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ABSTRACT

The authors examine the net winter, summer, and annual mass balance of six glaciers along the northwest
coast of North America, extending from Washington State to Alaska. The net winter (NWB) and net annual
(NAB) mass balance anomalies for the maritime glaciers in the southern group, located in Washington and
British Columbia, are shown to be positively correlated with local precipitation anomalies and storminess (defined
as the rms of high-passed 500-mb geopotential anomalies) and weakly and negatively correlated with local
temperature anomalies. The NWB and NAB of the maritime Wolverine glacier in Alaska are also positively
correlated with local precipitation, but they are positively correlated with local winter temperature and negatively
correlated with local storminess. Hence, anomalies in mass balance at Wolverine result mainly from the change
in moisture that is being advected into the region by anomalies in the averaged wintertime circulation rather
than from a change in storminess. The patterns of the wintertime 500-mb circulation and storminess anomalies
associated with years of high NWB in the southern glacier group are similar to those associated with low NWB
years at the Wolverine glacier, and vice versa

The decadal ENSO-like climate phenomenon discussed by Zhang et a. has a large impact on the NWB and
NAB of these maritime glaciers, accounting for up to 35% of the variance in NWB. The 500-mb circulation
and storminess anomalies associated with this decadal ENSO-like mode resemble the Pacific-North American
pattern, as do 500-mb composites of years of extreme NWB of South Cascade glacier in Washington and of
Wolverine glacier in Alaska. Hence, the decadal ENSO-like mode affects precipitation in a crucial way for the
NWB of these glaciers. Specifically, the decadal ENSO-like phenomenon strongly affects the storminess over
British Columbia and Washington and the moisture transported by the seasonally averaged circulation into
maritime Alaska. In contrast, ENSO is only weakly related to NWB of these glaciers because (i) the large-scale
circulation anomalies associated with ENSO do not produce substantial anomalies in moisture advection into
Alaska, and (ii) the storminess and precipitation anomalies associated with ENSO are far to the south of the
southern glacier group.

Finally, the authors discuss the potential for short-term climate forecasts of the mass balance for the maritime
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glaciers in the northwest of North America.

1. Introduction

Previous studies on the rel ationship between the local
weather and the mass balance of glaciersin the maritime
northwest of North America indicate that the annual
changes in glacier mass balance are largely due to win-
tertime anomalies in accumulation, and the latter anom-

* Joint Institute for the Study of the Atmosphere and Ocean Con-
tribution Number 463.

Corresponding author address: Dr. C. M. Bitz, Quaternary Re-
search Center, University of Washington, Box 351360, Seattle, WA
98195-1360.

E-mail: bitz@atmos.washington.edu

© 1999 American Meteorological Society

alies are mainly due to anomalies in precipitation with
lesser contributions by anomalies in temperature (Le-
tréguilly 1988). Anomalies in the summer ablation are
only weakly correlated with the annual mass balance
for maritime glaciers (Walters and Meier 1989).
Previous studies on the relationship between climate
anomalies and the anomalies in the mass balance of the
maritime glaciers of the northeastern Pacific have pre-
sumed the predominant climate anomalies to be the Pa-
cific-North American (PNA) pattern, as defined in Wal-
lace and Gutzler (1981) (e.g., Yarnal 1984; Walters and
Meier 1989; Hodge et al. 1998), or by means of the
PNA but initiated by the El Nifio-Southern Oscillation
(ENSO; e.g., Welters and Meier 1989; Hodge et al.
1998). The studies of Yarnal (1984) and Walters and
Meier (1989) showed that the mass balance anomalies
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of the glaciers of the northeastern Pacific were indeed
related to sealevel pressure (SLP) anomaliesresembling
the PNA pattern.

