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Abstract

Glaciers cover approximatel®9km?in North Cascades National P&krviceComplex

(NOCA), and are &igh-priority Vital Signin the North Coast and Cascaddstwork

monitoring plarbecause they are sensitigeamatic indicators of climate change and drivers of
aquaic and terrestrial ecosysten@&ince 1993, seasonal volume changes at four NOCA glaciers
have been monitordaly tracking seasonal surface mass balatdeurto-five sites/glacier.

Water year 2009ada slightly below aerage winter accumulatipandNoisy and Sandalee
glaciers had a winter mass balancaldut3 +0.2 mwater equivalenty.e.). Higher elevation

Silver and North Klawatti glaciers had lower winter balances of @Bm w.e. and2 £0.26 m

w.e., respectivelySummer meltingn all four glaciers ranked among the top three melt seasons
since 1993, witiNorth KlawattiGlacieris summer mass balance exceedhg0.47 m w.eThe
combiration of anaverage wintemassbalance and verynegativesummemassbalance drove

net mass balance negative for the seventh consecutiveryadirfour glaciersNorth Klawatti
Glacier had the lowest net mass balanc@.2+0.36 m w.ewhile eastside Sandalee Glacier

had the least negative net mhssance atl1.3 +0.44 m w.e.

Negative mass balanséor all four glaciers in water year 208@engthened the negative
cumulative balaretrendsince 1993or all four glaciersNoisy, North Klawatti, and Sandalee
glaciers hae cumulative net mass balarscef about15m w.e, whereas higheelevation Silver
Glacier had a cumulative balance-8im w.e. Since 1993 the averaganualmelt rate for all
four glaciers has increased by abou¥d (L mw.e).

High rates of summer melt and average snowpack lsigjmificant glacial contribution to
streamflow at NOCAIn four major watersheds glaciers contribute@ ¥7m?® (120B gallons)
of water to park lakes and strearnmsThunder Creek, glaciers provided about 44% of total
summer runoff, wheraain themore ard, less glaciated Ross Lake basiaaigers contributed
about 106.

Tenryear remapping of Sandalee and Silver glaciers was completed in 2009 and led to significant
adjustment to the base maps used for integration of ptékiejsmeasurement to the entire

glacier Both glaciers had net verticalirface declinexceeding 1%n. Back-adjustment of data

from 2000- 2009 with the new hypsometry data led to a significant decreases in cumulative
balanceof -3.30m on Silver Glacier aneb.83m on Sandalee Glacier.
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Introduction

The National Park Service began letegm monitoring of mass balance of glaciers within North
Cascades National Park Comp(®&OCA) in 1993.Monitoring includes direct field
measurements of accumulation anelt to estimate volume gained and lost on a seasonal and

wateryear basisNoisy Creek, Silver Creek, and North Klawatti Glaciers have been monitored at

NOCA since 1993 and a fourth glagi&andalee, since 199bigure 1). The purpose of this
report is to describe field work and summarize data collecteddtar yeai2009.
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Figure 1. Locations of monitored glaciers and major hydrologic divides in the North Cascades (Riedel et

al., 2008).

Glaciers are a significant resource of the Cascade Range in Washington State. North Cascades
National Park contaied316glaciers that covered 10@n? in a 198 inventory(Granshaw
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Glaciers significantly changée distribution of aquatic and terrestrial habitat through their
advance and retreat. They directly influence aquatic habitat by the amount of cold, turbid melt
water and finggrained sediment they release. Glaciers also indirectly influence habitagtihro
their effect on nutrient cycling and microclimate. Many of the subalpine and alpine plant
communities in the park flourish on landforms and soils created by glaciers within the last
century.Further, gaciers are habitat to a number of species, antharsole habitat for ice

worms (Mesenchytraeus solifuguand certain species of springtails (Collembola) (Hartzell,
2003).

Glaciersare alsamportant indicators of regional and global climate change. At North Cascades
National Park, geologic mappimgta, unpublished mapsade byfrom Austin Post, and a 1998
inventory (Granshaw and Fountain 2006) indicate that glacier area has deblddédn the last

100 years.

The four index glaciersionitoredrepresent varying characteristics of glaciers fourttiénNorth
Cascades, includingftitude, aspect, angkographic location in relation to th&in hydrologic
crests (Figure 1)The glacierselected drain inteour major watershedsom NOCA and
represent a 1000 meter range in altitude from the termimisisy Glacier to the top of Silver
Glacier.

