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In 1983 the North Cascade Glacier Climate Project (NCGCP) began annual monitoring 10 glaciers throughout the range, to

Abstract

identify their response to climate change. The annual observations include mass balance, terminus behaviour, and
accumulation area ratio (AAR). Annual mass balance (Ba) measurements have seer continued on 7 ertgirral glaciers that
m‘l‘]‘sm 'l‘wo glaciers have disappeared: -t-h—e-l:em-@law;i—ﬁwdﬁ-&hﬁw) ‘\Fess:jtl‘zler was discontinued in 2014 as
it has separated into several sections. In 1990, E-a-sten-@m eles-Glaeter were

ded to the annual balance program tﬁ’ﬂ"‘{
This comparatively long record from glaciers in one region conducted by the same research program using the same methods W “@i

arative data to place the impact of régtegal climate warmth of 2015 in perspective. The mean annual

balance of the orth Cascade glaciers is reported in v atgﬁquw nt t&lck_nesses te the World Gl ac1er‘$i mtormg Serwce
al o

(WGMS). (1984 2(’ Jiﬂle\:}.ean Ea 1sm§‘4 ma , ranging frem -0§.4 to (?67 mkééfox m%v%’u

S global average for this period of -0.56 ma™'. The cumulative lpss of 17.2 m w.e. and ~19 m of ice

offers some useful ¢

lamer s ThlS is

equivalent to the
thickness represents more than 30% of the volume of the glaciers. In 2015 the mean Be of nine North Cascade glaciers was
-3.10 m w.e., the most negative in the 32 year record, with 2005 the previous ma)ﬂmum loss at 2 8 Wl. gzlzmean AAR of
[
3% was hkemse a minimum, previous minimum was 16% in 2005. The corre]atxon coefficient ofBaae-ebmfrﬁ-'B@ between
(=]
all glaciers mcludmg the USGS benchmark glacier, South Cascade Glacier. This indicates that the response is regional and

not controlled by local factors. The similar mass balance losses in alpine glacier regions globally suggest global climate

oot

change is the principal driving force.

1.0 Introduction ﬁﬂ\\

Glaciers have been studied as sengitiVe indicators of climatg for more than a century (Bojinski et al. 2014). Annual mass
balance measurements are the

WGMS, 2015). The

Mmost accurate indicator of shdgt-term glacier response to climate change (Zemp et al, 2015;

2015) has recognized that chahges in glacier mass are a key aspect of glacier monitoring,

ater resources, and sea level rise and has maintained the

1957 a number of benchmark glaciers laround the
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providing important information for assessing climatic changes,

most extensive data set on global glacier mass balance. For the (GY J
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- world jwere choséf where mass balance would be monitored! This network has proven valuable/ but in many areas the
number of lacier;is limited focexamphe. The WGMS has been working to expand the number of glaciers being monitored
in-situ and reporting annual data WGMS (2015). The WGMS has recognized the long term programs with consistent
measurement programs as reference glaciers (Zemp et al, 2015). There are two reference glaciers in the North Cascades and
;&b 5\Vin the conterminous United States, South Cascade Glacier (Fig. 1) monitored by the USGS (Fountain et al, 1991) and
0, Columbia Glacier monitored by NCGCP.  Glacier mass balance varies due to geographic characteristics such as aspect,
AL . . irgwiids, Snedlos e ¢ i
o ! elevation and location with respect to prevailing winds. o single glacier j& rérese tative of all others to understand
the causes and nature QE ﬁhaggs in glacier surface mass balance throughout a mountain range, it is necessary to monitor a
stomifieant number ong‘laciers (Fountain et al, 1991). ' ) -
e Xer ’ G con
Y oN
%muqd\wg _ Aeinelo
o The@orth Cascade regiot) contains more than 700 glaciers, which are important to summer water supply (Post et. al., 1971;
?S Granshaw and Fountain, 2006). The North Cascade Glacier Climate Project (NCGCP) was founded in 1983 to monitor 10
glaciers throughout the range and 'iélfgntify the response of North Cascade Range, Washington glaciers to regional climate
5 change (Pelto, 1988). The annual observations include mass balarice, terminus behaviour, glacier surface area and
15 ‘accumulation area ratio (AAR). Annual mass balance (Ba) measurements have been continued on 7 original glaciers that
K&(f\k still exist: Columbia, Daniels, Ice Worm, Lower Curtis, Lynch, Rainbow and Yawning. Two glaciers have disappeared: the

uﬂé Lewis Glacier and SE‘iderleacier (Pelto, 2008). One other glacier Foss Glagler h deglined to the extent that continued

measurements have been s'uspelﬁeic_i. In 1990, Easton Glacier and Sholes Glacier were added to'the annual balance program

to offset the loss of Spider and Lewis Glacier. All Ba, AAR and terminus change data are reported annually to the World s