Building on the early work on the PNA—ENSO re-
lationship (Horel and Wallace 1981), in which extreme
ENSO conditions in the Tropics were seen to be asso-
ciated with anomalies in the PNA pattern, Walters and
Meier (1989) postulated and found a weak relationship
between ENSO and the glacier mass balance. Using
longer data records, Hodge et al. (1998) aso found a
weak correlation between the glacier mass balance and
ENSO, with the warm (cold) phase of ENSO being as-
sociated with positive (negative) winter mass balance
anomalies on the glaciers in southeast Alaska (Wash-
ington and southern British Columbia). However, the
relationship between ENSO and the PNA isweak, asis
the relationship between ENSO and wintertime weather
anomaliesin the North American Pacific coast (e.g., see
Cayan and Peterson 1989; see also Fig. 13 of Zhang et
al. 1997). Hence, the link between ENSO and the glacier
mass balance is also weak (Walters and Meier 1989).
Hodge et a. (1998) echoed Walter and Meier’s conjec-
ture that PNA circulation anomalies in the midlatitude
circulation were responsible for the ENSO—glacier re-
lationship and that the anomalies in precipitation and
mass balance were due to changes in the storm track,
expressed by the PNA.

In this study, we reexamine the climatological factors
that regulate the mass balance of the maritime glaciers
in the northwest of North America, employing recent
results that document an organized, large-scale climate
phenomenon throughout the Pacific that occurs primar-
ily on the decadal timescale and is referred to as the
decadal ENSO-like variability whose index is known as
the global residual (GR) index (e.g., Zhang et al. 1997).
These decadal changes include anomalies throughout
the Pacific that qualitatively resemble those associated
with ENSO (Zhang et a. 1997). Other investigators
have focused their work on the decadal variability in
the midlatitude Pacific (e.g., Latif and Barnett 1994;
Mantua et al. 1997), which has come to be known as
the Pacific Decadal oscillation (PDO; Mantua et al.
1997). Crudely, the PDO is a combination of the mid-
latitude climate anomalies associated with ENSO and
the decadal ENSO-like climate phenomena; the majority
of the variance in the PDO is attributable to the Tropics
(see sections 2 and 5).

In this paper, we demonstrate that, in contrast to
ENSO, the decadal ENSO-like climate phenomenon has
a profound effect on the mass balance of the maritime
glaciers in Washington, British Columbia, and Alaska,
accounting for up to 35% of the variance in the annual
mass balance of the glaciers examined. The mass bal-
ance anomalies associated with this climate phenome-
non are related to changesin the wintertime atmospheric
circulation and, in arather surprising fashion, to changes
in the storm track in the northeast Pacific. Also in this
study, we reexamine the weather processes that are re-
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FiG. 1. Glacier locations are indicated by asterisks. Local winter-
time climate variables that are found to be significantly correlated
with anomalies in the net annual mass balance (NAB; section 3a) are
indicated by P (precipitation) and T (temperature). Plus and minus
signs indicate the sign of the correlation between climate variables
and NAB.

sponsible for the weak ENSO—glacier relationship, ar-
riving at a very different scenario from that hypothe-
sized in previous studies.

2. Datasets and methodology

Six glaciers aong the northwestern coast of North
America were used for this study based on the avail-
ability of mass balance data segmented by winter and
summer phases over several decades. The locations and
names of the glaciers are shown in Fig. 1 and Table 1.
Data from glaciers in the United States are provided by
the U.S. Geological Survey. Glacier mass balance data
used in this study are published in the Fluctuations of
Glaciers 1985-1990 (and previous volumes, Haeberli
and Hoelzle 1993) and in the Glacier Mass Balance
Bulletin 1994-1995 (and previous issues; Haeberli et al.
1996).

There are several definitions by which the changesin
a glacier's mass are measured. Measurements of the
mass balance for the South Cascade, Sentinel, Place,
and Peyto glaciers were made using the stratigraphic
system; the mass balance data for Wolverine and Gul-
kana were obtained using the water cycle, or fixed year,
system. Under the stratigraphic system, net mass bal-
ance (NB) is the net change in the mass of a glacier at
the end of the ablation season, relative to the previous
year. Under this system, the net mass balance can be
broken down into winter and summer phases, where the
winter mass balance (WMB) is the mass increase at the
end of the accumulation season and the summer mass
balance (SMB) is defined as the difference between NB
and WMB. Hence, under this system the length of a
season and the duration of a‘* mass balance year’ varies
from year to year. A second way to record mass balance
is to make measurements at fixed times of the year,



