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Abstract. North Cascade glacier annual balance measuredNorth Cascade glaciers from atmospheric circulation indices

on 10 glaciers from 1984—-2006 yielded mean annual balancef the Pacific Basin? This paper is the first step in approach-

(b;) of —0.54m/a, and-12.38 m cumulatively. This is a ing the problem of glacier mass balance forecasting. Many

significant loss for glaciers that average 30-60 m in thick-papers have focused on modelling glacier mass balance from

ness, 20-40% of their entire volume. Two observed glaciersclimate records, but this has limited utility for water resource

Lewis Glacier and Spider Glacier, no longer exist. management purposes, as the calculation postdates the hy-
The kL, of North Cascade glaciers is reliably calculated, drologic year.

correlation coefficient 0.91, using 1 April snowpack wa-  The North Cascade region contains more than 700
ter equivalent and ablation season temperature. Utilizingg|aciers, which cover 250 kfrand range in elevation from
b, from 10 glaciers 1984-2006 and net balancg) foom  1500-2500m (Post et al., 1971). During the 1984—2006
South Cascade 1960-2005, a set of forecast rules for glacigferiod all 47 observed glaciers have been retreating (Pelto,
mass balance were derived utilizing October—April Pacific 2006). The importance of monitoring glacier mass balance
Decadal Oscillation and Multivariate EI Nino Southern Os- yas recognized during the International Geophysical Year
cillation index values. The forecast rules prOVide a CorrECtin 1957. A series of benchmark g|aciers around the world
assessment in 41 of the 46 years for South Cascade Glacigfere chosen where mass balance would be monitored. This
and 20 of 23 years for NCGCP glaciers. Glacier annual balmetwork has proven valuable, although coverage within any
ance forecasting is an important step for summer water reregion is sparse. For example, there is just one benchmark
source management in glacier runoff dominated stream sysgjacier (South Cascade Glacier) in the lower 48 United States
tems. T_he forecast for North Cascade glaciers in 2007 is foiith ongoing measurements. Regional variation in glacier
a negative b. mass balance is due to variation in geographic characteristics
such as aspect, elevation and location with respect to prevail-
ing winds. No single glacier is representative of all others.
1 Introduction Therefore, to understand the causes and nature of changes in
glacier surface mass balance throughout a mountain range,
Glaciers have been studied as sensitive indicators of climatéf IS nécessary to monitor a significant number of glaciers
for more than a century. Glacier behavior integrates wa-(Fountain et al., 1991). The North Cascade Glacier Climate
ter and energy balance factors to exhibit a maximum cli-Project (NCGCP) was founded in 1983 to monitor glaciers
mate change signaling effect (IPCC, 1996). The North casthroughout the range and |den_t|fy the res_ponse_of North Cas-
cades climate is known to be sensitive to inter-annual and@de Range, Washington glaciers to regional climate change.
decadal fluctuations in Pacific Basin climate (Walters and!n 1983 the NCGCP selected for a long term annual balance
Meier, 1989; Hodge et al., 1998; Pelto and Hedlund, 2001:Monitoring 10 gIaC|er.s representing each part_of the range
Bitz and Battisti, 1999). How reliably do North Cascade and each type of glacier (Pelto, 1988). The glaciers represent

glaciers record climate? Can we forecast annual balance d} fange of geographic conditions (Table 1). Annual balance
has been continued on the 8 original glaciers that still exist,

Correspondenceto: M. S. Pelto two have disappeared, Lewis and Spider Glacier, the latter
(mspelto@nichols.edu) on the north flank of Chiwawa Peak. No relict glacier ice
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14 M. S. Pelto: Glacier annual balance measurement, prediction, forecasting

Table 1. The geographic characteristics of the ten glaciers where annual balance is being monitored annually. Accumulation sources: wind
drifting=WD, avalanche accumulation=AV, direct snowfall=DS.

