SUMMARY AND RECOMMENDATION

This manuscript describes the effect of forest cover on snow with elevation in a Maritime basin
in Oregon, USA. The ForEST network is described in a previous HESS paper by the authors
(Gleason et al., 2017), and includes paired forest-open staations at low, middle, and high
elevations. The study examines SWE from snow surveys (with a federal sampler) made across
multiple years at the six sites, showing greater springtime SWE and later snow persistence in
open areas (vs. forests) at low and mid elevations, but in forested areas at higher elevations. They
examine canopy interception efficiency at the different elevations, general finding greater
efficiency and the lower and middle elevations vs. the high elevation. They attempt to connect
the changes in snowpack to the daily energy balance (forest vs. open) using observations and
estimates (e.g., longwave, sensible, latent), finding that the radiative fluxes dominate at all sites,
but the importance of longwave vs. shortwave radiation is the result of forest canopy
presence/absence. The role of wind speeds in redistributing the snow is discussed, with a greater
perceived impact at the high elevations only (which may redistribute snow from open areas to
the forest).

This paper makes a valuable contribution to the literature on a topic that has attracted much
interest recently. The unique observations from the FOrEST network are summarized well and
contribute to recent hypotheses posed on snow persistence with respect to forest and
temperature/climate. | have found some potential issues in the energy balance estimation that
require additional attention, but I do not expect the conclusions to change after making these
corrections. | recommend publishing this paper in HESS after all these aspects are addressed. |
have also suggested a number of technical edits for clarity, etc.

GENERAL COMMENTS

1. The snow surface temperature is approximated here with the dewpoint temperature (section
2.4). In other words, the vapor pressure at the snow surface (e_0) is assumed equal to the vapor
pressure of air at measurement height (e_a). As discussed in Raleigh et al. (2013), one limitation
of this simplification is that it results in an elimination of the vapor pressure gradient, thereby
muting latent energy exchange (i.e., e_a should equal e_0 in equation 11, so latent flux should be
zero). However, it appears this is not the case in Figure 4, as the latent energy is non-zero. This
has a bearing on the relative contribution of turbulent vs. radiative fluxes (section 3.3). Can you
please clarify this discrepancy? Raleigh et al. (2013) state that in their analysis of the potential
of using Tdew as an assumption for the rarely measured Tsnow there are two caveats. The first
being that, by using a daily average Tdew to estimate Tsnow , the diurnal variation typically
exhibited by the snow surface temperature is masked. And secondly, and to your point, is that
they assumed no vapor pressure gradient as Tsnow IS equal to Taew and thereforee_a—e_0=0. As
such we re-examined our code and found an error in our latent heat calculation and have updated
Figures 4, 5, and S1-S4 to reflect this update. The new calculations do mute the vapor flux and
effectively force the latent heat to zero across all sites as expected using Tdew as the snow surface
temperature. We have updated our Results section to present our new relative contribution of the
turbulent fluxes (section 3.3).



2. The formulae used to calculate incoming longwave radiation (equations 8 and 9) may have
errors. Two errors related to this method were published in Table 1 of Flerchinger et al. (2009)
for the Dilley and O’Brien (1998) method (their model B). Specifically, the parameter in the
denominator at the end should be 2.5, not 25.

- Dilley and O’Brien (1998) defined the parameter in the denominator at the end of their
model B as o* = 25 kg m much as we do in our formulation of the longwave energy balance
equation, Eg. 8. (see the Dilley and O’Brien (1998) explanation of their model B on page 1394).
Our formulation of the Dilley and O’Brien method is therefore correct.

Additionally, the precipitable water equation should have “465” instead of “4650” for w in
centimeters, e_0 in kPa and T_0 in Kelvin. You should confirm with the original Dilley and
O’Brien and Prata papers to ensure the errors from the Flerchinger table are not repeated here.
Please check and revise calculations as needed. Careful description of all variables and units in
the longwave equations will help others discern their accuracy, so please include.

- Thank you for pointing out this error. The precipitable water equation in Prata (1996)
has w=46.5*(e_0/T_0)withwingcm?, e 0inhPa,and T_0 in kelvin (Eg. 16, Pg. 1133).
We used the value reported in Flerchinger et al., (2009) and have since corrected our equations
accordingly. In rerunning our analysis with the correct value for w we found no significant
difference (< 0.1 W m?) and this error did not affect our conclusions. However, we have
modified all calculations within the results and discussion. We appreciate this noted error in the
literature and we will not to perpetuate it going forward.

TECHNICAL CORRECTIONS

- P1, L27: You might also note here that melt rates may be decreasing with earlier snowmelt
timing, based on the recent Musselman et al. (2017) paper.

- Thank you. We have included this reference as it pertains to this research and it adds to
the state of the science.

- P2, L09: I would avoid use of contraction “don’t”. Suggest replacing with “do not”.
- Corrected

-P3,L11: Add “on” after “focusing”.
- Corrected

- P3, L25: I would replace the phrase “principal components” with another one, so as to not
confuse this with principal component analysis, a statistic analysis method. Perhaps “principal
drivers of melt” is an appropriate replacement?

- Changed to avoid confusion

- P4, L09: Add “to” after “sensitivity”.
- Added

- P4, L11: Remove “for” after “MRB”.
- Removed



- P4, L29: Perhaps state why the High sites were not included before WY2014? Were these
installed after the Low and Mid sites?

- That is precisely the reason why no High site data was included for WY 2012 and
WY2013. We have added a statement of clarity to address this comment.

- P5, L02-03: Please consider estimating the approximate uncertainty for the depth
measurements, in terms of representing conditions with an interval of point observations. You
could readily estimate using the graphs of Trujillo and Lehning (2015), assuming their errors
estimates (made in continental zone) are valid in a maritime zone.

— Trujillo and Lehning (2015) conclude that at 5m sampling intervals there is quite low
uncertainty (Figure 6a). The normalized square error for an L of ~5 m was 0.3. We have added a
statement in the text about the uncertainty of our sampling design.

- P05, L04: In your estimation of SDD, please state whether there were any late season snow
storms after the final snow courses.

— In our analysis we estimate SDD based on a linear interpolation using the median snow
depths from the last two snow courses. Therefore, this measurement does not account for late
season snow events. We added a statement of clarification to this point (Sec. 2.2).

- P05, LO7: Please check whether the journal allows a single sub-section (i.e., 2.2.1 is presented,
but not 2.2.2, etc.). Is this sub-section even necessary, or could it just be another paragraph in
section 2.2?

-We agree that this sub-sub section is unnecessary and have merged section 2.2.1 with
section 2.2.

- P05, L13: Why was NLCD 2001 selected, when a more recent canopy cover product is
available (i.e., NLCD 2011)? Please clarify to what degree did the forest change between 2001
and the study period.

— The binary regression tree method was performed in 2010 and therefore the 2011
NLCD was not available at that time. We have cited Gleason et al., (2017) as they give a detailed
overview of the methodology of selecting the Oregon ForEST site locations.

- P05, L19: Should Table 2 be cited here instead? Table 2 shows the tree characteristics. You
might consider reordering the tables (swapping 1 and 2), such that they are introduced
sequentially based on the narrative.

— Thank you for pointing out the erroneously numbered tables. The error has been fixed.

- P05, L26: After “surface”, consider adding a semicolon or starting a new sentence.
— Added a comma after “surface” for clarity.

- P05, L30: Consider citing Friesen et al. (2014) here for a review of interception measurements
and their limitations.
— We have added this critical reference.