Four broad goals are identified to monitor glaciers as important Vital Signs of the ecological
health of NOCA

1) Monitor range of variation and trends in volume of NOCA glaciers;

2) Relate glacier changes to statdisquatic and terrestrial ecosystems;

3) Link glacier observations to research on climate and ecosystem change; and
4) Share information on glaciers with the public and professionals.

Obijectives identified to reach the prograyoak include:

U Collect a networlof point surface mass balance measurements sufficient to define

elevation versus balance relationships to estimate glacier averaged winter,

summer and net balance for all index glaciers.

Map and quantify surface elevation changes of all index glacierg &0e/ears.

Identify trends in glacier mass balance.

U Inventory margin position, area, condition, and equilibrium line altitudes of all

park glaciers every 20 years.

Monitor glacier melt, water discharge, and glacier area/volume change.

U Sharedata and information gathered in this program with a variety of audiences
from school children to colleagues and the professional community.

cC: C:
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Methods

Mass balance measurement methods used in this projectlfyefudi@v proceduresestablished
during45 years of research on the South Cascade Glacier (36¢ USGSNater Resources
Division (Meier 1961 Meier and Tangborn 196Meier et al. 1971Tangborn et al. 1971

Krimmel 1994, 1995, 1996, 1996a). They are very similar to those used around the world, as
described by Ostrem and Stanley (1969), Paterson (1981), and Ostrem and Brugman (1991).
Detailed procedures are outlined in Riedel et al. (2008)g Term Monitoring of Satl Glaciers

at North Cascades National PafkPS/NCCN/NRR2008/000)

Measurement System

We use dwo-season stratigraphic approach to calculate mass gaifretér(balanckand mass

lost (summer balangeon a seasonal basis. Summation of these measueatients for

calculation of the nehasshalanceof a given glacieduring the course of one water year

(October 1September 30Measurements @fccumulation and me#ire made at around the same
time every yenin early spring and falit approximately th same locations. Due to weather and
logistical limitations, the actuahaximum and minimum mass balance may not be recorded.
Differences between actual events and the times of measurement are assumed to be negligible.

Winter balance is calculated fromasm depth and bulk density measureme8tsowdepth is
measured at five to 10 points near four tdddations along the centerline of the glacier

(ablation stakes) and other selected locations, resultidd%® measurements per glaci8now
densityon each glacier is measured at the ablation stake location which is closest tothe mid
point altitude of the glaciekWhen not directly measured, the averaggasured densiiyf the

spring snowpackince 19930.5 ++ 0.05) is usedThis value is also compar¢alvalues
measuredndependentlyat SNOTEL" sites by the Natural Resource Conservation Service and at
South Cascade Glacier by the U.S. Geological Survey.

Ablation stakes are used to measure summer balance. Stakes are placed in late April/early May
when snow depth is probed for winter balance. Measurements of surface level change against the
stakes are made in early to resdmmer and in late September toye&ctober on each glacier.

The change ice, snowand firn elevatioragainst the stakevhile accounting for changes in the
densities of firn and glacier icedicates the mass lost at the surface during the summer season
(summer balance).

Obligue aeml photographs are taken of each index glacier as a record of change in area, surface
elevation, equilibrium line altitude, and snow, firn and ice coverage. These color photographs are
taken inearly spring andate summer.

1 SNOTEL stations provide retime snow and climate data in the mountainous regions of the Western United
Stateausing automated remote sensing. The Natural Resource Conservation Service operatesang maint
SNOTEL stations located within North Cascade National Park
(http://www.wcc.nrcs.usda.gov/snotel/Washington/washington)html



Glacial Meltwater Discharge

Glader contribution to summer streamflow is calculated annually in four park watersheds: Baker
River, Thunder Creek, Ross Lake, and Stehekin Riigure 1) The summemeltseason is

defined as the period between May 1 and September 30. Thesaemat®@snmately coincide

with winter and summebalancdield measurementsnd the beginningnd endf ablation
seasonSelection of these dates means that runoff estimates from glaciers include snow as well
as firn and ice.

A simple model is used to estimata@er contributions to summer stredlow, and is based on
the strong relationship betwesammemelt andaltitude This relationship isonstrained by

data from 18 melt stakem four glacierghat spans 1000 nvertical melt at a given elevation

from thiscurve is then multiplied bglacierareain 50m bandslerived by GISthen summed for
each watershed he fraction of glacial meltwater to total summer runoff is determined at USGS
gage sites on each river.