Glacier Aspect Area  Accumulation From Elevation (m)
(km?) divide
Columbia SSE 0.9 DS, DW, AV 15kmwest 1750-1450
Daniels E 0.4 DS, WD 1km east 2230-1970
Easton SSE 2.9 DS 75kmwest  2900-1700
Foss NE 0.4 DS At divide 2100-1840
Ice Worm SE 0.1 DS, AV 1km east 2100-1900
Lower Curtis S 0.8 DS,WD 55km west 1850-1460
Lynch N 0.7 DS,WD At divide 2200-1950
Rainbow ENE 1.6 DS,AV 70km west  2040-1310
Sholes N 0.9 DS 70kmwest 2070-1630
Yawning N 0.3 DS At divide 2100-1880
2 Methods

122°0'0"W 121“?’0“W
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: Annual mass balance measurements are the most sensitive
- — indicator of short-term glacier response to climate change.
Annual mass balance is the difference between accumulation
of snow and ice in winter and loss of snow and ice by ablation
in summer. It is typically measured on a fixed date near the
end of the water year, beginning 1 October and ending 30
September.

NCGCP methods emphasize surface mass balance mea-
surements with a relatively high density of sites on each
glacier 100 sites/kri), consistent measurement methods,
applied on fixed dates, and at fixed measurement locations
(Pelto, 1996; Pelto and Riedel, 2001). Glaciers monitored

a500N A O | @ WeatherStation | Lasroow in this program do not lose significant mass by calving or
3 \ ;:?‘:TLLS' avalanching, thus changes observed are primarily a function
m—— of winter accumulation and summer ablation on the glacier's
; zz:)]\w 0.1000 | surface.
@ 0.1001-1.0000 NCGCP essentially measures conditions on a glacier near
8 o the time of minimal mass balance at the end of the water
— year, using a fixed date method. This is known as annual
e balance (Mayo et al, 1972; Pelto, 1997). Measurements are
M. made at the same time each year in July-August and again
prs v = in late September near the end of the ablation season. Any
additional ablation that occurs after the last visit to a glacier
Fig. 1. Regional locator map showing glaciers discussed. is measured during the subsequent hydrologic year. Annual

balance can be determined with this approach because win-

ter and summer balance quantities, not measured prior to the
remains in the Lewis Glacier basin, and the largest relict iceNCGCP field season, cancel each other (Pelto and Riedel,
is 0.006 kn? for Spider Glacier. In 1990, Easton Glacier and 2001). Net balance in contrast,jlis defined as the change
Sholes Glacier were added to the annual balance program tebserved on a glacier’s surface between successive balance
offset the loss. minimums (Mayo et al., 1972).

This paper focuses on data from this twenty-three year Detailed descriptions of NCGCP methods have been doc-
mass balance program and a 47 year record from the regionalmented in (Pelto, 1996, 1997, 2000; Pelto and Riedel,
benchmark glacier, South Cascade Glacier monitored by th2001). The use of a high measurement density and consistent
USGS (Krimmel, 2000; Bidlake et., 2007). methods provides that errors resulting from an imperfectly

The Cryosphere, 2, 13-21, 2008 www.the-cryosphere.net/2/13/2008/
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Fig. 2. The k, of North Cascade glaciers ang lor South Cascade glacier 1984—-2006, records for individual glaciers are difficult to
distinguish due to the consistently high correlation between glaciers.

representative measurement network are largely consisten North Cascade Glacier Cumulative Annual Balance
and correctable (Pelto, 2000).

2
0 |
3 Results and discussion 2 T
N M\l\ =\ o= |

The cumulative balance trend, for the 10 NCGCP glaciers g LN
indicate an increasing trend of negative mass balance. Theg g =
trend has become more negative and the interannual varia .10 h
tion has increased. The mean annual balance from 1984 t¢ .12 \'\‘
2006 on North Cascade glaciersi§.54 m/a (Table 2). The B S —
cumulative balance is-12.38 m, equal to an ice thickness g 8 8 83 8 3 &8 &8 8 5 & &

- - - - - = -~ - N N N N

loss of at least 14 m (Fig. 3). Given a mean thickness of 30—
60 m the mass loss is a 20—40% loss in total glacier volume.
The increase in negative balance during a period of substan-, 3. Cumulati bal d of North C de alaci
tial retreat, suggests that the current retreat is insufficient forF'g' - ~umualive mass balance record otivorth f.ascade glaciers,

. . . . 1984-2006, in meters of water equivalent. The increasingly nega-
the glaciers to approach equilibrium. Glacier retreat during