- P06, L02: Please clarify how you define an event. This may be tricky when there is intermittent
snowfall through a day, for example.



- An event is defined at P05, L34 as “the daily increase of measured snow depth in the
Open sites greater than 3 cm.”

- P06, L17: Remove “is” before “cannot”. Also, I would note that this can be measured using
different sensors (e.g., IR temperature sensor), so you might want to change the phrasing of this
sentence.

— We agree that IR temperature sensors can directly measure the radiative temperature of
snow, which can be converted to the kinetic temperature if the emissivity is known or assumed.
We have reworded the phrasing to clarify this point.

- P07, L17: Remove “on” after “subsequently”.
- Removed

- P07, L18: Rephrase to say “Incorporating a sky-view factor (SVF) into the longwave radiation
calculations allowed us...”
- Rephrased for clarity.

- P09, L29: Please state which significance test was used.
- We have rephrased the statement to provide clarity.

- P10, L10-11: As stated, this is a bit misleading. The topic of this paragraph is snowmelt rates,
but it does not make sense that the melt rate is the reason why snow disappears earlier in Low-
Forest relative to Low-Open. In fact, the melt rate is higher in the low-open than the low-forest.
Hence, the longer lasting snow in low-open is likely related to snow accumulation dynamics (i.e.,
more interception losses in low-forest), something that is recognized in the discussion section
(P13, L24-26). Please consider restating to avoid confusion.

— We agree and have clarified this statement so as to avoid any confusion.

- P10, L12: Presumably, high-forest is being compared to high-open here, but that is not
explicitly stated. Please consider including this.
—This is added for clarity.

- P10, L16: “duration” of what? Snow in the canopy?
—We have added the study duration years used in this calculation.

- P10, L22-30: These reported R2 values do not match what is shown in Figure 3. Should they?
—The reported values represent the R? for all qualifying events, e.g. those both less than

15 cm and greater than 15 cm. Within Figure 3 we identified a threshold of 15 cm where a trend

emerges and reported those R? values within the figure. We have clarified this within the text.

- P11, L10-16: This is more appropriate for the discussion section, rather than the results section.
Also, some useful context would be the frequency and severity of rain on snow events at the
study sites during the study period.

— We feel these few lines provide context for our longwave calculation results since these
sites are influenced by ROS events. However, we did not measure total precipitation and would
not be confident in estimating ROS frequency/intensity without a larger effort that is beyond the



scope of this paper.

- P13, L25: “it is” instead of “it’s”.
- Amended.

- P14, L30: Replace “effects” (noun) with “affects”( verb).
- Replaced.

- P14, L30: Remove “truly” (avoid adverbs in science writing).
- Removed.

- P15, L03: Remove “the” before “emerged”.
- Removed.

- Fig. 1: The inset map is of low quality. Text and markers are too small to read, and this may not
be comprehensible to someone unfamiliar with the region. Can this be improved? — \We have
swapped out the Columbia River Basin inset for a basemap of the USA. This provides more
spatial context for a wider audience.

- Table 2: Consider including variability in the tree characteristics (e.g., report the standard
deviation as a plus/minus next to each average value). This could be useful context. \We agree
and have added the variability to Table 1.

- Tables 1 and 2: | do not understand why C_IE at high-forest is 31% for the full study duration,
when only one year of C_IE at high-forest is shown in Table 1 (39%). Either this is an error (and
both should be 39%), or the study duration also includes another year (WY2015, likely
C_IE~23%)? If the latter, then why is WY 2015 not included in Table 1? Please check and
clarify. — This was a simple error on the part of the primary author and has been corrected.

- Figures 4, 7: Can you please clarify whether the range in the energy balance is across the water
years?
— In Figures 4 and 7 the figure caption notes WY 2012 — WY 2015 for the range.

- Figure 5: The colors for longwave and sensible heat are difficult to distinguish. Also, the
narrow widths of the bars make this figure difficult to inspect. Consider highlighting specific,
shorter periods rather than the entire water year.

— Depicting an entire year is helpful to illustrate the variability of energy fluxes (in the
forest) and how the primary energy contributor changes within the forest as the spring
progresses. Within the text we discuss in depth a certain period within the water year that
highlights a large change in the data, something that would not be easily distinguished if we
“zoomed in” to a specific period within the water year.
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Abstract. Forest cover modifies snow accumulation and abiatétes via canopy interception and changes incsniopy
energy balance processes. However, the ways inhveimowpacks are affected by forest canopy processgsdepending
on climatic, topographic and forest characteristitsre we present results from a 4 year study ofvsiorest interactions in
the Oregon Cascades. We continuously monitored ssrmvmeteorological variables at paired forestedl @men sites at
three elevations representing the Low, Mid, andhHigasonal snow zones in the study region. On ahiyato bi-weekly
basis, we surveyed snow depth and snow water dgnivacross 900 m transects connecting the forestddpen pairs of
sites. Our results show thaglative-to-nearby-epen-areas, relative to neaggnareashe dense, relatively warm forests at
Low and Mid sites impede snow accumulatiéa viacanopy snow interception and increaseb-canopy snowpack energy

inputs via longwave radiation-sub-canopy-snowpasergynputs-energy-inpy o-the-sub-canopy-sholuspalongwave

radiation Compared with the Forest sites, snowpacks angetlemnd last longer in the Open site at the LowMidlisites (4
— 26 days and 11 — 33 days, respectively). Howeversee the opposite relationship at the relatieelger High sites with
the Forest site maintaining snow longer into thengpby 15 — 29 days relative to the nearby Op&n §anopy interception
efficiency (Cig) values at the Low- and Mid-Forest sites averag@edo and 76 % of the total event snowfall, wher€as
was 31 % at the lower density High-Forest sitealhtlevations, longwave radiation in forested emwvinents appears to be
the primary energy component due to the maritirmeate and forest presence, accounting for 82 98688nd 59 % of total
energy inputs to the snowpack at the Low-, Mid¢ &ligh-Forest sites, respectively. Higher wind sjseim the High-Open
site significantly increase turbulent energy exg®mand snow sublimation. Lower wind speeds inHigh-Forest site
create preferential snowfall deposition. These Itesshow the importance of understanding the esfettforest cover on
sub-canopy snowpack evolution and highlight thedrfee improved forest cover model representatioadourately predict

water resources in maritime forests.

1 Introduction

Snowpacks the world over are changing. Increasinbalj temperatures and accompanied climatic chaages
altering snowpack characteristics and shifting rtigling earlier (McCabe and Clark, 2005; Mote, 20P&issleman et al.,

2017. The timing, intensity, and duration of snowmelepends on climatic and physiographic variables.tHa
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topographically diverse western U.S. the distrimutdf snow cover is governed by regional climateyaion, vegetation
presence/absence, and forest structure (Elder, et988; Harpold et al., 2013). Forests overlaghwitountains across this
region and modify snow accumulation and ablaticesahrough canopy interception and a recastinthefsub-canopy
energy balance (Hedstrom and Pomeroy, 1998; Lépeibd and Stahli, 2008; Varhola et al., 2010). Rége a
considerable amount of effort has been expendeds@arch into the snow-forest processes that dahiadistribution of
snow in mountainous regions (Stahli and Gustafs2@06; Jost et al., 2007; L6pez-Moreno and Late@®8; Musselman et
al., 2008; Ellis et al., 2013; Moeser et al., 200\Bile these studies have focused on cold, predaimsiy continental
snowpacks few have investigated snow-forest procgesaction in warm maritime environments wherevghs especially
sensitive to changes in energy balance (Storck.e2@02; Lundquist et al., 2013). Maritime snowkg@ccumulate and
reside at temperatures near the melting point. Sundwpacks dmo’t fit the simple accumulation-ablation model of a
monotonic increase until peak snow water equival8WE) followed by a monotonic decrease to snowgpgarance. Such
temperature sensitive snowpacks may experienceogispiionate effects of climate warming and chaggdiarest cover
(Nolin and Daly, 2006; Dickerson-Lange et al., 201®amifications of these impacts have far reactdng-hydrological
impacts across the snowmelt dependent western highljghting the continued need for research sriow-forest process
interactions in maritime montane settings (Mot€)@Marpold et al., 2015; Vose et al., 2016).

