional shelterwood was selected in each
elevation band (units 8 and 9).

Pretreatnrent tbrest stands range in agc fbrm
ll0 l30 years. The canopy is dominated by
Douglas-fi r (P s e udot suga ner::ie.rii) although

l^.t t r t t l
0 5

Figure l. I-ocatio ns of DEN{O gree n -tree fetent ion un il\ ( 1 , 2. '1-O. olher non experiment.rl units { l 9), and weighing lysimeters
(L. S. T) at the Wiison Frl1s stLrd) site. U = intact lbrest. S = shelterwood. rnd T = lrce $.ighing lysimc(cr Trcallnent
3 i\ not utilized lof snou hvdrcloc! fesearch.

* Watson Falls site
. Crater Lake

Ranger Station

Hwy. 138

Mowich Loop Rd.
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white tir (Abies coitt)/or), \\,estem hemlock ( Isrga
hetercph)ll.t), ̂ ndponderosa pine (Plir irs poirdr:
rosrr) are fairly cornmon. Basal areas in the DEMO
trcatment units rrnge fron 36 52 mr/ha (see

Halpern ct al. 1999 tbr details).

I\,4icrometeoro ogy

The measurgment of lbrest micrometeorology
during winter presents unique diff iculties (e.g..
Marks et al. 1992.). Our sampling and ins[umental
designs are similar to those of Berris and Han
(1987) ard Coftin and HaIr (1992). Microme-
teorology is measured 2 m above the soil sudace
and summary statistics arc recorded every 30
minutes. Precipitation is measured with a reso
lution of one mill irneter by an unheated gauge.
The gauge consists of a 30.5 cm dianeter length
of PVC pipe 1.2 m tall rttached to a rigid PVC
base. The gaugc is t i l led to a depth of 25 cm
with an antifreeze solution that is a 3:2 mixture
of propylene glycol and ethanol (McGurk 1992)
topped with a thin layer of I (130 weight motor
oil to prevcnt ethanol evaporation. The antifreeze
is lecharged at'ter 500 mm ofprecipitation to limit
dilution and thereby prevent fueezing. Outllow
fiom thc resen'oir is collected by a tipping bucket.
To limit catch det'icicncies. each gauge is shiclded
liom the wind.

Wind speed is measurcd with R.M. Young
phobchopper totalizing ancmometers. These
measure wind passage each minute and therelbre
cfltctively irtegrate thc wiDd velocity over thc
observational intelval. To prcvent snow accumu-
lation on the anemometeru. housings \\,ere con-
sffucted consisting of a 30 by 30 crn square of
Plexiglas suspended approximately l5 cm trbove
the anenometer-. Comparison of paired anemon-
eters with and $'ithout housings showed no no
ticeable difference in wind speed when thc un
protected anemometcr was fiee of snorv.

Incoming short-wave radiation is mcasured with
Epply pyranometcrs. Reflected short-wave ra-
diation, measured rvith Licor sil icon cell pyra-
norreters. is used to cslinate albedo and to cor-
rectthe Epply pyran(nnete$ whenthey are covcred
with snorl ' ' .  Incoming long wave rrdiation is
neasuled by Epply pyrgeoneters. Air temperature
and relalive hunidit,v are measured by Ceunpbell
Scientitic Vaisala probes protected fioll direct and
reflected rldiation by six plate shields.

Snowme t

Snowpack outflow is measured evely 30 min by
a non weighing snow lysimcter with a surface area
of 2.6 m2 which is drained to a 1-l capacity tip-
ping bucket. The lysimeter is l ined with an im-
permeable geo-texti le l ining (hypalon). A plas-
tic drain is installed flush with the l iner in one
corncr of the lysimeter. The drains, piping, and
tipping buckcts are buried to prevent freczing.
Shadecloth is draped ovcr cach lysimetel to pre-
vent litter accunulation liom clogging the drains.