. . . . tive trend is evident.
a period of fixed climate would increase mass balance as a

glacier approached equilibrium. balance of a particular glacier. For example a huge avalanche
Cross correlation of annual balance and net balance datgescended onto the Columbia Glacier in 2002 resulting in the
from NCGCP and USGS programs support the comparisornost positive b of any glacier. In 2003, snowpack depths
of the two data sets. Correlation coefficients between glaciergvere below normal on all glaciers except above 2200 m on
using the different field methods range fre#¥0.79t0 0.92  Easton Glacier, and it had the least negatyje b
(Table 3). South Cascade Glacier has the largest negative bal- The |oss in volume represents an extensive thinning, which
ance, and has had the most significant retreat of this group ifas led to significant retreat of each glacier. This resulted in
the last 20 years. The extensive retreat further supports thahe final loss of Spider and Lewis Glacier. The Foss Glacier
its mass balance has been more negative. Annual data frognd Ice Worm Glacier have lost more than 30% of their total
the eleven glaciers demonstrate the high degree of correlagrea since 1984 changing their character substantially, nei

tion (Fig. 2; Table 3). The linear trends overlap consistentlyther glacier will persist long with the current climate.
enough that picking out an individual glacier record is diffi-

cultin Fig. 2, indicating the similarity in sensitivity to annual

climate conditions. There is a substantial annual range fromi Modeled versus measured annual balance

maximum to minimum p values averaging 0.75 m. however

the variation from year to year is remarkably similar for all NCGCP has a temporally long enough glacigrrbecord to
glaciers. Some years peculiarities occur that alter the annudle contrasted meaningfully with climate data and climate

Years

www.the-cryosphere.net/2/13/2008/ The Cryosphere, 2, 13-21, 2008



16 M. S. Pelto: Glacier annual balance measurement, prediction, forecasting

Table 2. The annual balance of the 9 NCGCP, and net balance for South Cascade Glacier from the USGS study (Krimmel, 2000; Bidlake et
al., 2007) in waterequivalent meters.

Glacier Columbia  Daniels Easton Foss |.Worm L.Curtis Lynch  Rainbow Sholes Yawning Scascade
Year NCGCP NCGCP NCGCP NCGCP NCGCP NCGCP NCGCP NCGCP NCGCP NCGCP USGS
1984 0.21 0.11 0.51 0.86 0.39 0.33 0.58 0.09 0.12
1985 -0.31 -0.51 —0.69 —-0.75 —0.16 -0.22 0.04 -0.23 —-1.20
1986 -0.20 —0.36 0.12 —0.45 -0.22 —-0.07 0.20 —-0.10 —-0.61
1987 —0.63 —0.87 —0.38 -1.39 —0.56 —0.30 —0.26 —0.47 —2.06
1988 0.14 -0.15 023 -0.24 —0.06 0.17 0.43 —0.06 —-1.34
1989 —0.09 0.37 0.09 -0.67 -0.29 0.03 —-0.24 -0.19 —-0.91
1990 —0.06 —0.68 —0.58 -0.27 —0.92 -0.51 -0.12 —0.46 -0.32 —-0.32 -0.11
1991 0.38 —-0.07 0.41 0.30 0.63 0.04 0.36 0.44 0.48 0.23 0.07
1992 -1.85 -1.70 -1.67 -1.92 —-2.23 -1.76 —-1.38 —-1.65 —1.88 —2.06 —-2.01
1993 —0.90 —0.83 —1.01 -0.73 —1.02 —0.48 —0.62 —0.80 —0.96 —0.66 -1.23
1994 —0.96 —0.45 —0.92 —0.68 -1.23 —0.55 —0.40 -0.72 —0.88 —0.62 —1.86
1995 —-0.45 0.24 -0.31 0.31 047 -0.21 0.18 —0.20 -0.25 —0.26 —0.69
1996 —0.62 0.45 0.22 0.34 0.57 -0.18 0.53 0.12 0.06 0.34 0.10
1997 0.35 0.88 0.53 0.50 0.76 0.27 0.62 0.51 0.42 0.50 0.63
1998 —-1.46 -1.82 -1.87 —-1.95 —1.64 —-1.38 -1.97 —-1.49 —1.56 —2.03 —-1.60
1999 1.75 1.52 1.61 1.56 2.15 1.55 1.45 1.84 1.76 1.63 1.02
2000 0.40 -0.25 —0.10 —0.10 —0.33 —0.25 -0.24 0.15 -0.08 —0.18 0.38
2001 —1.52 —-1.75 —-1.93 —-1.92 —-2.15 —1.88 —-1.82 -1.71 —-1.83 —-1.94 —1.57
2002 0.60 —-0.18 0.18 0.10 0.05 0.13 -0.13 0.12 0.21 0.26 0.55
2003 -1.17 —-1.52 —0.98 -1.35 —1.40 -1.25 -1.20 —0.98 -1.12 —-1.85 —-2.10
2004 -1.83 —-2.13 —1.06 —-1.94 —2.00 -1.51 —1.98 -1.67 —1.86 —-1.78 —1.65
2005 -3.21 —2.90 —2.45 -3.12 —2.85 —2.75 —2.62 —2.65 —2.84 -3.02 —2.45
2006 —0.98 -1.25 -0.79 —1.02 -1.35 —1.06 —1.05 —0.61 -0.71 —0.93
Table 3. Cross correlation of mass balance on North Cascade glaciers, range from 0.79-0.99.
Columbia Daniels Easton Foss Ice Lower Lynch Rainbow Sholes Yawning
Worm  Curtis