20 Glacier Monitoring Service (WGMS). One glacier, Columbia Glacier is a reference glacier for the WGMS _mass balance

series, This networkdcom ined with South Cascade Glacier)is the q}{p the nfost spatially concentrated group ¢f glaciers 3\&'0‘”)1

E bl — o TV RIS, Beginyts : . .
- momtore%for at least 25 years, which provides a unique chance to compare the mass balance records to

Yo . . . 5 ol
each other and climate records. This paper examines the exceptional 2015 mass balance year, placing theeas in context of

A i ,
the thirty-two year mass balance record and local climate records. NE:— b D th M aP Slqau?u; newd
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25 2.0 Climate

The North Cascade segiom has a temperate maritime climate with mild year-round temperatures, abundant winter

precipitation, and dry summers (Mote, 2003). The two key climate variables for the temperate—manitime glaciers are

-
accumulation season precipitation (November-April) and ablation season temperature (May-September) (Pelto, 1988;

Josberger et al. 2007). A climate warming of 0.8 °C in mean annual temperatur?has been observed]from 1901 -20125in the
&
30 North Cascades (Abatzoglou et al, 2014). The warming has accelerated to +0.20 C per decade for the 1980-2012 period.

Every season except spring has experienced warming, particularly during the 1980-2012 period (Abatzoglou et al, 2014).
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Approximately 70% of the region’s precipitation occurs during the wet season (October-April) when the North Cascades are

on the receiving end of the Pacific storm track (Elsner et al, 2010). From late spring to early fall, high pressure to tFe west

keeps the Pacific Northwest ch‘c.)'mparatively dry. Occasionally in the winter warm fronts elevate temperatures, restimg=in
MRsvitia A

in
tigher freezing levels, leading-4o rainfall exen at glacier elevations. RainAon snow events have increased in frequency (Elsner
A

et al, 2010), this has led to an increase in the ratio of precipitation falling as rain versus snoiv,'.\rcfi@ng snowpack storage

-7 W
efficiency (Mote et al 2008; Pelto, 2008). For the sixi('ms utilized i this )study mean April 1{SWE

declined 29% from 194&-2014. During the same period winter precipitation hii;'i crci'lsed slightly. The change in SWE is
Lo unc\eur vadeh e = Y, H‘l\ g )
comparable with the change in snowpack stora lency indicating @zs the primary cause of reduced April 1 SWE at
North Cascade SNOTEL stations. The freezing level is a key factor in determining snowpack storage efficiency and a North
American Freezing Level Tracker was developed by Abatzoglou (2011) that is used here for comparison of the freezing level

during the winter for Mount B%(er. S
ﬂ. o%—{s Jnt.,‘?\'l'd_. UI\C.\‘ - L EEF
The other key factor in glacie the ameuwnt=of ablation, which is primarily controlled by air temperature. That
' A

air temperature is the kez is,}ndicated by the success of degree day factors (DDF) for assessing glacier ablation on glaciers in

this region (Shea et'a?, 2008). The majority of ablation takes place during the June-September period, and nearly all ab]ati:;)

<

during the May-September period. JThe most reliable weather station jn the region is Digblo Dam, which is used for DDF
g e g L Y U ned” 7 sy ttag D
erivation on South Cascade Glacier (Rasmussen, 2009). An examination of trends in summer temperature at this station

indicates a nearly identical pattern, for May-September and June-September. Six of the ten warmest summers during the

. 1946-2014 period have occurred since 2003. The long term summer warming is 0.7° C at Diablo Dam. The average June-

September temperature from 2003-2014 is 0.6° C above the mean for the 1946-2002 period.