Snowmelt is estimated as the difttrence be
tween snowpack outf'low and precipitatiol. Un-
fofiunately, this calculation is only valid if t*rr
assumptions are met. First. any rain lalling on
the snowpack, along with any melt water. is im-
mediately routed out of the snowpack. Second,
precipitation rates over each lysimeter undcr the
canopy ale well approximatcd by estrmates of
canopy throughfall or precipitation in the open.
The tirst assunption is generally met if snow-
packs are shallow isothermal at 0"C, and at their
rnaximum liquid water holding capacities. Snow-
packs in the transient snow zone of the Cascades
generally meetthese assumptions. If thcy do not,
however. melt rates $'ill be underestimated. Un-
tbrtunately, the second assumption is less likely
to bc valid. Given the high spatial variability of
throughfall from a fi)rest canopy, polnt estimates
of precipitation are subiect to significant efror.
Therefore, onll' measurcd precipitation liom the
shelterwood sites is used to estimatc snowmelt.
Although observations of [ysimeter eutf'low un-
der thc canopy are subject to this same variabil
itli, they are more rebust due to thelr larger sur-
tace areas.

Snow-water Equivalent

Dircct obsen'ations of snow depth and snow wa
ter ecluivalent (SWE) are taken in each treatmcnt
unit. During winter 1993-94, snow depth was
mec:ured  a t  25  p , r in ts  rR0 b1  8o  m .p3q1. " ,  1 t
each of the fivc low elevation units at the Wtrtson
Falls study site. These data $cre used to deter
mine the nunrber of sanple points needed b de-
lect a 5 cn difterence in snow depth (not \\"ater
equivalent) with a power of 0.7 at P<0.05. A
minimum of 17 sarnple points per unit are ad-
equate. thus snow courses are run over a 20-point
grid. Water equivalence is obtained with a stan-
dard U.S. snow tube. Snow course neasurement
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and sampling procedures lbllow Natural Rcsource
Conservation Scrvice guidelines (USDA-SCS
198:1).

Canopy Processes

Due to the coarse tcmporal resolution ofthe snow
courses and the small surlace areas of the lysim-
eters in each treatment, our sampling design is
insuflicient lor rigorous testing of models of sno$'
accumulation and ablation. Although nany small
lysimetels can characterize the average outflow
of a harvest unit and its variability. they cannot
fully dcscribe processes at the scale of an indi-
vidual tree canopy. Since canopy throughtall is
h iph l l  ru r i  h le  r l  \ rn i r l l  .p i t l i r l  : ( l l e : .  any  e . l i
nate ol snown.relt (outflow minus throughtall)
measured by snrall lysineters may not be repre-
sentative ofthe canopy as a u'hole. Funhcrmore,
becausc snow accunulation is affected by snow-
fall, melt, and mass rcleasetiom thecanopy, weekly
sno\v course nreasurentents yicld little infolma
tion on snow interception processes that control

snow accumulation. While a model of under-
canopy snow accumulation and melt can be used
to test the combination of all three factors, the
curent design (and those used by prevrous rn-
vestigators in the Pacitic Nofthwest) does not al-
low for the separation of effects. Such separa-
tion would require continuous measurement of
snowpack outllow arnd $ater equivalent at a scale
at which viuiability in canopy thrcughfall no longer
dominates observations.

Tir overcomc these limitations, we began apilot
study during winter 1996 97 to extend the exist
ing t'ield program. Two 25 mr weighing lysim
c lc r :  uere  cons l ruc led .  Each lys imeter  nas  in
stalled around a ca.40 m-tall Douglas-tir adjacent
to Unit I (Figure 2). The lysimeter is continu-
ously weighed by fi)ur.5-ton load cells. Outflow
from the lysimeteris measured with tipping-bucket
volumetric f low gauges. The weighing lysirn-
eter effectively removes the variability in through-
fall by sampling the entire canopy ol at least one
mature tree while directly measuring changcs in

Figufe 2. Over\ ie$, of rhe u nder-canop) r.ighing lvsimcr crs sho$ ing 25 m: lt siinerer. microm eteofo log ical \raiion. and precip i

tn l ron srugc.