Daniels 0.90

Easton 0.90 0.89

Foss 0.94 0.97 0.93

Ice Worm 0.89 0.95 0.93 0.94

Lower Curtis 0.96 0.95 0.94 0.97 0.94

Lynch 0.93 0.98 0.90 0.98 0.93 0.95

Rainbow 0.96 0.94 0.95 0.97 0.98 0.98 0.96

Sholes 0.94 0.96 0.94 0.98 0.97 0.98 0.97 0.97

Yawning 0.97 0.95 0.94 0.98 0.97 0.98 0.96 0.99 0.98

South Cascade 0.85 0.84 0.89 0.82 0.87 0.81 0.79 0.81 0.85 0.92

indices. The two key climate variables are ablation seasommonths, and with 1 April snow water equivalent (SWE) at
temperature and accumulation season precipitation (Fig. 4)ive United States Department of Agriculture (USDA) Snow-
We examined ablation season temperature for five regiongback Telemetry stations (SNOTEL) stations; Rainy Pass, Ly-
weather stations and for two different month combinationsman Lake, Stevens Pass, Miners Ridge and Fish Lake. The
(May—-September and June—September) and found the Didest correlation is with 1 April SWE. 1 April is near the
blo Dam record for June—September provides the best corsnowpack maximum for most of the SNOTEL sites (Mote,
relation with . For accumulation season precipitation, 2003).

annual balance was correlated with precipitation at Dia-

blo Dam and Concrete WA for differing combinations of In Fig. 4, 1 April SWE has declined by 25% at

these stations since 1946, while winter season precipitation

The Cryosphere, 2, 13-21, 2008 www.the-cryosphere.net/2/13/2008/
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Fig. 4. 1 April SWE at five USDA Snotel stations and ablation season temperature (June—September) at Diablo Dam from 1946—2006. This
illustrates the 0.8C ablation season (June—September) warming and 25% decline in 1 April SWE.
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Fig. 5. Scatter plot and linear regression of ablation season tempera-

ture (June—September) at Diablo Dam and measured annual balan&dd- 6- Scatter plot and linear regression line between mean 1 April
of North Cascade glaciers for the 1984—2004 period. SWE at five USDA SNOTEL stations and measured annual balance

of North Cascade glaciers for the 1984—-2004 period.

(November—March) has increased 1-3% at Concrete and Ebt . .
) . : ined to calculate annual balance. The resulting equation
Diablo Dam, the most reliable long term weather stations.

. o . . . requires as input only the mean June-September tempera-
Mote (2003) in examining 40 stations in the Washington and : !
British Columbia noted that substantial declines in SWE co-ture at Diablo Dam (T) and the mean 1 April SWE () at the

o L . o SNOTEL stations. This calculation was also performed us-
incide with significant increases in winter temperature, and. : . .
. . . L L ing multiple linear regression. The value of r between the
occur in spite of increases in winter precipitation. . i
In Figs. 5 and 6, bis plotted against ablation season tem calculated and measured Is 0.91 for multiple regression.
PR, . : Equation (1) is appropriate if the variables are independent.
perature at Diablo Dam and 1 April SWE respectively. The g @) pprop P

resulting linear regression equations were then simply comb, = 7.03048— 0.614959T+ 2.219146s )

www.the-cryosphere.net/2/13/2008/ The Cryosphere, 2, 13-21, 2008
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Fig. 7. Scatter plot of calculated versus measured annual balanc¢he negative phase cool ocean water is found off the north-
on North Cascade glaciers 1984-2006. Annual Balance calculategyest coast and cooler temperatures across the Pacific North-
using multiple regression from Eq. (1) with 1 April SWE and June— west (Mantua et al., 1997). In the past century: “cool” PDO
September T. regimes prevailed from 1890-1924 and again from 1947—
1976, while “warm” PDO regimes dominated from 1925—
1946 and from 1977 through the present (Mantua et al.,