NovEMBER 1999

BITZ AND BATTISTI

3183

TABLE 1. (top) A list of the glacier locations (from Table 1 in Walters and Meier 1989). (bottom) A list of the climate indexes used in
this study (see section 2). Sources of glacier mass balance data are the U.S. Geological Survey (USGS) and the Fluctuations of Glaciers

(FOG) seridl.
Glacier Latitude Longitude Altitude range (m) Period used Source
South Cascade 48°22' 121°3'W 1600-2100 1959-95 USGS
Sentinel 49°54' 122°59'W 1550-2100 1966-89 FOG
Place 50°25' 122°35'W 1800-2600 1965-89 FOG
Peyto 51°40' 116°33'W 2100-3200 1966-89 FOG
Wolverine 60°24' 148°55'W 400-1700 1966-95 USGS
Gulkana 63°15' 145°25'W 1200-2500 1966-95 USGS
Climate
index Definition
CT A reliable index of ENSO. The SST averaged from 6°N to 6°S, 180°W to 90°W, and then high-pass filtered to remove
frequencies below 5 yr.

GR An index of decadal ENSO-like variability. The expansion coefficient of the leading EOF of global ocean SST, after a linear
fit to the CT time series is removed from the SST at each grid point.

PDO An index including both ENSO and ENSO-like variability. The expansion coefficient of the leading EOF of SST poleward

of 20°N in the Pacific Ocean.

which are chosen to be consistent with the water cycle
year. Under this measurement system, the net annual
accumulation (AAc) and net annual ablation (AAb) are
recorded to arrive at the net annual balance (AB), where
annual is defined as the average over the water cycle
year (i.e., from October to September). The AB and NB
are not equivalent variables.* However, for our purposes
we will neglect the difference and henceforth refer to
both the AB and the NB as the net annual mass balance
(NAB). The WMB and the AAc will be referred to as
the net mass balance change over winter [net winter
mass balance (NWB)]. Finally, the SMB and the AAb
will be referred to as the net mass balance change over
summer [net summer mass balance (NSB)]. The time-
series of NAB, NWB, and NSB are shown in Fig. 2.

The locations and sources of meteorological station
data used in this study are listed in Table 2. These sta-
tions were chosen for their proximity to glaciers and the
length of their records. For the period 196695, Kenai
River streamflow at Cooper Landing, Alaska, is used to
corroborate the Alaskan precipitation. Runoff from the
Kenai Mountains, where Wolverine glacier is located,
contributes to the Kenai River streamflow.

We use gridded 500-mb height fields (Z.,,) north of
30° latitude for the period 194794, taken from the Na-
tional Centers for Environmental Prediction operational
analysis (Kushnir and Wallace 1989). From this data,
we calculate monthly maps of *‘ storminess” asfollows.
At each grid point, the daily Z,, anomalies are high-
pass filtered in time using a binomial filter with weights
[14 104 1]/16, asin Rogers (1997), to select variability
in the 2-8-day range. Next, the root-mean-square (rms)
of thefiltered datais computed for each month, yielding
a map of the monthly mean storminess.

1 Walters and Meier (1989) have a more complete presentation of
the differences between these two measurement systems.

The sea surface temperature (SST) data used to cal-
culate the large-scale climate indexes, the cold tongue
(CT), GR, and PDO (Table 1), were derived from an
updated version of the U.K. Meteorological Office His-
torical SST dataset for 1900—93 (extended through 1996
with Optimally Interpolated SST from Reynolds and
Smith 1995).

The CT index is the monthly mean SST anomaly
averaged over the central and eastern equatorial Pacific
(6°S-6°N, 180°-90°W) and represents the ENSO vari-
ability, which is predominately on interannua time-
scales. The index CT is closely related to Nifio 3 and
4 and is perhaps the most reliableindex of ENSO (Deser
and Wallace 1990). Following Zhang et al. (1997), a
5-yr high-pass filter of the CT index is used in this study
to isolate the interannual ENSO signal (Fig. 3).