92 Storck. Kern, and Bolton



the snowpack water equivalent. T*o weighing
lysimeters were built to control for inter-canopy
variabil ity and equipment failure.

While the weighing lysimeters can generate
high-quality data on snow accunulation ilnd ab-
lation under the tbrest canopy. they cannot. by
themselves, providc information on the processes
controlling snow interception, mass release, or
drip of meltwater to the ground snowpack. To
more  cornp le te l5  in r< . t iF r t<  .nnv '  in le r ren t i , ,n .
, ' n e  s r n r r l l e r  r  1 2 . 5  m  r  u c r g h i n g  l l . i m e t e r  u l .
placed in the open, in the upper elevational shelter-
wood unit. Snow interception and rclease is then
int'erred by conrparim-q the SWE of the two weigh
ing lysimeters under the ffee canopy to that of
lhe .he l t ( r \ \ , \ , ( l  l l s in rc tc r .  f , '  mcr . r r r r  rnou in
terception directly, we installed two "cut-tree"

experiments similar to those descdbed by Schnidt
(1991) and Lundberg (1993) in a fi)rest planta-
tion adjacent to thc DEMO units (Figure l).

Besults and Discussion

Pre-treatrnent Snow Course Data

\l'eekly snow courscs takcn during the pre har
vest data collection period can be used to assess
treatment level varialion. as well as differences
betwccn uncut and shelterwood stands. Compari-
son of data l iom the high-elevation shelterwtxrd
ancl two ncarby uncut units shows that gross ac-
cunru ja t ion  lnd  r r te  o l  me l r  te r rJ  t , '  he  Brc l tc r  in
the sheltcrwoods (Figure 3a). lnter annual vari-
abil ity was high, retlectin-q thc tinling and mag
nitudc of winter stonns. During 1995-96. sig-
nificant snowlall and accumulation did not occur'
unti l January during a serics of intense stonns.
The.e lJrec c\ cnts or crrr hclnted calop) intelcep-
tioD and deposited nearly equaJ anrounts ol snow
in both open and forested areas. In contrast, dur-
ing winter 1996-97, snorv accumuladon occurred
during many snaller storms. Dudng these small
events the lbrest canopy interceptcd a significant
liaction of total snowfall. These differences in
intcrccplion efficiency with storm size have been
previously observed (e.g., Sattcrlund and Haupt
1967. Schmidt and Gluns 1991). Interception
eil iciency incrcascs init ially rvith snowfall as
needles and branch tips are bridged by snow,
thereby incfeasing thc interception surface area.
Howevcr. as snowt'all continues. intelception ef:
t icienc.v decreases as snow loading ovcrconles
branch stitfness and adhesive-cohesive bonds.

Although intcrccption efficiency controls the
retention ofsnow by the canopy, subsequent melt
of intercepted snow controls snow accumulation
under the fbrest canopy. This is evident in the
reduced SWE beneath the uncut forest canopy
relative to that of the sbelterwood unit (Figure
3a). Although sublimation ratcs of intercepted
snow can approach several mm per day in cold
climates (Schmidt 199 | , Lundberg 1993), oppor-
tunities for sublimation of intercepted snow are
limited in the transient snow zonc of thc Cascadcs.
Observations during frequent field visits suggested
that nrelt of intercepted snow and subsequent drip
to the ground snowpack rvere rapid (typically
achieving complete removal within 2,1 hr).