Figure 7 has the calculated versus measured annual balani%w) It had been postulated in the late 1990's that a neg-

o e e s e g DO ghase mey have ben Legiming, howeve P00
P ) b P continues to be dominantly positive through 2006. (data

reasonable results indicates the close connection between the . o .
regional climate conditions and the mean annual balance ofouree. htte.lljlsao.washlngtpn.gdu/pdo/PDO.Iatest). .
North Cascade glaciers. The EI Nifio/Southern Oscillation (EN_SO)_phent_)me_non is
the most observable of the atmospheric circulation indices
that lead to year-to-year climate variability. ENSO positive
5 Mass balance forecasting from climate indices events (El Nino) herald abnormally warm sea surface temper-
atures (SST) over the eastern half of the equatorial Pacific.
A number of papers have examined the relationship of Pacifid-a Nifia, is the opposite phenomenon, indicative of abnor-
Northwest glacier mass balance to atmospheric circulatiormally cold SST in the eastern half of the equatorial Pacific.
indices (McCabe and Fountain, 1995; Hodge et al., 1998ENSO is an east-west atmospheric pressure see-saw that di-
Bitz and Battisti, 1999; Pelto and Miller, 2003). They have rectly affects tropical weather around the globe and indirectly
shown that these glaciers correlate with the Pacific Decadalmpacts a much larger area (Wolter and Timlin, 1998). The
Oscillation (PDO) and Multivariate EI Nino Southern Oscil- ENSO multivariate index used here is based on the princi-
lation Index (ENSO) particularly over a multi year period pal observed climate variables over the tropical Pacific. The
(McCabe and Fountain, 1995; Bitz and Batisti 1999; Hodgeindex is a weighted average of the main ENSO features con-
et al., 1998). Variations in the PDO and ENSO accountedtained in the following six variables: sea-level pressure, the
for 42% and 20% of the variance in annual mass balance reeast-west and north-south components of the surface wind,
spectively of South Cascade Glacier (Bitz and Batisti, 1999).SST, surface air temperature, and total amount of cloudiness
The variances indicate the importance of each index, yet nei¢Wolter and Timlin, 1998)(data sourcehttp://www.cdc.noaa.
ther ENSO or PDO are well enough correlated with annualgov/people/klaus.wolter/MEl/table.html). Sustained positive
balance to provide any reasonable predictive or forecastingalues of this ENSO index often indicate El Nino episodes.
ability (Fig. 8) (Pelto and Miller, 2003). The? value is 0.16  These positive values are usually accompanied by sustained
between PDO and,band 0.52 between ENSO angl for the warming of the central and eastern tropical Pacific Ocean.
1984-2005 period. Negative values of this ENSO index are associated with
The PDO Index is the leading principal component of stronger Pacific trade winds and warmer sea temperatures to
North Pacific monthly sea surface temperature variability,the north of Australia (Wolter and Timlin, 1998).
poleward of 20N (Mantua et al., 1997). During the posi- The positive phase spatial patterns are very similar for
tive PDO phase warm weather is favored in the Pacific alongboth indices and it is postulated that they reinforce each
the northwest coast and over the Pacific Northwest. Duringother substantially when in phase (Gershunov et al., 1999).