We employ a second SST index, the GR, which is
the expansion coefficient of the leading empirical or-
thogonal function (EOF) of global ocean SST, with a
linear fit to the CT time series for 1904—90 removed
from the expansion coefficient. Patterns of global cli-
mate anomalies associated with the GR index are found
by regressing the GR index on the global fields of the
SST, wind stress, and SLP (Fig. 4). Positive GR index
is associated with warm (cold) water anomalies in the
equatorial (northern) Pacific Ocean, anomal ouswesterly
surfacewind in the Tropics and in the storm track region,
and high pressure and warm air anomalies over northern
North America; the symmetry about the equator hints
at the equatorial origin of the GR anomalies. The GR
index (see Fig. 3) has lower-frequency variability than
the CT, and there are marked jumps in the time series
(e.g., 1940, 1976, and 1989). A complete description of
thisindex is given in Zhang et al. (1997). The patterns
associated with the GR time series displayed in Fig. 4
are decidedly similar to the patterns associated with
ENSO: anomaliesin SST, SLP, surface wind, and upper-
level atmospheric circulation (e.g., the Z,,) are found
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TABLE 2. Sources of precipitation and temperature station data

§ 4(0.63 include the National Oceanographic and Atmospheric Administration
Q 0.92 (NOAA), reports archived by the Washington state climatologists, the
8 0 \/\/\/\/\/\/\/\/\/\/\/_/\/\/ Global Historical Climatology Network (GHCN; Karl et al. 1990),
. 0.54 and the U.S. Geological Survey (USGS). Where possible, time series
D _4 \;\/\—\A/M/\/\’\M have been extended beyond 1990 with data from the World Meteo-
rological Organization.
3 4071 /\—\/\/\/\/\/J\/\ Southern Alaskan stations
g Or 0.91 v\/\/\/\/\/—/\/\ Eleva-
n tion  Period
_4L 054 \/\/—/\/\/'\/\/\ ) Name Lat Long (m) used  Source
3fF Anchorage 61°,10'N  150°,01'W 35 1959-93 GHCN
0.39 /’\/\J\/\/\//\/\ Wolverine 60°,24'N 148°55'W 990 1967-95 USGS
3 Gulkana 62°,9'N  145°.27'W 479 1959-90 GHCN
®© 0r0.76 1
o. N Western Washington stations
gL 045 W/ . ] Eleva
of " " tion  Period
0.32 /\/'\/\/\/VV\/_ Name Lat Long (m) used  Source
)
%- O 0.55 ] Quillayute 48°,0'N  124°,36'W 55 196693 NOAA
o / Seattle 47°,36'N  122°,30'W 137 1959-94 NOAA
—o} 0.41 \/\/\/\/\/\/\/\/\ 1 Stampede 47°17'N 121°20'W 1206 1959-94 NOAA
. 1 + . Stevens Pass  47°,44'N  121°,05W 1241 1959-94 NOAA
Paradise 46°47'N  121°44'W 1654 1959-95 NOAA
o 4
-% ’- 1.11 Western Canadian stations
= 0.70 \/\/\/\/\/W tion  Period
-4k, X A . 3 Name Lat Long (m) used Source
2" ' ] Vancouver 49°12'N  123°,12'W 3 1959-93 GHCN
= 025 A/~ NN TN Shalalth 50°44'N  122°13'W 244 1963-90 GHCN
S oro049 ,\/\/\/\/\/\,\/\/\/\ Calgary 51°7'N  114°1'W 1084 1959-93 GHCN
=} er 52°,52'N 118°,4'W 1061 1959-93 GHCN
0.45 ’\_/\/\/\/\/\/\/\ Jasp! : ,
o© -2 /\ﬁ
1960 1970 1980 1990