Our observation that a sparser canopy results
in reduced SWE is supported by a comparison of
snow course data fiom the two uncut lbrest sites
(Units I and:f) at 1200 m (Figure 3b). Although
these sites are adjacent and were selected to be
as sinrilar as possiblc. they differ in forest struc-
ture. The trees in Unit 4 are larger on average
than those in Unit I (C. B. Halpern, pers. comm.)
and they support fewer branches at lower posi-
tions on the trunk (pers. obs.). During winLcr 1995-
96, when eally-season differences jn snow accu-
mulation betwccn the shelterwood and the two
uncut forest sites were minimal. the latter two also
behaved almost identically unti l the melt event
in early Fcbruary. After this event, meli was more
rapid under the taller, spaner canopy of Unit .1
(Figurc 3b). A similar trend was obsened dur
ing the tbllowing year. The variabil ity of snow
course data from trvo ostensibly similar lbrest
stands underscores the necessity of collecting
several seasons of pre-harvcst data bcfore inlcr-
cnccs can be drawn on the effects of forest
naf/estlng.

Nrleteoro og ca and Lysimeter Data

Although the weekly snow coLlne measurements
provide a reliable estimate ofaccumulatjon at the
scale of the treatment unit (13 ha), thcy providc
little direct evidence for significant lncreases rn
water delivery to the soil during the relatively short
periods (one to three days) of ROS or radiation
dominated melt evemts. This information is avail-
able ftom the snow Iysirneters and micrometeo-
rological strtions. Unfoft unatcly, since continuous
mcasurcmcnt of snowpack within a l3 ha treat
ment unit is not leasible. the lysimeter data are
by necessity l imited to point cstimatcs. Moreovct
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because oftheir relatively small surface area (2.6
r r : i .  c \ t imr lc \  i ronr  ind i r  iduu l  l ) ' i rnc tc r .  r re
strongly influenced by thcir position under the
canopy. This variabiJity can be estimated by ex-
anrining Jarge numbers ()f lvsimeters. For the
results described below, outflow fuom the shelter-
wood rcpresents the average of two adjacent lysim-
eters (neither is directly beneath a tree canopy):
outflow for the uncut foresls represents the avcr-
age of tbur lysineters at 1200 m ol f ive lysirn-
c lc r :  r t  q00 m.  C, , rnpr r i \ , ' n ) . . ,1 ' i ,u l l l r ru .  p re i ip i -
tation, and micrometeordogv are l imited to units
of similar elevation.

Rain-on-snow Event

A ROS event occured at the upper units (1. : l
and 9) during February 1996 (Figure:la). Dur
ing the evelt. average precipitation in the shelter
wood and forested units was nearly identical (32
and 36 rnm. respectivell'). However. snou,pack
outflow was greater at the shelterwood site than
the uncut loresl (89 and 56 mm. respectively).
This corresponds to 597. greater sno$'pack out-
florl and 1507r greater snowmelt due to shelter
wood halvest. Near surface nicroneteorologi
cal data show noticeable differences between thc
shelterwood and uncut units (Figure:lb. c). Near-
surfirce wind speed ;urd air temperutule \\, erc greater
in the shelterwood than the uncut forcst lcading
to incrcascd melt rates in the fbrmer Incoming
long-$'ave radiation was nearly identical for both
sjtes. Short-*ave ndiation was greater in the
shelterwood than beneath the uncut forest and
cout buted to increasecl melt rates during thc af'-
ternoon of 7 February.

A largcr ROS event occurred over six days in
late December 1996 and early January 1997 (Figure
5). The average precipitation recorded in the
sheltelwood was 165 mm. A!erage accumulatcd
snowpack outflorv rvas greater in thc shcltcrwood
(312 mm) than beneath the uncut t i)rest (250 mm)
(Figure 5a). This coresponds to 25% greater
snowpack outflorv and 727c greatcr snowmclt due
to shelterwood harvest. Once again. near-surtace
meteorology shows considerable differences be
tweeD the shelteN'ood and uncut forcst sites (Figue
5b, c). Incoming long wave radiation was greater
beneath the uncutforest, especially during cvcning
houls. Airtenrperature and windspeed \\,ere greater
in dre shelteruood than beneath the intact canopy,
most noliceably during pcriods corresponding to
naximun diflerences in sno*pack outflorv.