In the Pacific Northwest, United States (PNW), ntaim environments are a disparate composite osfaever
driven by forest harvest, regrowth, and naturatudisance. Forest disturbance can have significamtacts on snow
processes whose effects can range from immediaten(B2009) to decadal (Lyon et al., 2008; GleaswhNolin, 2016). At
the stand scale, forests attenuate wind speedsbiheuppressing turbulent mixing of the near serfaitnosphere (Liston
and Sturm, 1998); modify the radiation receivethatsnow surface through shifts in shortwave andwave contributions
and reduced surface albedo (Sicart et al., 200Maran et al., 2012; Gleason et al., 2013); amdporally shift seasonal
and event scale accumulation and ablation pattarosigh canopy snowfall interception (Varhola ef 2010). Natural and
anthropogenic alterations in forest cover such aamtain pine beetle infestation, forest managerpeadtices, and forest
fire affect snow processes by modifying forest cttuce, i.e. canopy cover and gap size (Boon, 28@9yley et al., 2010;
Ellis et al., 2013) and snow albedo (Gleason et28i13; Gleason and Nolin, 2016). The frequency iatehsity of forest
fires has been increasing (Westerling et al., 200iler et al., 2009; Spracklen et al., 2009) imfyag accumulation and
ablation rates (Gleason et al., 2013) and is guatfed to continue increasing (Moritz et al., 200&sterling et al., 2011).
While prolonged droughts, and a future of incregginought prevalence, have increased water stressirgg changes in
forest characteristics across the western U.SefAR010; Choat, 2012; Dai, 2013). Disturbancesisftype alter the snow-
forest dynamic through a modification of the magdés of central process relationships, often resuin unanticipated
outcomes (Lundquist et al., 2013). The presenityeahd spectre of continued future change to diemend forest cover
underscores the increasing importance of charaatgrvegetation impacts on snow accumulation anatiab within warm,

topographically varied terrains.
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Elevation (as a proxy for temperature) and foresiopy cover are important controls on peak snowraatation
(Geddes et al. 2005; Jost et al., 2007). Elevatiores snow accumulation and is the principle priediof peak snow water
equivalent (Gray 1979; Elder et al., 1991; Spradésal., 2013). The partitioning of precipitationtlween rainfall and
snowfall is determined by atmospheric temperaturé the elevation of the rain-snow transition candescribed as a
function of the temperature lapse rate. Forest mi@sointercept snow, reducing sub-canopy accunamaSchmidt and
Gluns, 1991; Hedstom and Pomeroy, 1998; Musselrhah,e2008). The magnitude and rate of canopyréefgtion is also
affected by air temperature. Air temperature hasnbghown to have an inverse relationship with cgnioperception
(Andreadis et al., 2009) and a non-linear corretatvith event size (Hedstrom and Pomeroy, 199&sdrelationships are
often based on few measurements and at a singh. pairests also reduce solar radiation reachiegsttowpack surface
(Link and Marks, 1999; Hardy et al., 2004) and @ase longwave radiation at the snowpack surfacedduist et al., 2013)
thus modifying net radiation (Sicart et al., 2008rest cover reduces wind speed thereby reduaiegtl and sensible heat
flux at the snowpack surface (Link and Marks, 198®&on, 2009). The direct effect of wind speed onopy snow
interception has not been explicitly studied, wittost research focusingn wind redistribution of snow (Gary, 1974;
Pomeroy et al., 1997; Liston and Sturm 1998; Wada., 2006). Research demonstrates that foredtse wind speed and
can lead to increased snow accumulation in canapg gr forest clearcuts where wind speeds decfidesaow is released
from upwind canopy flow (Gary, 1974). These comMirferest effects on sub-canopy energy and massdmlaan
accelerate or delay the onset and rate of snow(iviathola et al., 2010). These studies highlightkb differences between
forested and open areas, and the effects of etevati snowpack evolution. With strong agreemert tthe western U.S.
will be facing warmer winters in the future and newderstanding that snow in forested regions isemsansitive to
increased temperatures than snow in non-forestgdn® (Lundquist et al., 2013) it is critical tivaé measure, characterize,
and understand maritime snow-forest interactiomss $tudy examines and evaluates the combinedteftédorest cover,
climate variability, and elevation on snow accurtiolaand ablation in a maritime montane environm8&ptecifically, we

focus on the following research questions:

1) To what extent do forests modify snow accumulagiod ablation in a maritime temperate forest?
2) How does canopy interception affect sub-canopy greok evolution across an elevation gradient?
3) How does forest cover affect the sub-canopy snafese energy balance relative to adjacent open

areas and what are the principampenents drivers oftmelt?
In subsequent sections, we describe the study present research methods for field measuremeamsgy balance
calculations, and snow modelling; present our legifigs; and, conclude with a description of patrapplications and

future steps.
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2 Methods
2.1 Description of the Study Area

The McKenzie River Basin (MRB) is part of the geatVillamette River Basin in western Oregon, USAg(R).
It covers an area of 3041 Rmand spans an elevation range from 150 m to ove0 3t at the crest of the Cascades
Mountains that flank its eastern boundary. Orogi@pplift results in average annual precipitatianging from 1000 mm at
lower elevations to over 3500 mm at the highestatiens in the basin (Jefferson et al., 2008). Tdie-snow transition
zone sits between 500 — 1200 m (Marks et al., 1988 area above the transition zone accountsXdén bf the total area
with the Willamette River Basin, yet contributes 680 % of summer baseflow to the Willamette RigRrooks et al.,
2012). The MRB elevation between 1000 and 2000 especially important as it comprises 42% of theltarea within the
MRB and snowmelt from this elevation band accotdiotsiearly 93 % of the total snow water storager¢&s et al., 2013).
Warm snowpack conditions facilitate frequent medergs during the winter months of December, Janaay February
(DJF), commonly masking the distinction betweenuamglation and ablation periods. Nolin and Daly @p6howed that
snowpack in this region has an acute sensitigtiemperature with the low elevation snow zones ef@regon Cascades
classified as the most ‘at-risk’ snow within thegim. The Natural Resources Conservation Servide@(S8l) has been
monitoring seasonal snowpack within the MRB since the early 1980's by a point-based snow tetem(SNOTEL)
network. Placement of SNOTEL stations was desidodak representative of water producing regiona wiatershed and
yet network stations were ultimately placed in pobéd, accessible locations (Molotch and BalesgpOdowever, the
limited configuration was not designed to underdtéorest-snow processes nor with future climatengeain mind and
therefore a statistically unbiased approach tosstection that is spatially representative is edefbr any substantial snow
observation network (Molotch and Bales, 2006). Timslerscores the need for intelligent and stasiljicelevant snow
monitoring sites that go beyond the existing nekw@&ection 2.2 outlines snow monitoring network deployed in water
year (WY) 2012 that meets these stated needs.