Glacier Mapping and Balance Adjustments

Accurate glacier maps aa® important componenf this monitoring prograniMaps are used to
assess area changes, advance/ retreat of termini, surface elevation/ volume changes, and to
provide accurate base maps for mass balance calculations.

Theareaaltitude distribution of the foundexglaciersare remappedveryl0 yearaising

vertical aerial photographs and high precision GPS point dagoiiginal maps for Silver and
Sandalee glaciers were made in 1994 and 1996 based on phutairg fran stereo air photos.

The contractor used few control points and relied on USG&®I Qaordinates and elevatiois

improve the maps, benchmarks were installed and surveyed using a survey grade GPS in summer
of 2005 and 2006.

In addition to remapping of dex glacier hypsometmyvery 10 yeardhe surface area of all park
glaciersare remappedvery 20 years. The pavkide inventory is based on vertical aerial
photographs and was last completed in 1998 (Granshaw and Fountain 2006).

1993 to 2009 Record

In this report, we present ttameasured in 2009 and compiite data collected frorh993
2008, using the methods described in Riedel €2808. We preseni7-year comparisons of
winter, summer, net, and cumulative glacial balance, and summer ghatiadater contributions
to theThunder Creek, Ross Lake and Ba#ird StehekifRiver watershedsA summary of the
first decade of mass balance results was published in 2001 (Pelto and Riedel 2001).



Result s

Measurement Error

Sources of error in mass bateestimatesre calculated on an annual, stékestake, and
glacierby-glacier basisErrors associated with winter, summer, and net balance estimates in

water year 2009 were within the range of values reported since 1993 (Table 1). Net balance error
on Silver Glacier remained the highest of all four glaciers at tthy6G.e.

Table 1. Calculated error for Water Year 2009 mass balance calculations for NOCA index glaciers, with
period of record averages in parenthesis.

Average Stake Error (mw.e.)

Glacier Winter Balance Summer Balance Net Balance
Noisy +0.22 (0.20) +0.25 (0.26) +0.33 (0.31)
North Klawatti +0.20 (0.21) +0.47 (0.31) +0.36 (0.32)
Sandalee +0.20 (0.19) +0.39 (0.26) +0.44 (0.33)
Silver +0.26 (0.26) +0.49 (0.33) +0.56 (0.42)

Winter and Summer Balance

Winter accumulation from October 2008 to April 2009 was average at Noisy (m3.ld.) and
Sandalee (+81 w.e) glaciers, and about 15% below average at S(lv2&m w.e) and North
Klawatti (+2.5m w.e) glaciers (Figure 2).

Summer meltn 2009 forthe four index glaciers was 120% of averdgéerminediuring the
past 17 yeardAt North Klawatti and Noisy Glaciers the average melt exceedegwith
melting at low elevation stakes 85 m w.e.and 4.8m w.e, respectively.
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Figure 2. Winter, summer and net mass balances for each glacier by water year.



Net Balance

Annual netmassbalances fofour NOCA indexglacierswerenegative in water year 2009

(Figures 2 and3). This year was the seventh consecutive year where all four glaciers lost more
mass to summer melting than they gained in the previous wikdeth Klawatti Glacier hathe
mostnegativemassbalance {2.20+£0.36m w.e), while Sandale&lacier hal the least negative
balanceg(-1.3+0.44m w.e.)

Map adjusted Net Balance Comparisons: All

- Glaciers
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Figure 3. Net mass balance comparisons for each glacier by water year.



Cumulative Balance

Seven consecutive years of negative net mass balance for all fourggtesedrivenumulative
balancesleeply into negative territory{gure 4. Since 1993, the cumulative balance for all
glaciers anges from-16.67 m w.e. (North Klawatti) to-9.49m w.e.(Silver). After a short period
of modest volume increasetweenl 996 and 2003\OCA glaciers have resumed a negative
long-term trendWater yeas 20002009showed substantiahass loss for aljlaciers,with
averagenet vertical changef 11.67m w.e and total volume lossf 32 Mm* w.e.

5.0

Balance (m w.e.)

-20.0
1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

——Noisy -m-Silver —a—North Klawatti -e-Sandalee —«S. Cascade

Figure 4. Cumulative balance for each glacier by water year. Sandalee and Silver glacier curves are
map-adjusted.



Glacial Contribution to Streamflow

Glacial contributbn to runoff was above averaigeall watersheddue toabove averagesummer
meltand below average winter snow accumulat®oth Silver and Sandalee glaciers released

more meltwater this water year than in any other year since D@p@nding on the basin,
glacialcontributionto summer streamflowas1-12 percent above norm@able2 and Figire

5).