Individual lysimeter outflows during ROS
events were highly variable. For example, dur-
ing the period fiom 6 to 9 February l996 (Figurc
4a) tbe two shelterwood lysineters at 1200 m
recorded total outflows of 102 and 88 mm. Un-
, - l c r  thc  uncut  l ' r , re \ l  (Jn  p) .  r r r iah i l i t l  ua .  no
ticeably greater. Lysimeters in Unit I rccorded
outflows of 51 and ;[2 mrn and those in Unit .1.
76 and 75 nrm. Greateroutflow under the sparser
canopy of Unit.l is consistent with the more rapid
melt observed in the snow coulse data. Similar
variability was observed at the lowcr clevation
site during thc sanre event. The shelterwood
yielded outl lows of 121 and l3-5 mm whilc thc
uncut forest yielded outflows of 72-99 mnr. A
non-parilmetric rank sum test to test the null hy-
pothesis that outflo\\" rates are similar in the
shelterwood and uncut forest (at 1200 m) indi-
cates that outflow iD the shelterwood is -qrcater
than under the uncut forcst (p<0.1).

Badiation daminated Event

During a radiation-dominatcd snowmelt event at
the high elevation site, thrcc-day sno$,melt volumes
were 447. grcatcr in the shelter$,ood site than be
ncath the uncut fbrest (Figure 6a). This inclease
.one.ponded to  lhe  gre l le r  ne l  { incornrng  | | ] inu .
outgoing) short-u,ave radiation in the shelterwood
than beneath the uncut lbrest (Figure 6b). How-
e\€t net lollg wave radiation wa-s consistcntly greater
beneath the uncut lbrest than in the sheltervood.
ln lact, bencath the intact canopy. net long-u'ave
mdialion rcprcsents a larger energy llux than net
shoft-wave radiation over the entire event. The full
canopy abso[bs inconing shon-wavc radiation during
daylighthours and radiates thjs eneryy as lotg wa\e
ndiation durirg the e\ening. Consequently. dur-
ing the evening of 7 March and the morning of 8
Malch, \no\\ Inull rrlc. rl Ihe unaul lr 'rert unil r.r ere
greater than in thc shelterwood unit. Since the net
long-wave flux atthe uncut site was near zero. elen
snall lluxes of sensible or latenl hcat to the sno$
sudace werc translated directly to melt. (Although
ntx shown in Figule 6b, air temperatues remaincd
above lieezing with light winds throughout the
evening.) At the shelterwood site. the negative (i.e.
away fron the snow sudace) flux oflong-u'ave la
diation prohibitcd melt.

Weigh ng Lysimeters

The rcsults of our pilot study to measure canopy
processes at the scale ofan individual tree illustrate
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that the $,eighin-q 1),simeters are capable of con-
tinuous neasurement of SWE and snowpack out-
florv (Figure 7). The overall effect ofthc canopy
on seasonal snow accumulation was dramatic.
Dudng the early accumulation season, canop)'
interception and subsequent melt l imited the un-

dcr-canopy SWE to approximately 50% of thc
shelterwood value. Loss of SWE during the ROS
eventof I January 1997 isclearly shown. Canopy
interception and snowmelt were even more dra-
rnatic during the secondary snow accumulation
period ibeginnirg on 1 February). During this
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sample undel a full canopy, we would cxpect the
obscrvations of snow accumulation to differ.
Houerer .  th i .  d i f fe tence pror idc :  a  un ique, 'p -
potunity lormodel validrtion. Any model of sno\\"
accumuliit ion and melt under a forest canopy
should account for this difTerence through its pa
rameterization ofcanopy closure. Given the suc-
cess ol the pilot program in continuousl)' mea-
suring SWE during the accumulation and melt
season. we are continuing the weighing lysim-
eter experiment to supplement the data collected
by the snow courses and non-weighing lysimeters.
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