2.2 The Oregon ForEST network

The Oregon Forest Elevation Snow Transect (ForE@&Tyork extends from the rain-snow transition zthreugh
the seasonal snow zone in the Oregon Cascadepaiittd forested and open sites at three elevatiang,(1150 m), Mid
(1325 m) and High (1465 m) (Fig. Tjhe ForEST network was designecetéicientlyefficiently represent the range of peak
SWE withwithin the basinUsing a binary regression tree (BRT) approach, dentified -Using-a-binaryregression-tree
{BRT)-approach,—we-identifiedlevation, vegetation type and vegetation denasyhe significankeythe keypredictor
variablesandandwe usedthem-tothem toclassify the basirand locate our network sites—and-locate—our—netvaitds
(Molotch and Bales, 2006; Gleason et al., 2017)edth of three elevation zones, we established Qperforest density)

and Forest (high forest density) site pairs in eeljs areas, while controlling for slope and asp@gien sites consisted of <
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20 % canopy cover while corresponding Forest $iges> 60 % canopy cover based on the 2001 Nat\begetation Cover
Database (Homer et al., 2007) and subsequentlffacbyin situ measurements.

At each of the six sites within the ForEST netwtwler-based instruments continuously measured siepth,
incoming and reflected shortwave radiation, air gerature, relative humidity, wind speed, wind di@t, and soil
temperature and soil moisture (Table S1). Sensasorement frequency was 15 sec with output valuesaged over a 10
min period. The suite of sensors allowed the catoah of the snow surface energy balance througheidirect
measurement, e.g. solar radiation, or through ecabiequations, e.g. turbulent fluxes, longwaveia@gon. The sThe
sSnow-climate monitoring stations were deployed aative for the duration of the snow season atidsstypically from
mid-late November thru May, with minimal disruptiodue to battery or mechanical failures. We presestilts from the
Low and Mid sites for WY2012 — WY2015 and resulsni the High sitesvhich were added to the netwdidr WY2014
and WY2015.

Additionally, SWE and snow depth measurements wellected along 900 m transects (“snow coursestgreing

from the forested to the open sites in the Low, Midd High elevation zones. SWE measurements towatvere restricted
to > 50 m from the forest edge to eliminate canegge effects. These snow course surveys were ctatlan a monthly
basis during the accumulation period then bi-weeklying the ablation phase until the snow disappeze date (SDD).
SWE was measured using a snow tube (“Federal séinpled snow depth was measured using a steel grolee Within

each vegetation cover type, e.g. Open or Forest SWE measurements were made at 100 m intervétlsswow depth
measurements every 5 m. Snow course data usedsiarthlysis are from WY 2012 — WY 2015 for all F&Enetwork

sites. To estimate SDD for each site we calculéttedsnowpack ablation rate using median snow dedpohs the last two

snow courses of the season and linearly extrapglat the date of zero snow dep8DD represents the date when the

primary seasonal snowpack disappears and doed®titdo account late season periods of accumulatidation. We

excluded data from the historically low WY 2015 dae near absence of winter snow.
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2.3 Canopy Interception Efficiency

Forest structure characteristics at each site wewmntified using ground-based conventional foresemtory
methods. At transect locations coinciding with S\Wiasurements, individual tree characteristics weeasured within
each quadrat and averaged for that particular isitediameter at breast height (DBH), crown radiuse height, and tree
species (Table 1). Forest density was performedguai plotless density estimator approach describeflzinga et al.,
(1998). Forest canopy at each site was furtherachenized using skyward looking hemispherical ppaphs acquired
using a Nikon Coolpix 990 digital camera equippathw FC-E8 fisheye converter, which has a 180dtfa-view (Inoue
et al., 2004). The hemispherical photographs wesessed with Gap Light Analyzer 2.0 to measuredead index (LAI)
and canopy closure (CC), which is the complemetit@fky view fraction (Frazer et al., 1999).

During the snow accumulation period forest cangays a large role in reducing snowpack by intetiogp
incoming snowfall, prohibiting a significant pontidrom accumulating on the forest floor. A foreahopy is the integrated
sum of the forest overlaying the ground surfahes includes needles, leaves, branches, anddririe canopy structure is
the primary control on canopy interception followey event specific variables i.e. event size, amperature, and wind
speed (Varhola et al., 2010). Canopy snhow interoeps inherently difficult to accurate quantify elto the temporally
sensitive impacts of local climate on the canopglftand the limited measurement capabilities teatly measure canopy
interception (Martin et al., 201Friesen et al., 20}4From measured snowfall at each climate statighinvthe FOrEST
network we calculated percent canopy interceptifiniency (Cig) for daily snowfall events. A snowfall event isfided as
the daily increase in measured snow depth in thenQfies greater than 3 cm. Ryan et al., (2008)ystidhat acoustic snow
depth measurement error for the Campbell Scier§iR&0a is + 2 cm under normal field conditions. réf@re, to reduce the
influence of depth measurement error on our snosnteelassification we used>a3 cm threshold for our analysi§;c is

calculated as:
Cig = [

where,OsandFsare the measured snowfall (cm) in the Open andsEgites, respectivel{Cie was calculated for individual

Os—Fs
Os

] x 100. (6h)

events and for seasonal averages at each Foeest sit

2.4 Snow Surface Energy Balance

A snow surface energy balance was calculated ahilg tme step using aggregated 10 min meteoro#igic
measurements from each site. Each energy balameporeent wagither-directly-measured-or either directly meadwe

calculated using empirically derived equations d/déir a maritime snowpack. Total energy into thevgpack equals the

combined incoming and outgoing energies experieatele surface of the snowpack. The governingtemuéor the snow

surface energy balance is:

AQ =Qsr + Quw + Qe+ Qy + Q¢ 2
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where,4Q is the change in total energy present at the snoface (W nf); Qx is total solar radiation (W 1); Quw is total
longwave radiation (W if); Qgis latent heat (W /); Q. is sensible heat (W R); Q¢ is conductive energy (W ).

A critical component within the snow surface enebgjance calculations is the determination of th@ssurface
temperature, Tg,ow (Andreas, 1986)Ts,, controls directional energy flows by regulating ferature and vapor flux
gradients between the atmosphere and the snowpaa) control the sensible and latent heat transéspectivelyTgow iS
also the primary control of longwave radiation eedtfrom the snowpack. Howev@i.is eannotbeis difficult to directly
measuremeasured—directhand is therefore estimated as function of the déwpgirostpoint) temperatureJge,, as
demonstrated by Raleigh et al., (2013). UsSIhg to estimate daily averages ©f,, reduces bias and is a reasonable first

order approximation at standard height measuren{Buigigh et al., 2013).

2.4.1 Solar Radiation

Incoming and reflected solar radiation were eachsueed using an upward facing and downward faclr2pDg]
pyranometer (LI-COR). The pyranometers have a salecnge of 400 — 1100 nm and a field of view 801 Net solar
radiation is calculated as:

Qep = SRy X (1— @) (3)
where, SR, equals the measured incoming shortwave radiatm(®). Albedo,a, was calculated as the ratio of reflected

and incoming measured solar radiation. When perdddewly fallen snow obscured the upward facinigspyranometer,

ie. Whenss%'” > 1, a value ofe = 0.9 was used. Similarly, whe%‘% < 0.3, a value ofa = 0.3 was used to adequately
m m

simulate the lower bound of forest floor albedoidaithe ablation period (Melloh et al., 2002).