Bitz and Battisti (1999) noted the importance of PDO and MEI-ENSO to glaciers in the regicn, with PDO having a greater

- influence during the 1960-1995 period. Josberger et al (2007) indicate that the importance of PDO has declined ecently.

ncle

“Pelto (2008) used the indices as a first ordg or annual glacier mass balance. Finding the ifnpact svds slrongest when

Hewo so? PO s nov fyreasteg

both indices were positive or negative,

""'_‘\'7'63* eNse
The PDO Index is the leading principal component of Narth Pacific monthly sea surface temperature variability, poleward of
20N (Mantua et al., 1997). During the positive PDO phase warm weather is favored in the Pacific along the northwest coast
and over the Pacific Northwest. During th; negative phase cool ocean water is found off the northwest coast and cooler
temperatures across the Pacific Northwest (Mantua et al., 1997). In the past century: "cool" PDO regimes prevailed from
1890-1924 and again'".from 1‘9474976, while "warm" PDO regimes dominated ﬁom 1925-1946 and from 1977-1998
(Mantua et al., 1997),

fokowan]



\B‘O‘DG freezing level was high averaging 1645 m in the Mount Baker region from Nove bﬁ;-.March compared to an average of
o— ; ) < LE\ en
G).r\ 1077 m{{Abatzoglou, 2011 TI’\TO previous year exceeded a mean freezing [egl 'of 1500 m since the record began in 1948
w\‘\ (Figure 2). The result was snowpack at the six SNOTEL sites averaging 0.52 thyv.e., 51% of the 1984-2014 average. Thf:l . Lf}aﬁ
o
\ C minimum snowpack was in 2005 with 44% of mean snowpack, #hat-yea-had-tess-preeipitation. The limited sngwpack was

-
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The El Nifio/Southern Oscillation (ENSO) phenomenon is the most offservable of the atmospheric circulation indices that
lead to year-to-year climate variability. ENSO positive events (EI Nino) herald abnormally warm sea surface temperatures
(SST) over the eastern half of the edtatorial Pacific. La Nifia, is the opposite phenomenon, indicative of abnormally cold
SST in the eastern half of the equatorial Pacific. ENSO is an east-west atmospheric pressure see-saw that directly affects
5 tropical weather around the globe and indirec:[ly impacts a much larger area (Woltér anc:ilTi;ﬁlin, 1998). Thg ENSO

multivariate index used here is based on the principal observed climate variables over the tropical Pacific, The-tnthexis a

weighted average of theTiTa ing six variables: sea-level pressure, the east-west and

north-south components of the surface wind, SST, surface air temperature, and total amount of cloudiness (Wolter and

Timlin, 1998). Positive-ENSO-vatues—are orstrait Trompanted-by-sustained watmina—-ef-the—cemrat ami—eastern—tropiedl
P Y =] P
10 Pacifie-Oeean—Negative—values—of-theFENSO-imdex—are-assoctatet WilTStroNger—Pactfte-trade—w inds-and-warmer—sea
Jemperatures-te-the-nortrof Austratfa {Wolter and Timlin, 19985).

-
2.1 Climate in 2015 ua&&‘\m\ \4‘\5? (516

ThE 2015 winter accumulatjon season featured 51% of mean (1984-201

SNOTEL stations in the North Cascades; Fish Creek%y{nan Lake,\Park Creek, Rainy Pass, Stevens Pass, and Stampede

: 4 )
15 Pass. This was exceptional in being the second lo‘{tv’es of the 32 yeals of the mass balance observationhaeﬁcs. The winter

season was exceptional for warmth, being the warmest
- - St |

&~ 1ot due to reduced precipitation as November-April precipitation at Diablo Dam and Concrete was 5-10% above the 1984-
Mote et al (2008) noted a decline in snowpack storage efficiency in the Pacific Northwes the ratio_betwegn

total precipitation and April 1 retained snowpack SWE, Pelto (2008) used the Diablo Dam and Concrete weather stations for

totarfarecipitation for November-March, the period of accumulating snowpack at the six SNOTEL sites with long term ‘

25 records in the North Cascades, to determine snowpack stérage efﬁMO]S the snowpack storage efficiency was the

owest with the mean April 1 retained SWE at six long-term SNOTEL stations being 19% of the Noveniber-March

! precipitation, compared to a 1984-2014 mean of 41%, the second lowest year was 2005 at 20%. The snowline by the end of

April 2015, the end of the typical accumulation season, in the Mount Baker region was 1400 m, versus the 800 m average.