Table 2. Glacial contribution to summer streamflow for four NOCA watersheds. Meltwater contributions

are provided for each index glacier and from all glaciers within the watershed. In parenthesis is percent of
total watershed area that is glaciated. Average, minimum and maximum values are calculated from 1993-

2009 data, with the exception of Stehekin River watershed (1995-2009).

Site (% area glaciated )

May-September Runoff

(million ¢ ubic meters)

Percent Glacial of
Total Summer Runoff

2009 average min max 2009 average min max

Baker River Watershed

Noisy Creek Glacier 2.3 1.9 15 2.4

All glaciers (6) 103.9 87.1 61.8 107.5 9.2 9.5 5.6 14.6
Thunder Creek Watershed

North Klawatti Glacier 6.3 5.1 3.4 6.3

All glaciers (13) 165.7 124.6 88.5 165.7 44.0 32.3 20.7 47.7
Stehekin River Watershed

Sandalee Glacier 0.7 0.6 0.4 0.8

All glaciers(3) 105.9 89.2 63.7 108.7 14.0 10.7 5.4 22.9
Ross Lake Watershed

Silver Glacier 1.4 1.2 0.9 1.6

All glaciers (1) 96.7 80.1 58.4 99.3 6.9 5.7 2.5 135
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Figure 5. Total summer glacier meltwater contributions for the four watersheds containing a glacier

monitored by NOCA.



Silver and Sandalee Glacier Balance Adjustments

Tracking glacial movement via contour maps and digital elevation models (DEMs) are important
components of this monitoring program. In 2009, corrections were made to the original maps and
new maps were created for Silver and Sandalee glaciergéB@ard 7). The original base

maps were adjusted using improved spatial data resulting from surveyed benchmarks that were
installed 2005 and 2006. Remapping of Silver and Sandalee glaciers hypsometry was based on
aerial photographs taken in 2004 and 2006 anld pigcision GPS point data. Provisional maps

for North Klawatti and Noisy glaciers will be finalized in 2011.

Formoreaccurate and consistent mass balance results the balance calculateneslone with
this new information from both sets of new maps. From 188X, Silver and Sandalee mass
balance calculations were based on the correéd888/1996 maps. From 20@D09, Silver and

Sandalee mass balance calculatiaresbased on the updatedps

Comparison bigveen corrected993/1996 maps and the new 2004/2006 maps indivat@rea
of Silver Glacier decreased 16% in this period, while the area of Ser@keier was reduced
by 5.4%.North Klawatti andNoisy glacier areas decreased@6 am 8%, respectivelyBoth
glaciers had net vertical surface changes exceeding 15m.

Back-adjustment of data from 2002009resulted irsignificant decreases in cumulative balance
and annual net balance. Cumulative balance decreas@®byn w.e. on Silve Glacier and
-5.83m w.e.on Sandalee glacier.

10



By Ty T

I .
Silver Glacier —— | N\
LEQ end & ": & - i - "'!5}..:' 1 e _-7
D 1993 glacier margin i | : 4""% :
D 2004 glacier margin ; f /'///

2T
\.JF . * -

2004 10 meter contours
Y,

&

#

Glacier Surface Change #yj
b

meters
)

B 10t -15

i ]

O — T 1Meters
0 &s0100 200 300 400 500

1:8,000

N

Figure 6 . Silver Glacier comparison of 1993 adjusted reference map and 2004/2005 balance map.
Glacier surface elevation change is the difference between the 1993 surface (photogrammetry) and
2004/2005 surfaces from photogrammetry and GPS.
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Sandalee Glacier
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Figure 7 . Sandalee Glacier comparison of 1996 adjusted reference map and 2004/2006 balance map.
Glacier surface elevation change is the difference between the 1996 surface (photogrammetry) and 2006
July surface from a GPS survey led by Erin Pettit.
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Aerial Imagery

The strongly negative mass balances observediar yea009provided a good opportunity to
documensurface conditionen Silver Glacier (Fjure 9) Photographs for Silver Glacier taken
during the2009 spring and fall field visitsevealthe dramatic seasonal changes associated with
the deposition and melt ofri of snowfall in winter 2008009. In contrast, the summer image
shows the flat, crevasg$eee terminus of this glacier, which is indicatief a glacier that is in

rapid retreat.
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Figure 8. Silver Glacier from the east, April 20, 2009.

Figure 9. Silver Glacier from the north, September 21, 2009.
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