2.4.2 Longwave Radiation

Longwave radiation is rarely directly measuredhia seasonal snow zone both due to high cost in dugblute,
e.g. instrument cost, and relative terms, e.g.g@nexquirements. Longwave radiation balance wasuéted as:

Quw = LY+LT 4
where, L/ is the calculated longwave radiation received by $mowpack surface arlds is the calculated longwave
radiation emitted by the snow surface. Longwavéatazh emitted at the snow surface is approximated

LT'= egmow 0 Tenow ®)
where &, IS the snow surface emissivity and is set at (Latk and Marks, 1999).

A variety of empirically derived formulas existrfoalculating incoming longwave radiation underaclé-Wge,r)
and cloudy skies at various sites throughout thedvBrutsaert, 1975; Sicart et al., 2004; Flergenet al., 2009). All
derivations are variations of the general formh# Stefan-Boltzmann equation that relates clearis&yming longwave

radiation to atmospheric emissivitsyf,), the Stefan-Boltzman constaa),(and air temperaturgy;, (K).
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o Ta (6)
Many of these parameterizations are site specifidoonot incorporate a cloud cover component naoawt for longwave
radiation emitted from the canopy (Hatfield et 4983; Alados-Alboledas et al., 1995). The preseamua type of cloud

cover affects how longwave radiation is absorbetiteansmitted through the atmospheric air colungniicantly affecting

Lw

clear = Eclear

emissivity, and subsequenthn the magnitude of incoming longwave radiation (8iea al., 2004, Lundquist et al., 2013).
By-inecorporating Incorporating sky-view factor (SVF) into the longwave radiaticalculationsallowed us to partition the
incoming longwave into atmospheric and forest cgrmmtributions.

Following Flerchinger et al., (2009) we performedomparative analysis of various longwave radiatigorithms
and measured net longwave radiation. Table S2 showslear sky algorithms and three cloud correctdgorithms used
in the comparison, totalling six combinations ih alith the “best-fit" algorithm determined by roateans squared error
(RMSE). We measured longwave radiation using a kflisk NR1 net radiometer during spring 2013 for wexk period in
a forested site within the MRB (Gleason et al.,304dnd for a 10 day period in an adjacent open. aesaluding a 4 day
period of rain. The NR1 measures four separate ooemts of the surface radiation balance, separatehsuring incoming
and reflected solar radiation and both incoming autdjoing far infra-red radiation. The pyrogeometeave a built in Pt100
temperature sensor for calculation of both the ahkg surface temperature. Additionally, they aretdwawith temperature
compensation, to avoid moisture build up on therttwpile sensors. The predicted incoming longwawkation results of
each method were then compared to the NR1 measweaiing longwave radiation using RMSE, Table S& féund that
the best approximation for incoming longwave enengg the clear sky algorithm of Dilley and O'Bri€t®98) combined
with the cloud adjustment of Crawford and Ducho®9@). The combined Crawford-Dilley method was thane used in all

longwave calculations going forward and is caledads:

LV = (SVF) % €445 0 Tty + (1 = SVF) * &gnou 0 (T3) (7
where,SVF is the sky view factor and represents the fractbriewable sky from the perspective of the grosndface;
£qqj 1S the adjusted atmospheric emissivity; dids the temperature of the forest canopy (K. is highly variable and
typically not directly measured. Literature suggestrange of temperature of an increase of 4 — 3t measured air
temperature (Derby and Gates, 1966; Pomeroy e2G03; Essery et al., 2008). We assumed canopyeeaiyse to be equal
to Ty + 4 K based on Boon (2009). Adjusted emissivitgoamts for changes in atmospheric emissivity dueldad cover
and is found by adjusting the clear-sky emissifty,,) by some estimation of cloud cover. The Dilley @&i@rien (1998)
clear sky algorithm is as:

w

Tair 6
Letear = 5938+ 113.7 x (Z22)" 1 96,96 x J;

®)

4650 x 22
w = 100 (9)

Tair
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The Crawford and Duchon (1999) cloud correctiorusigid algorithm requires;e Which we computed from Eqg. (8) and is
in the following form:

€aaj = (1= 8) +5 X Eqeqr (10
where,s is the solar ratio, an approximation of cloud apwnd is equal to the ratio of measured incomiigrsradiation

and potential solar radiation (Lhomme et al., 2007)

2.4.3 Turbulent Heat Flux

The turbulent fluxes of latent and sensible heatalculated using indirect methods. Latent heahange was
calculated using the method found by Kustas €fLab4)

Qer = (pa 0.622 1) C, Uz (eq — o) (11)
wherep, is the density of air (kg 1¥), L is the latent heat of vaporization or sublimatfdrkg®), P, is the total atmospheric
pressure (Pa). is the bulk transfer coefficient for vapor exchand(z) is the wind speed at height(m) above the snow
surface (m 3), e, is the atmospheric vapor pressure at hefghbove snow surface (Pa), amds the vapor pressure at the
snow surface (Pa). This calculation favors the baétodynamic approach adapted from Brutsaert (1982)direct
measurement is limited and successful implememtatifficult in remote environments (Moore, 1983; td& and Dozier,

1992; Marks et al., 1998, is the bulk transfer coefficient for vapor exchanmder neutral stability and calculated as:
-2

Con = K2 [1n (ZZT,)] (12)
where,k is von Karman’s constant 0.4 (-) adds the height of the measurement above the snofacgu(m) and was 3 m
above the snow free ground surface for the Low kiidl sites and 4.5 m for the High sites. Additiogalthe surface
roughness lengttz, is a primary control on the bulk transfer coeffidi, Eq. (12). The roughness length is affectedriow
properties and is generally found to have valuegirg from 0.001 — 0.005 m (Moore, 1983; Morris83R This value
represents the mean height of snow surface obsttw impede air movement over the snow surfaceut analysis we
used a median value, 0.003 m, due to the variailere of the seasonal snowpack.

The bulk aerodynamic approach is guided by stghilitnditions in the air above the snow surface. dtability of
the air column is determined by application of tmensionless bulk Richardson numBRiz) which relates the density
gradient to the velocity gradient, in this case¢hergy of buoyancy forces to the energy createshiear stress forceBiy
is calculated as:

. 9Z(Tair — Tsnow)
Rip =55 (Tair + Tsnow) U (2)2 (13)

where,g is the acceleration due to gravity, 9.81 th As Eq. (13) shows, the stability of the atmosphisrtemperature
dependent. Under stable conditions where the velgtivarm air column settles over the snow surfaitiecool and become
dense, impeding turbulent mixing. Conversely, whba air column is relatively colder than the snowface free

convection of the air column exists where the aarms and expands causing increased mixing and hlestanditions.
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Positive values ofRiy indicate stable conditions whereas negative vaildigate instability. Corrections for atmospheric
stability effects are inconsistent within the lagmre and therefore remain an area of continuetygfinderson, 1976; Oke,
1987; Kustas et al., 1994; Andreas, 2002). In #higly we employ Eq. (14a and 14b) as the geneahllisy correction
equations (Oke, 1987)

Unstable: CC— (1 — 16Rig)*75 (14a)

Stable: Cc—n = (1 — 5Rig)? (14b)

Sensible heat exchange, much like latent heataagghis controlled by temperature, wind speed,hoegs length,
and atmospheric stability conditions. Sensible fleatwas calculated as:

Qu =pa G Cruy, (Tair — Tsnow) (15)
where,C; is the specific heat of dry air (k&™) andG, is the bulk transfer coefficient for sensible hétgre we assumed
Ce= C, andCq, = Cp.