Wohads 0

Wi
30 In 2015 the mean May-September temperature at Diablo Dam was 2.2 C abexe the long term mean, and the second warmest
. ) UIW";“U
to 1958 in thﬁnem 1950-2015¥ For June to September the mean temperature was 2.0 C abewe the long term mean I
and was also second to 1958 as the warmest. I 2 o ure W T "
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in the state of Washington (NQAA, 2015). The . 7
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and the second lowest accumulation season snowpack in the last 30 years was a good indication that glacier mass balance

would be quite negative,

In 2015 sea surface temperature waters that had developed in the winter of 2013/14 persisted off the coast of the Pacific
5 Northwest, with anomalies generally exceediﬁg EOC (Bond et al., 2015; Di Lorenzo and Mantua, 2016). Such conditions are
associated with a positive PDO and warm air temperatures in the Pacific Northwest (Bond et al., 2015). From the winter of

\ew—
2013/14 to 2014/15 the northeast Pacific experienced the Vel 1ecorded (Di Lorenzo and Mantua, l @wj

2016). In 2015 the warmest paralleled the entire Pacific North American coast exhibitin g a PDO pattern (Di Lorenzo
and Mantua, 2016). ?

i o TR
10 P05 hve”,
* A comparison of annual, winter and summer values for PDO 1984- 20] 5 mdlcate that 2015 ranks in the top five for, PDO for

all
eakeh seasonal measure, Fxaminmrgithe 1984-2015 perlod & ENSOAnch tes that in 2015 summer and annual values rank in \{,A‘
T ‘ : w |r.

thetopS he20 sEReiVe :- eveai-nad the most posi

combined value of PDO + ENSO in 2015 ranked in the top five for both annual and seasonal rankings during the 1984-2015

15 M values for both ENSO and PDO are inversely related to glacier mass balance and also reinforce each o@
(Pelto, 2008)

his illustrates that 2015 was predisposed for negative annual balance based solely on climate indices. The

link between PDO and ENSO forced the anomalous atmospheric and sea surface temperature event in 2015 (Di Lorenzo and
m€ Mantua, 2016).
0\‘ O~ 7

?‘\q\to Overall 2015 was exceptional in terms of sea surface temperature in the northeast Pacific, air temperature in the North

Cascade region and the positive values of the PDO, while ENSO was significantly positive.

)f\’\ii \u\lL-? Move ecrie va Tl Ao:.wvwwL

. antvd | e .
Annual surface mass balance is the difference between pccumulation of snow and ice in-winter and loss of snow and ice hy

3.0 Glacier Mass Bala

ablet-am.l.u_ﬂ.tm.na-ar Itis tvplcally measured on a water year basis, approximately beginning October | and ending September

25 30 in the northern hemisphere & 8 ) (Cocrley et al (201 1).

Since 1984, NCGCP has monitored the Ba of 9-10 glaciers every year ( — : fedet 26642 Pelto and
Brown, 2012). Seven glaciers have a 32-year record; Columbia, Daniels, Ice Worm, Lower Curtis, Lynch, Rainbow and
Yawning. Foss Glacier has a 30 year record 1984-2013 and was discontinued due to the glacier separating into several

30 sections. Sholes and Easton }j]acielj have a 26-year record 1990-2( The glaciers represent a range of geographic

characteristics and span the North Cascade Range (Table 1 and Key ééographic variables are ‘orientation of

Cled oD & B‘J""’"’&- o\’[ﬁ:’ffs"v‘f L
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glacier, mean elevation, accumulation sources and distance to the mountain ranges watershed and climate divide. Celumbra

Glaciemin2015 is one-efthe37Teference ghactersused-by the WGNMST ‘
'P\t\f (F( ‘K!-AA‘AC- 55(""’“} N Evjd AV

= 69 = T S ] ) ]
NCGCP measyrés conditions on a glacier near the timg-of minimal mass balance Iat the end of the water year, using a fixed

Sane ic
CAE-USHIE s from late July to mid-August and

again in laté September-early October near the end of the ablation season. Any additional ablation that occurs after the last

wn
o
=4
[¢]
g
(0]
==
o
o

visit to a glacier is measured during the subsequent hydrologic year. The methods are reviewed in detail by Petto(+996~

H007)-Peits and Riedel200H); PET(2008)and Pelto and Brown (2012).
10 NEGEPmEnds emphasize-suiface-mass-bata
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range hanbussahwamiet +0.10-0.15 ma™ (Pelto, 2000).
15 4.0 Results:

4.1 Annual Mass Balance

Glaciers in the North Céscades exhibit consistent Ba responses to climate from year to year (Pelto and Riedel, 2001; Pelto

most years, all

- g . and Brown, 2012). Figure 3 illustrates the closely correlated pattern of Ba fluctuations from 1985 to 2015.
N

A p— - . . . .
nj glaciers respond in step with each other to variations in winter retaiiied STTOWpacK and summer temperature. There is a mean