Fic. 2. Mass balance for the six glaciers used in this study: South
Cascade, Sentinel, Place, Peyto, Wolverine, and Gulkana. In each
panel, the NAB, = net annual accumulation minus net annual ab-
lation, is the heavy solid line. The thin solid lines that bracket each
NAB curve denote the net mass balance change over the winter
(NWB, upper line) and summer (NSB, lower line) seasons. The data
are aligned along the abscissa such that, e.g., NAB (1980) = NWB
(1980) + NSB (1980), where NWB (1980) spans the period fall
1979-spring 1980, NSB (1980) spans late spring and summer of 1980,
and NAB (1980) spans fall 1979 to the end of summer 1980. Standard
deviations of each time series are shown on the left side of the curve.
Units are in meters of liquid water equivalent. Breaks in the curve
indicate missing data. For the South Cascade and Wolverine glaciers,
anomalies in NWB greater than one standard deviation above and
below the mean are denoted with circles (see section 3b).

throughout the Pacific Ocean region and extend over
the North American continent. However, there are subtle
differences between the circulation anomalies over the
North Pacific associated with the GR and CT time series
(see Fig. 5), and we will see in section 4 that these
differences are important for understanding the mass
balance of the maritime glaciers of the northwest coast
of North America.

The third SST index, the PDO, is the principle com-
ponent of the leading eigenvector of SST poleward of
20°N in the Pacific Ocean (Mantua et al. 1997). In sec-

tion 5, we show that much of the PDO is due to forcing
from the tropical Pacific by the combined ENSO and
decadal ENSO-like mode. Indeed the PDO is highly
correlated with the GR (r = 0.60 for monthly and r =
0.73 for winter-averaged anomalies, over the period
1904-90). Our results will also show that the glacier
mass balance is more highly correlated with PDO than
with the GR. However, we argue in section 5 that the
additional information in the PDO is likely to be as-
sociated with local climate variability that is unpre-
dictable. Hence our calculations will use both the GR
and PDO indexes.

3. Relationship between atmospheric circulation
anomalies and the anomalies in the climate and
glacier mass balance in the Pacific Northwest
and Alaska

It is often argued that variability in the mass balance
of maritime glaciers is dominated by the winter season
precipitation, while continental glaciersare most strong-
ly influenced by changes in the temperature during the
summer season (see, e.g., Waltersand Meier 1989). The
relative standard deviation of NWB and NSB shown in
Fig. 2 confirms this idea since the standard deviation of
NWB at three coastal glaciers exceeds that of the NSB
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Fic. 3. Winter averaged values of the SST indexes. The plotting
convention is such that, e.g., a datum plotted as 1954 is an average
from Nov 1953 through Apr 1954.

and the reverse is true for Peyto and Gulkana, the two
continental glaciers. Place glacier, located 200 km in-
land in the British Columbia coastal range, is inter-
mediate between these two extremes.

It isalso thought that there is atendency for the NWB
and NSB to be correlated, apparently because higher
than normal accumulation during winter causes en-
hanced shortwave reflectivity during the summer sea-
son, resulting in less ablation. Among the six glaciers
analyzed here, the only significant correlation between
NWB and NSB, barely exceeding the 95% confidence
level, occurs at Place glacier.

a. Mass halance dependence on the local
temperature and precipitation

We next examine the relationship between the glacier
mass bal ance and the temperature and preci pitation mea-
sured at nearby meteorological stations to diagnose the
processes that are responsible for anomalies in the net
winter mass balance for each glacier. We then examine
the relationship between NWB and anomalies in the
height of the wintertime mean 500-mb field (Z.,,) and
the anomaliesin the storminess. Unless noted otherwise,
we average the meteorological data over the boreal win-
ter (November—April) and summer (May—October) sea-
sons, respectively.