3 Results
3.1 Snow Surveys

Values for April 1 SWE, as calculated from the NRESOTEL stations, range from 9 % (WY 2015) to 139 %
(WY 2012) of the 30-year median reference perid@B(1— 2010). Snow surveys conducted at the LowNiadelevation
sites for WY 2012 — 14 show SWE at the Open siteet@onsistently greater and snow cover lastingdotinto the spring
than the adjacent Forest site (Fig. 2). Duringaherage snow year of WY 2013 (93 % of 30 year mydize Low and Mid
sites showed substantial differences between OpenFarest SWE throughout the accumulation and iablageason,
whereas at the High sites SWE amounts were sitinildre Open and Forest. Conversely, snow lastegeloimto the spring
in the High-Forest site relative to the High-Opégr.Because April 1 SWE may not accurately repreaenual peak SWE
at low and mid elevations within the PNW, we use dlate of peak SWE in the following analysis. Thane peak SWE at
the Low-Open site was 209 %, 215 %, 225 %, and®4@&f the Forest site peak SWE, respectively for @012 — WY
2015. Peak SWE at the Mid-Open site was 200 %,988828 %, and 302 % of the Forest site peak SWapedively for
WY 2012 — WY 2015. However, SWE at the High-Forst is consistently higher than at the High-Opigzy 411 %, 103
%, 125 %, and 110 % for WY 2012 — WY 2015, respetyi

Excluding the historically low snowpack of WY 201Sproles et al., 2017}he three-year average snow depth

ablation rates in the Forest sites at Low and Mesagion were 1.3 and 1.2 cni avhile the Open sites was 4.1 and 3.1 cm
d?, respectively (Tabled). Melt rates at the High site were greater at Isités than their lower elevation counterpartshwit
a rate of 4.7 cmYat the High-Open site and a rate of 3.2 ¢hfat the High-Forest sitéit the Mid-Open snow persistence

exceeds that of the Mid-Forest site by 11 — 33 dBgis-corresponds-withThis is a similar finding he tlow elevation sites
wheresnow lastdinglonger at the Low-Open by 4 — 26 days comparedl thie Low-Forest siteAi-the-Mid-Open-saew

10
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onversely, the High-Forest site maintains snovgéorinto
the spring by 15 — 29 dayghen compared to the High-Open site

3.2 Forest characteristics and canopy interceptioefficiency

Results show thafzin the Low- and Mid-Forest sitesyerthe-duration-of-the-studyfor WY 2012 — WY 2015
were 79 % and 76 % of the total event snowfall, eheC; was 31 % at the High-Forest site (Table @) showed no

significant threshold behavior between event sim@g, although there is an inverse relationship betwheation andCie

at the Low and Mid sites. Events that lasted feirgle day had an average canopy interceptioniefity of 87 % with a
reduction in averag€e with increasing event length, from 73 % for a tday event, 57 % for a three-day event, to 51 %
for any event lasting longer than four days. Dué¢h® low snow years of WY 2014 and WY 2015 the Hsifle had only
four events that lasted longer than one day anefire no relationship with event duration couldidentified. Using event
basedC for all snowfall events we calculated how muchveweas removed by the canopy at each elevation angpared
that with each event snowfall amount (Fig. 3). Tioev elevation sitéhasa high correlation betweeBe andevent sizeor

all qualifying eventsandeg(RZ: 0.83) -and an estimated overall snow removal efficienc§®p6. The Mid elevation site

has a lower correlation R 04764 betweenC e and event sizand an overall snow removal efficiency of 42 %. Tihear

relationship of the Low and Mid sites is similar what Storck et al. (2002) found for single Dougfiaq pseudotsuga
menziesii) over a 2 year study in Oregon, that 60 % of esemtvfall was intercepted by the canopy. This retesthip does
not hold at the High elevation site with an ovemsalbw removal efficiency of only 4 %. We note arpaent threshold
behavior where events less than 15 cm have a srdingar relationship between event size @pdFig. 3) and the canopy
was more effective at snow removal for events at tange compared with events greater than 15 omewents < 15 cm,
canopy removal rates increase to 88 % for the Litay 89 % for the Mid site, and interestingly, aakesorrelation emerges,
R? of 02733 with 50 % removal for the High site.

3.3 Energy balance

To better understand the energy balance effeatresf canopies on snow accumulation and ablationalailated

the mean daily energy balance components for thedred Mid elevation sites for WY 2012 — WY 2015 dodWY 2014
and WY 2015 for both High elevation sites (Fig. Mgt radiation is the major component at all sitdsle the turbulent
fluxes, sensible and latent heat, are only sigaificat the High-Open site. Turbulent fluxes atailier sites are only
episodically important and do not account for aigyigicant amount of energy at the monthly or arrtimescales. On an
annual basis, shortwave radiation is the primamnmanent of the energy balance at all Open sitesre@iselongwave
radiation dominates at all Forest sites. There $&rang dominance of shortwave (longwave) energhatLow and Mid-
Open (Forest) site, where it accounts $4-89% and69-71% (82-93% and88-92%) of the average annual net energy
balance, respectively. While few studies in maritiforested environments on the energy balance #adgst is evidence of

longwave radiation as the dominating term duringy ran snow (ROS) events within forests (Berris atakr, 1987;

11
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Mazurkiewicz et al., 2008; Garvelmann et al., 20B®rris and Harr (1987) showed that longwave taghiaaccounted for
38-88% of all ROS event snowmelt. Garvelmann et(2014) found that in two ROS events longwave anted for 55.1%
and 38.8% of the net energy balance, althoughntisig be biased low due to the inability to accusatelpture tree trunk
temperature. Although Mazurkiewicz et al., (2008) dot differentiate between radiation terms, tHfeynd that net
radiation being the largest contributor to melt.tdé¢ High sites this trend persists, although tlagmitudes change. Within
the High-Forest sitdpngwave shortwaveadiationstit-accounts for the majority of energy received atghew surface but
the annual total is reducé&®-58% with netselar longwaveadiation accounting fo#8-42%. Conversely, at the High-Open
site solar radiation accounts f88-71% of the annual total while longwave is reduced &. Theturbulent fluxes account
for theremaining34-22%-
The stable atmospheric conditions at all sitesepithe High-Open site reduce the turbulent fluesonsistently

insignificant values at the daily time scale wittlyofew days over the course of the study perio@ngtthese fluxes persist
(Fig. 4). Not surprising then, is the importancettod radiative fluxes on the net energy balancallaites outside of the
High-Open site. Longwave radiation dominatestathe Low- and MidForest sites regardless of elevation or year (§ig.
— S4). Snowpack melt response to the increasedviawey radiation in the forest from lasting events ba substantial. For
example, at the Mid-Forest site during an eight-giég-January period longwave radiation at the ssawace increased 71
w m? (225 % increase) while snowmelt response was inatednd significant, attributing to a reduction3@ cm (37 %)
of snowpack depth (Fig. 5). During the same periodgwave radiation increased 56 W r(842 % increase) at the Mid-
Open site while snowpack was reduced 6 cm (5 %joddhout WY 2013 longwave radiation inputs are shaa have a
strong inverse correlation with snowpack depthhat Mid-Forest site (Fig. 5). This is not the caséha Mid-Open where
snowmelt is driven by shortwave radiation with fewcumulation season melt events at all, with snowpsettling
attributed to the major snow reduction event ie Recember. A similar analysis at the High sitesashshortwave radiation
driving the snowmelt response to mid-season meahesv(Fig. S4). WY 2015 was a historically low yéar the Pacific
Northwest (Sproles et al., 2017) however, overua-ftay period in early January 2015 a large medhéwccurred where the
High-Forest experienced a 37 % reduction in snoptldend the High-Open snow depth reduced by 50 ih &4).
Longwave radiation increased 94 % at the Forest sittributing to 71 % of the total energy budgeting the event.
Conversely, the Open site longwave radiation irseda366 % yet accounted for only 26 % of the totdlenergy budget
with shortwave radiation at 49 % and the net twebuflux contributing the rest.