)

&20 annual range of 0.8 m from the maximum to the minimum Ba in a given year, but the inter-annual trend is the same for each
7 glacier{ This regional response is indicated by the high cross correlation values of Ba between individual glaciers rapgi

ff"ﬁ/m‘ﬂ i 2010).) Data for 2013-2015 has not been finali South Cascade lacier; hence the comparison period
o | W) do eA'B\cﬂuLu povid D12 duste 7
s
oo
M‘”‘h The mean Ba has been -0.54 ma™' for the 1984-2015 period on the glaciers monitored annually, ranging from a maximum of
' 7 -0.44 ma” to a minimum of -0.67 ma he mean Ba, -0.54 ma™' for North Cascade glaciers during the 1984-2015
period is quite similar to the WGMS giobal reference glacier mean Ba of 0.56 n (Flgure 6)(WAGMS, 2017) The mean
g QCH? cumulative mass balance loss has begfl -17.2 m w.e, which is a 19-20 m of glacie lost. North Cascade glacier
average thickness ranges from 3 ost et al, 1971; Pelto and Hedlund, 2001; Finn et I, 2012¥. Thus, at least 30° ’ojof
No+ the volume of these glacig cerf lost since 1984. Observations by the USGS at W

cooJJmu 2! L 5 neadr o b
%\PW' - ot Pa - " cded Qm?‘

2cagl.
cgact-
S&Wis WJ%\M &LMI_J

98 between each glacier pair, including the South Cascade Glacner monitored by the USGS fTable 2) Mais

bl arce
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mean Ba from 1984-2012 is -0.75 ma' on South Cascade Glacier, 0.21 ma" more negative than the glaciers we monitor.

outh Cascade Glacier had a much less negative mean Ba of -0.15 ma™' from 1956-1975 (Krimmel, 2001). \4 - ‘}__
: Wy i
4.3 Accumulation Area Ratio 7 él ,d
A@Pm : skl c\%

At regional scales and on specific_glacfers there are two common Xies for assessing mass balance witfout detailed (/4
7o

observations. They are the and equilibrium line altitude”(ELA) both can be derived from-Satellite imagery or EI,A

photographs (@strem, 1973; Racoviteanu et al, 2008). The”ELA is the elevation at which ablatitn equals accumulation, on

temperate alpine glaciers this is coincident with th at the end of the melt season. The ELA is not typically an easily ?

-

discernible line or elevation on North Cascades glaciers, due to variability of snow acgdmulation from impacts of wind and "{;.}{»-{—L,
)

'n this case (Pelto and Brown,

2012). Rabatel et al (2008) and Dyurgerov (1996) developed methods to derive mass balance from long term AAR L EWJ}"
g L

avalanche redistribution. AAR is a more accurately determineg parame

observations. The AAR-Ba method has proven reliable for annual balance estimates (Hock et al., 2007; Racoviteanu et al,

2008; Pelto and Brown, 2012). A comparison of annual AAR and Ba observations in WGMS (2007; 2009) indicate a
REE. yi

correlation coefficients ranging from 0.70-0.92 for fifteen glaciers with at least 10 years of recon®.” 'he World Glacier P‘( '

Monitering Service (WGMS) has adopted the reporting of AAR with mass balance values (WGMS, 20’(}7, 2009) and plotting '

the relationship for each glacier. A combination of AAR observations and Ba measurements from 1984-2015 on North

Cascade glaciers provides an opportunity to assess the re:l;jonsh[ﬁfo each glacier and the variability between glaciers.

. - '7 §

Hovo was AP, estimded ~ aes 2108, mgfs ! MelertPoctsqpl O (s 7

The AAROQ value is the AAR for a glacier with an equjltbrium mass balance (Meier and Pogt, 1962). Braithwaite and Muller

. The mean AARO reported for Bg;'}'

89 temperate alpine glaciers to the WGMS was 0.57 (WGMS, 2007: WGMS, 2009). Theobserved AARO on North Cascade T\U{"

p P

glaciers ranges from a low of 0.60 on Ice Worm .67 on Easton Glacier. The regression line from the plot of the C{.u

Y# " QSHMGM and Ba for the ten North Cascade glaciers indicates a nfean AARO of 0.64 and a correlation coefficient of 0.89 between b\