The anomalies in the South Cascade NWB are pos-

BITZ AND BATTISTI

3185

itively and highly correlated with local wintertime pre-
cipitation anomalies and negatively correlated with tem-
perature (see Table 3). Anomalies in the NWB of the
three Canadian glaciers are also positively correlated
with anomalies in the wintertime precipitation at nearby
stations (see Table 4; Letréguilly 1988; Demuth and
Keller 1997). However, the NWB at Sentinel and Place
glaciers is not significantly correlated with local tem-
perature, and the correlation of NWB at Peyto glacier
with local temperature is only marginally significant.2
Moore and McKendry (1996) also found that the dom-
inant climatological variable related to glacier mass bal-
ance in British Columbia s precipitation, although tem-
perature was also important in the far southern part of
the province. Finally, there is no statistically significant
correlation between precipitation and temperature at any
of the low-elevation Canadian and Washington stations
(not shown), which suggests that temperature anomalies
influence the NWB of the South Cascade and Peyto
glaciers independently of changes in precipitation.
The relationships between the NWB and local pre-
cipitation and temperature at the Alaskan Wolverinegla-
cier are very different compared to that at the Wash-
ington and western Canadian glaciers. In contrast to the
South Cascade, Sentinel, Place, and Peyto glaciers (Te-
bles 3 and 4), an anomalously large accumulation on
the Wolverine glacier is associated with positive tem-
perature anomaliesin southern Alaska (Table 5; see also
Mayo and Trabant 1984). NWB at the Wolverine glacier
is significantly correlated with precipitation measured
at the meteorological station on the glacier but not with
precipitation measured at the other stations in Table 5.
Mayo and March (1990) report that NWB at Wolverine
is also positively correlated with precipitation measured
at Seward, Alaska (at 40-m elevation). Furthermore, the
correlation between Wolverine NWB and the winter—
spring (November—June) streamflow of the nearby Ke-
nai River is0.80, suggesting that precipitation anomalies
are indeed an important component in the variability of
the NWB at Wolverine. (Streamflow anomalies cannot
be predominately due to winter temperature anomalies
that influence wintertime snow melt; otherwise, we
would expect streamflow to be negatively correlated
with NWB.) Hence we speculate that the Anchorage
and Gulkana precipitation data are too regionally de-
pendent or of poor quality, or that the records are too
short, to yield information about Wolverine NWB.
Anomaliesin the mass balance of the Gulkanaglacier,
located 350 km inland, do not seem to be associated
with the same environmental anomalies as those that
affect the mass balance of the Wolverine glacier. NWB
at the continental Gulkana glacier does not depend sig-

2 |etréguilly (1988) found that the correlation between the Peyto
NWB and the temperature measured at nearby meteorological stations
was higher for Jasper than for stations closer to Peyto, which she
speculated was due to the duration and quality of the data.
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Fic. 4. Globa fields regressed upon the monthly GR time series, displayed in Fig. 3: (a) SST, (b) wind stress, and (c) SLP. The contour
interval is per unit standard deviation: (a) 0.1 K, (b) 8.3 m2 s7* for the longest vector, and (c) 0.1 mb. Negative contours are dashed and
the zero contour is thickened. Reproduced from Fig. 11 of Zhang et al. (1997).

nificantly on temperature but varies, to some extent,
with precipitation at the nearby Gulkana and Anchorage
stations.

With the exception of Wolverine, there is no statis-
tically significant relationship between local wintertime
temperature and precipitation for the Alaskan stations
(not shown); at Wolverine, the correlation is positive.
Yet temperatures at al three stations are significantly
correlated with the wintertime streamflow of the Kenai
River (ranging between 0.60 and 0.76). Among thethree
stations, only at Wolverine is the record of precipitation

significantly correlated (0.77) with the streamflow of
the Kenai River.

For three of the six glaciers, NSB is negatively cor-
related with summertime temperature at nearby stations.
The relationship is usually most robust for stations that
are closest to the glacier. For al six glaciers, there are
no statistically significant correlations between NSB and
summertime precipitation anomalies.