Air temperature is a first order control in longweanadiation calculation and therefore, it is expddhat the lower
and thus warmer sites experience a larger percemifaget radiation in the form of longwave radiatidwerage monthly air
temperatures show that the High-Forest site iafi®1.8 °C cooler during the winter months (DJEntthe Low- and Mid-
Forest sites, respectively (Fig. 6). Colder temjpees reduce the longwave radiation received astiogv surface during the
winter months as longwave radiation is non-lineadytrolled by air temperature (Eq. 7). The redulcedwave input and
lower forest density at the High-Forest site ide@fd in the radiation budget where the net longnenergy component is
25 % less than the net longwave energy at the lraW\id-Forest sites.
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Wind speeds at all sites except at the High-Opienase relatively weak and inconsistent resultmgtile turbulent
mixing. Sustained (annual average) wind speedseatigh-Open site are over five times greater #taany other site with
peak daily maximums more than 9 times greater (BigAt the High-Open site high wind speeds occegtiently while all
other sites experience low winds speeds and litthability. Mean winter wind speed for the High-@psite is 3.6 m's
Mean winter wind speed for the Low- and Mid-Opetesiare both 0.7 mi’s The high wind speeds cause instability and
subsequent turbulent mixing resulting in much latgebulent fluxes at the High-Open site. Converselhen wind speeds
are low minimal, if any, mixing occurs and a dedgpof the snow surface and the atmosphere casigbe€alculation of
the Richardson number (Eq. 13) determines thelgyabi the atmosphere and where values greater €h2 this decoupling
occurs. Although there is not a consensus of wirashold this critical value should be, we userastold of 0.2 (Raleigh
et al., 2013). Over the course of the studyRkgevalue within each cover type at the Low and Midvat®n sites and the
High-Forest site exceeds the critical value a nigjaf day. For example, in WY 2014 the criticalwa was exceeded 60 %
of the time at both the Low sites, 76 % and 71 %hatMid-Open and Mid-Forest sites, 82 % of theetiat the High-Forest
site, and only 10 % of the time at the High-Op¢e.si

Forest structure at the Low- and Mid-Forest sitesypified by average crown diameter of 9.4 m ardiré and
average leaf area index (LAI) of 2.4 and 2.7, reipely. At the High-Forest site average crown déen and LAI was
measured as 2.8 m and 1.1 m, respectively. A rfayldred and randomly distributed forest canopy tiyempacts the
amount of solar radiation reaching the forest fidwough beam attenuation (Campbell, 1986). Farasopies provide solar
shading as the spring progresses and solar argleases intensifying incoming solar radiation. # t ow- and Mid-Forest
sites where canopy interception is high the impcsolar shading becomes less pronounced and se&wR&/E is not
preserved late into the spring. With snowfall magphé essentially the same at the Mid and High éiews we see that
snowpack last much longer into the spring at thghHtorest site when forest shading has a meanimgfett on reducing

solar inputs into the snowpack.

4 Discussion

In maritime snow zones where winter precipitatisroften a mix of rain and snow, multiple mechanistign to
contradict the conventional wisdom that snow igiretd longer in forests than in open areas (Lirtk iarks, 1999; Jost et
al. 2007; Musselman et al., 2008). Multi-layeredeft cover and a relatively warm forest increas@opg interception
efficiency resulting in significant reductions inbscanopy snow accumulation (Storck et al., 2002ile no significant
relationship existed between daily air temperatur@Ce within our study (p > 0.005), a threshold beha@ppears to exist
where events under 15 cm seem to be highly coeelatith Cg This suggests a non-linear relationship for eveates
canopy interception in dense, relatively warm ftge$he slope of trendlines in Fig. (3) show tlne tlense forests at these

Low- and Mid-Forest sites remove a considerable iarh@f snow from each event significantly reduciigbcanopy
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accumulation. The high snow removal capacitieshebé forests suggest canopy density is a firstr guess on snow
accumulation.

The highly non-linear relationship between air temapure and incoming longwave radiation formulatisn
apparent in the net radiation budget analysis.etpfent cloud-free days and the warm, dense forfste study area
combine to emit a significant amount of longwaveiation to the snow surface (Berris and Harr, 198i¢art et al., 2008;
Garvelmann et al.,, 2014). This leads to a positiee snow surface energy balance and mid-winter esgdts, most
pronounced at the warmer lower elevation siteshWiblonged exposure to longwave emitted by th@pgarand the high
efficiency of warm forest canopy interception cafitis, low elevation maritime sub-canopy snowpaeke relatively thin
and do not persist long enough into the spring@e&s benefit from forest shading. This createadiative paradox where
the longwave radiation emitted by dense and redgtiwarm forest cover exceeds the resulting redacih shortwave
radiation due to forest shading (Sicart et al.,£2QG@Gwler and Link, 2011; Lundquist et al., 201Bje higher elevation sites
experience colder air temperatures, higher wincedpeand lower forest density, which combine toreleseCe and the
impact of longwave radiation on mid-winter melt Bige Furthermore, relatively low ablation rates thoe Low- and Mid-
Forest sites suggest that forests do provide sadi@tive shading during the melt season. HoweVer,bienefit of solar
shading can only be realized if a sufficient snovesois present. Otherwise, the effects of reduagdr snputs become
secondary and_its the accumulation rate, or more precisely, thigieficy of the canopy interception that is the pipie
control on the date of snow disappearance.

Here, we considered that wind may have an impaatamopy snow unloading and subsequent increasssbin
canopy snow accumulation. While a seasonal measepte a general view of the wind environment aheapen site, it
masks the variability of wind gusts that can dswew redistribution. Using the 10 min mean windesfsebetter depict the
wind characteristics that can affect wind redisttibn of snow. Pomeroy and Gray (1990) suggestftiraivet snow a snow
transport wind threshold of 7 — 10 i measured at 10 m above the ground surface musttmeded before any
redistribution can occur. Using this threshold, High-Open site measured wind speeds that met ceegled the lower
threshold 9.9 % of the entire record and 4.4 we translate measured wind speed to Z = 1Gimgua simple wind profile
power law. This represents a substantial amourthefsnow season and enough to suggest that wirstriledtion is
possible. More likely is the wind effect on depisit of snowfall. The influence of the forest on tegluction of wind
speeds at the High elevation sites can lead temefial deposition within the forest as the wipgeds attenuate. Once
snow is deposited on the ground the wet maritinmwvsmakes it difficult to be redistributed as a fesd saltation and
suspension. However, the Open site experiencesdnghgh sustained wind speeds to effectively neblige and transport
wet maritime snow from the High-Open site into thdjacent High-Forest site. Although, the magnituafethis
redistribution of snow from the Open to the Forissuinknown, it is reasonable to assume that itds insignificant
considering the sustained high winds of the Higre®pnvironment.