The Cryosphere, 2, 13-21, 2008 www.the-cryosphere.net/2/13/2008/


http://jisao.washington.edu/pdo/PDO.latest
http://www.cdc.noaa.gov/people/klaus.wolter/MEI/table.html
http://www.cdc.noaa.gov/people/klaus.wolter/MEI/table.html

M. S. Pelto: Glacier annual balance measurement, prediction, forecasting 19

Table 4. The columns are respectively: Mean value of winter PDOW (October—April). Winter ENSOW (October—April). Glacier net balance
b, — SC from South Cascade Glacier 1960—-2005. Glacier annual balgfid€ lior the 10 NCGCP glaciers (1984—2006). The relative phase:
positive,>0.2 (p), negativex—0.2 (n) and equilibrium-0.2 to 0.2 for equilibrium (e), for PDOW, ENSOW indices and glacier net balance

and annual balance (bn-ba) respectively. The number of the rule utilized from Sect. 5. Lastly if the rule correctly yields the annual balance
in terms of negative, equilibrium or positive it is noted by a yes, if not a no for both bn-ba. The rule is correct in 41 of 46 years for the South
Cascade Glacier for which the model was designed. The rule is correct in 20 of 23 years for the North Cascade Glacier Climate Project
glaciers.

Year PDOW ENSOW bn-SC Ba-NC PDOW ENSOW bn-ba Rule# Result

1960 0.34 -0.17 -0.50 p e n 3 yes
1961 0.30 —-0.23 -1.10 p e n 3 yes
1962 -1.64 -0.79 0.20 n n p 2 yes
1963 -0.62 -0.71 -1.30 n n n 2 no
1964 -0.83 0.41 1.20 n p p 4 no
1965 —-0.63 —-0.64 -0.17 n n e 2 yes
1966 —-0.42 1.06 -1.03 n p n 4 yes
1967 -0.73 —-0.52 -0.63 n n n 2 no
1968 —-0.54 —0.68 0.01 n n e 2 yes
1969 -0.74 0.54 -0.73 n p n 4 yes
1970 0.78 0.34 -1.20 p p n 1 yes
1971 -1.44 —1.38 0.60 n n p 2 yes
1972 —-1.56 —-0.74 1.43 n n p 2 yes
1973 -0.27 141 -1.04 n p n 4 yes
1974 -1.10 -1.70 1.02 n n p 2 yes
1975 -0.45 —-0.85 -0.05 n n e 2 yes
1976 —-1.40 —1.55 0.95 n n p 2 yes
1977 1.05 0.49 -1.30 p p n 1 yes
1978 0.34 0.81 -0.38 p p n 1 yes
1979 -0.16 0.29 -1.56 e e n 6 yes
1980 0.70 0.75 —-1.02 p p n 1 yes
1981 0.87 0.15 -0.84 p e n 3 yes
1982 0.31 —0.07 0.08 p e e 3 yes
1983 0.87 2.68 -0.77 p p n 1 yes
1984 1.38 —0.07 0.12 043 p e e-p 3 yes-yes
1985 0.73 -045 -120 -037 p n n-n 5 yes-yes
1986 0.91 -0.15 -0.61 -014 p e n-e 3 yes-yes
1987 1.78 129 -206 -0.63 p p n-n 1 yes-yes
1988 1.23 0.98 -1.34 0.07 p p n-e 1 yes-no
1989 -0.52 -116 -091 -022 n n n-n 2 no-no
1990 -0.30 0.26 -0.11 -044 n e e-n 2 yes-no
1991 -1.37 0.33 0.07 0.33 n e e-p 2 yes-yes
1992 0.40 161 -2.01 -178 p p n-n 1 yes-yes
1993 0.66 080 -1.23 -0.82 p p n-n 1 yes-yes
1994 1.05 052 -160 -0.75 p p n-n 1 yes-yes
1995 -0.50 099 -069 -0.02 n p n-e 4 yes-yes
1996 0.59 —0.48 0.10 0.17 p n e-e 5 yes-yes
1997 0.28 —-0.20 0.63 054 p e p-p 3 no-yes
1998 1.30 246 -186 -168 p p n-n 1 yes-yes
1999 -0.58 —0.93 1.02 169 n n p-p 2 yes-yes
2000 -1.16 —-0.95 038 —-0.09 n n p-e 2 yes-yes
2001 -0.04 —-0.48 -157 -183 e n n-n 6 yes-yes
2002 -0.67 —0.05 0.55 0.12 n e p-e 2 yes-yes
2003 1.51 091 -210 -122 p p n-n 1 yes-yes
2004 0.54 034 -165 -178 p p n-n 1 yes-yes
2005 0.39 065 —-245 -282 p p n-n 1 yes-yes
2006 —0.08 —-043 -098 -098 e n n 6 ?-yes
2007 -0.07 0.84 e p ? 6 ?-?
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Both indices favor anomalously warm sea surface tempera- The rule is correct in 41 of 46 years for the South Cascade
tures near the equator and along the coast of North AmericaGlacier. The rule is correct in 20 of 23 years for the North
and anomalously cool sea surface temperatures in the centr@lascade Glacier Climate Project glaciers. These rules pro-
North Pacific (Mantua et al., 1997; Gershunov et al., 1999). vide us with the capability to forecast glacier annual balance
Correlation of annual balance and PDO and ENSO atmo-given winter PDO and ENSO values. Given the neutral na-
spheric circulation indices was used to determine the util-ture of the PDO and a positive ENSO value in the winter of
ity for forecasting glacier mass balance from the PDO and2007, it is forecast as of 1 May that North Cascade glacier