Lo

&y,v\ L2114.3 Annual Mass Balance 2015

‘t'? 25 Th (s A C_l_eaf- D your desenbl, Z%

30

AAR and Ba (Fig. 4 and Fig. 5). lﬂ_*&\ﬁli/\"oauu 0!..'%!_
Rz \H/\QQUL \/\pf“'v-’ Yeos™ & Bz 0

5™ when the automatic weather station and discharge station were installed adjacent to Sholes Glacier the Jﬂ(,

On June 15
snowpack was similar to typical early August snowcover. On Sholes Glacier the AAR fell from 0.55 on July 9™ t0 0.00 on "C{ﬂ’i
Sept. 9. In early August the AAR was below 0.10 in on all glaciers except for Easton Glacier Eigure (7, 8 and 93y This was >

ou
the first year since monitoring began in 1984 that the AAR in early August was below 0.25.7)The Tesult was exposure of

. V& a
examined the AAR was 0.00
SL}LSW{

on seven glaciers, 0.05 on Rainbow Glacier and 0.26 on Easton Glacier. This indicat e lack of a significant accumulation

older firn layers and a general decrease in albedo. In 2015 of the nine glaciers where Ba w




zone in 2015 for all but Easton Glacier. The mean 2015 AAR of 0.03 is significantly less than the previous low of 0.16 in

2005 and the 1984-2015 mean of 0.53.
- oo ol

In 2015 the mean Ba o _ ciers. North Cascade glaciers examined and reporting to the WGMS was -3.19 m, 2.65 m
below the long term mean. The second most negative year for Ba was -2.84 m in 2005; no other year exceeded -2 m. The
W(ﬁ% mean Ba 2015 data for WGMS reference glacier network is -1.12 m w.e., the second most negative to 2003 (WGMS, 2017). %n
The mear@ of all WGMS reporting glacier in 25}157was -1.04 m. of the 11 glaciers globally reporting a loss of more than

3 m, nine were in the state of Washington, includiﬂg. in addition to the NCGCP glaciers Eel Glacier in Olympic National

Park and Noisy Creek Glacier in North Cascades National Park reported by the National Park Service (WGMS, 20177, Of
10 the WGMS reference glacier network Columbia Glacier had the most negative balance of any glacier. The Ba continues to
trend negatively, both globally and in the North Cascades indicating that instead of approaching equilibrium as the glaciers

retreat they continue to be in disequilibrium with current clima

ﬁthe total glacier volume in a single year. ’Bc&:}\ OJ\Q! Uiy

S mass alatce oss represents the loss of 5%

C

15 5.0 Climate Correlations

Examination of Pacific Northwest glacier mass balance for the full period of research for NCGCP and USGS benchmark
glaciers indicate that winter"balance fluctuatiofis-of maritime glaciers dominated the Ba fluctuations (Josberger et al, 2007).
Lookiﬁg at the full period of record 1984-215it i5 apparent that summer balances of the bénchmark glacieré have become
more negative during recent years, a result ofswdrmer and drier summers, summer balance and have taken on a greater role in

Faue?

.20 determining Ba (Josberger et al, 2007).

2 1%
itz and Battisti (1999) noted the importance of PDO and MEI-ENSO to glaciers in the region, with*PDO having a greater

influence during the 1960-1995 period. Josberger et al (2007) suggested that there was a decoupling of winter balance and

the PDO for the benchmark glaciers in the Pacific Northwest. They used three time periods, 1966-2004, 1966-1988 and

11989-2004, and found a significant change in the relationship between the PDO and the winter balances

Glacier, but less so for South Cascade Glacier,/Here we use two periods 1984-1998 and 1999-2014 comparing annual mass
. d —— e ' v
an October-September MEI-ENSO.

balance for each glacier to the PDO index for October-April (winter) and the annual 1
During the first period the mean correlation was -0.34 for winter PDO and -0.59 for MEI}ENSO. During the latter period the
mean correlation increased .54 for winter PDO and -0.66 for MEI-ENSQ. The/innual MEI-ENSO index remains a
30 better indicator of annual masg balance in the North Cascade Range than wintef PDO. The annual PDO index has a
significantly”Tower relation tq annual balance than winter PDO. The corpefation between the cumulative mass balance
records of glatiers-i it alpine glaciated regions around the glgbé, indicate the global climate signal is the dominant

driver of mass balance losses (Zemp et al., 2015).
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Figure 4. Relationship between annual balance and accumulation are ration on North Cascade glaciers.
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Figure 6. Cumulative mass balance for North Cascade glaciers observed by NCGCP and the WGMS Global reference glacier
group.
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