The effects of elevation position within a wateghand forest structure on snow persistence caa kasious

implications within a warming climate. Sproles £t(@013) documented a 150 m increase in the eétavalf the snow line
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for every 1 °C temperature increase and showedptiogcted temperature increases of about 2 °Cdvshift precipitation
at 1500 m from snowfall to a rain-snow mix. If thegre to occur then forests at that elevation,tegHigh-Forest site, that
now help maintain late spring snowpacks would jikeéhave more like the lower elevation forests ol snow melt
occurs earlier than in the open areas, effectioéflsetting any solar shading gains that the focast provide in the present.
Peak SWE and spring runoff would be reduced atetiggher elevations. These high elevation forestadclose their dry
season “moisture subsidy”, suffer increased masstiress, with wide ranging implications for forastd water resource

managers.

5 Conclusions

This paper highlights the complex snow-forest pssceelationships and suggests that forest covargancipal
control on snow persistence due to reduced acctimltom canopy interception and earlier/fastedtrdee to increased
longwave radiation. High density, relatively warordsts have high canopy interception efficiency twatrols sub-canopy
snowpack evolution and mediates the amount of gpnire solar shading of the snowpack. The coolerless dense High-
Forest site has a reduced interception efficiemay acts as a snow deposition reservoir for thehyeaindy High-Open
site. Net radiatiofbalaneedrives the snow surface energy balance with thgtipaing between longwave and shortwave a
function of forest complexity. Our study demonstgthe sensitivity of Pacific Northwest snowpackelepment to
temperature and forest cover. Nolin and Daly (2a@8honstrated that much of the Oregon Cascade swbwp at-risk, the
ForEST network included, by looking at temperatoméy. Similarly, Sproles et al., 2013 showed tlne bower boundary of
the snow zone has little resilience to a warminglavaOur paper demonstrates that understandingstiogvpackenergy

budgetof-the-snow-surface-is-most-importantis-key is i@ynderstanidg how forests influence snow accumulation and
melt. ) . - ) .

nfluences—of vegetation—onhow—fogeiifluence—snow m on—and—melt—showpdk-showing

guantifying quantifyingthe mechanisms of how vegetatiadfects sub-canopy snowpack energy balan@e rdsults—of

thisise results of thistudy provide the basis fersly-understanding the sensitivigf-of maritime snowpack&aveto a
changing climate. Aslimate continues te-the-climate-continues-to-clanearms, we anticipate reduced snow accumulation

at elevations where snowfall shifts to a rain-smoix_and amplified sub-canopy melt rates due to Veane radiative

heating in warmer forests, thereby reducing ovei@iést snow retention—weanticipate reduced-sagaumulationat

AY®t, higher elevation cteler sites with a
less dense forest can mitigate that to some ektenétaining the snowpack longer through lowertredaforest longwave
emission and lower canopy interception. A key firgdivithin this study is that throughout the studyation, one that saw

high inter-annual snowfall variability, a defini@vpatterathe emerged within the energy budget and snowpack rdigsa
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across the network. The energy budget format tleapre@sent here goes beyond the temperature ontgpagpwhile getting
at the causal effects and mechanisms of the clgalehvegetation-snowpack interactions for a waghalimate.

While these results are focused on the Oregon @ascéhey have broader implications for other nedét warm
forested snow environmentsith-elevation—gradients with elevation gradiergach as parts of th@alifernia- California

Sierra Nevada, the Japanese and European Alpsthen@yrenees (Lundquist et al., 2013). These reswill aid in

improving parameterizations of snow-forest intd@e in physically based snow hydrology models &t surface
models. Additionally, as climate change alters aegl snow deposition patterns across the westesn, dur findings are
applicable to land and water managers, seekingipvdve forest snowpack retention, enhance foresittheand improve
streamflow forecasting. This study demonstrateswhlee of plot scale snow-forest process studiesirfgproving our
understanding of the forest effects on snowpachution. Future worlshould-will will focus on a multi-scale approach that
incorporates remote sensing and snow hydrology itogeto identify forest structure metrics that anell suited to
accurately model snow-forest interactioBsich an-This-Such-an-multi-sealpproach will allow the snow community to
quantify the improvement of snow-forest interactioacrossspatial spatialscales and enhance model prediction for

landscape and regional applications.

Data availability. The data used in this study are freely availabline from the Oregon State University scholardhive
https://ir.library.oregonstate.edu/xmiui/handle/Z@9984(Roth, T. R., & Nolin, A. W., 2016).
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8 Tables

Table 21. Site Forest Characteristicawith Associated Standard Deviation for Each Measunent

Study
Forest Duration
Crown Density per Average G
Site DBH (cm)  Height(m) Diameter (m) 10n? SVF (%) (%) <+~ = - { Formatted Table ]
Low-Forest 52.1+20.0 33.7+10.4 9.4+ 0.8 19.4+ 2.0 10.9 79
Low-Open  17.3+4.3 8.9+2.6 3.7+0.4 15.7#5.1 68.7 =
Mid-Forest  36.5+ 17.4 21.2+10.1 6.7+ 0.8 20.7+1.5 10.1 76
Mid-Open 19.0£ 8.3 11.8+34 4.0+0.2 15.8+ 6.7 61.6 -
High-Forest 21.4+ 4.1 14.2+ 3.7 2.8+0.1 19.0+12.8 35.1 3439
High-Open* 29.4+10.3 9.9+3.4 0.4+ 0.6 13.1+ 3.9 88.1 =
*Includes fire related standing dead trees
“ ‘[Formatted: Tab stops: Not at 0 cm ]
Table 21. Summary Snow Statistics WY 2012 — WY 2014 — Oreg ForEST Network
WY2012 WY2013 WY2014
Peak Ablation | Peak Ablation Peak Ablation
Site SWE © Rate(depth| SWE ° Rate (depth SWE " Rate (depth
(%) (%) (%) )
(cm) cmday) | (cm) cm day?) (cm) cm day?)
Low-Forest 23 70 1.6 24 75 1.9 8 92 0.4
Low-Open 48 - 4.0 51 - 4.3 18 - 13
Mid-Forest 45 70 1.0 26 75 1.3 12 83 1.1
Mid-Open 89 - 3.8 73 - 2.5 38 - 4.5
High-Forest 100 - 4.1 73 - 2.4 59 39 3.1
High-Open 90 - 5.4 71 - 2.9 42 - 5.9
Ferest Study
Crown Densityper Duration

Site DBH-{em)  Height(m) Diameter{m)  10aT  SVF(%) Average G
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Figure 1: The Oregon ForEST network sites of the McKerie River Basinwi iaRi in_{inset).
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Figure 3: Canopy interception depth vs. event snowfl within the FOrEST network.
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Figure 4: Calculated daily mean energy balance in Wh2 (solid line) and the range of values (shaded are&)r a) net energy at the

snow surface; b) net solar radiation; c) net longwee radiation; and d) net turbulent energy at the sow surface for each site within
the ForEST network, WY 2012 — WY 2015.
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Figure 6: Boxplot of average monthly air temperaturefor each site within the ForEST network, WY 2012 — W 2015.
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Figure 7: Daily average wind speed (heavy solid l&) and the range of wind speeds (shaded area) fauah site within the FOrEST
network, WY 2012 — WY 2015.
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