ENSO (Pelto and Miller, 2003). Mass balance records fromannual balance will be negative in 2007.
South Cascade Glacier (Krimmel, 2000; Bidlake et., 2007)
and NCGCP glaciers were utilized separately. The goal was
forecasting mass balance as early as possible during the hy Conclusions
drologic year. Thus, various combinations of months were
used. The best fit was for October-April for both indices. Data from the USGS, and NCGCP glacier monitoring pro-
This allows forecasting in May. Table 4 displays the b grams both indicate that the long-term trend for North Cas-
balance of South Cascade Glacier, the meanftNCGCP  cade glaciers continues to be strongly negative, despite a
monitored glaciers, and the October—April mean index val-slightly positive trend for most glaciers from 1996-2000
ues. Each index is a critical indicator for annual balance(Fig. 3). The consistently high correlation coefficients be-
that when taken alone does not predict specific annual baltween glaciers demonstrate the glaciers are responding to a
ance values reliably (Fig. 8), but when considered togetheregional climate change. There are no distinct regional vari-
do provide an assessment of whether mass balance will bations within the range. The glaciers are in disequilibrium
positive or negative. In much the same way that the seasonavith the present climate as indicated by the mean annual bal-
forecast for the number of hurricanes is determined from aance loss 0f-0.54 m/a, a cumulative loss 6f12.38 m, 20—
suite of indicators, this seems to be the most reasonable agt0% of their entire volume and increasing negative balances
proach for glacier mass balance forecasting. Six forecastinglespite retreat (Pelto, 2006)
rules are developed that can be applied to 47 possible years The combined mean annual balance of the ten glaciers
1960-2006 examined. Rule 3 and Rule 4 differ for NCGCPcan be reliably calculated using ablation season temperatures
glaciers and South Cascade Glacier. The forecast rules prdrom Diablo Dam and 1 April SWE from SNOTEL stations.
vide a correct assessment in 41 of the 46 years for Soutlif the annual balance is calculated for individual glaciers the
Cascade Glacier and 20 of 23 years for NCGCP glaciers. errorincreases appreciably. This indicates the strong connec-
Rule 1. If both PDO and ENSO are positive, than glaciertion between regional climate conditions and each glaciers
mass balance will be negative on South Cascade Glacieannual balance.
This rule works in all 14 of the 14 years. Same for NCGCP  Though the statistical and graphical relationship between
glaciers the rule is correct in 8 of nine years. annual balance and the PDO and ENSO climate indices is not
Rule 2. If PDO is negative and ENSO is equilibrium or quantitatively strong, both are a key influence of annual bal-
negative, mass balance will be equilibrium or positive onance (Table 4). This is demonstrated being able to correctly
South Cascade Glacier. This rule is successful in 13 of 1Gorecast the sign of annual balance in 42 of 47 years simply
years. Same for NCGCP glaciers, and is successful in 9 oby applying six forecasting rules using October—April PDO
10 years. and ENSO index values. As predictors of glacier mass bal-
Rule 3. If PDO is positive and ENSO is neutral the glaciersance positive MEI values, El Nino, and warm phase PDQO'’s
will have an equilibrium or negative balance on South Cas-favor negative balances, and cool phase PDO’s and negative
cade Glacier. The rule is correctin 6 of 7 years. For NCGCPMEI values, La Nina, favor positive annual balances.
glaciers the result is positive glacier balance, and is success-
fulin 4 of 6 years.
Rule 4. If PDO is negative and ENSO is positive the References
glacier balance will be negative on South Cascade Glacier.
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