The correlations between NAB and temperature and
precipitation at nearby stations replicate closely the cor-
relations between NWB and winter temperature and pre-
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Fic. 5. 500-mb height anomalies regressed on the CT, GR, and PDO indexes from Fig. 3. The contour interval is 10 m per unit standard
deviation of the index.

cipitation. Only at Gulkana is the correlation between
NAB and summer temperature greater than that between
NAB and winter precipitation. Hence our results agree
with the previous findings: for maritime glaciers, the
NAB is more strongly dependent on the local winter
climate (precipitation in particular), while continental
glaciers are mainly affected by summer temperature
anomalies.

b. Atmospheric circulation and NWB

We next identify the anomalies in the large-scale at-
mospheric circulation that are associated with the anom-
alies in the NWB at the Washington—Canadian glaciers

TaBLE 3. Correlation of South Cascade mass balance and meteo-
rological datafor (top) winter and (bottom) summer. Winter (summer)
average is defined as an average over Nov—Apr (May—Oct). Precip-
itation at Stampede Pass, Stevens Pass, and Paradise is limited to
snow and ice (summed from measurements of daily accumulation),
while at Seattle and Quillayute precipitation includes both liquid and
solid forms. Correlations significant at the 5% level are shown in
bold, where estimates for the number of degrees of freedom for cor-
relations between time series with different decorrelation timescales
as described in Bretherton et al. (1999). The NSB and NAB of the
South Cascade glacier are not significantly correlated with summer
precipitation at the stations nearby.

NWB NAB

Winter temperature Seattle —0.43 -0.41
Quillayute —0.62 -0.54

Stampede —0.49 -0.44

Stevens -0.38 -0.39

Paradise —0.48 -0.43

Winter precipitation Seattle 0.66 0.53
Quillayute 0.63 0.58

Stampede 0.69 0.62

Stevens 0.70 0.64

Paradise 0.76 0.65

Summer temperature Seattle -0.71 -0.47
Quillayute —0.58 —0.09

Stampede -0.77 —0.46

Stevens —-0.71 —0.58

Paradise —0.52 0.02

and at the Wolverine glacier. The 500-mb geopotential
heights (Z,,,) are composited for extreme NWB years,
where “‘extreme” is defined as one standard deviation
above or below the mean. The composite associated
with the Washington—British Columbia glaciers (the
southern group) is formed using the South Cascade gla-
cier record, chosen among the Washington—Canadian
glaciers because the mass balance record is the longest
at this site. Circlesin Fig. 2 indicate the extreme years
used in constructing the composites. We do not base
composites on all of the mass balance data because the
common overlap of the measurementsisshort. However,
all of the cross correlations for the southern glaciersare
positive and statistically significant (ranging from 0.53
to 0.87; see, e.g., Hodge et al. 1998). Hence, the South
Cascade glacier should be a good representative for the
maritime glaciers in Washington and southern British
Columbia.

Composites of wintertime Z,, (Fig. 6) and Z,, anom-
alies (Fig. 7) show the low-frequency atmospheric cir-
culations that correspond to extreme NWB years. There
is some evidence for an inverse relationship between
the patterns that produce extreme NWB years at South
Cascade and Wolverine as seen in Fig. 8 or by com-
paring the patterns diagonal to one another in Fig. 7.
Indeed, the correlation coefficient for NWB at the South
Cascade and Wolverine glaciersis —0.56. Also of note
is the nonlinear nature of the extremes. For example,
the patterns associated with the high NWB at South
Cascade and low NWB at Wolverine (Figs. 7a,d) in-
dicate that the centers of action over northern Canada
and in the North Pacific are of comparable amplitude.
In contrast, Figs. 7b and 7c indicate the anomalies in
the North Pacific are twice as large as those in northern
Canada.

High NWB years at South Cascade occur when the
500-mb jet is well situated to bring offshore flow into
the state of Washington (Fig. 6a). The Z,, anomaly map
(Fig. 7a) indicates that this brings an anomalous north-
westerly flow and unusually cold conditions into Wash-
ington during years of high NWB (see also McCabe and
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TABLE 4. As in Table 3, but for the Canadian glaciers with the temperature and precipitation from stations nearby. The NSB and NAB
for the Canadian glaciers are not significantly correlated with summer precipitation at the stations nearby.

NWB NAB
Sentinel Place Peyto Sentinel Place Peyto
Winter temperature Vancouver 0.01 0.05 —0.38 0.11 —0.02 —0.16
Shalalth 0.02 0.02 -0.22 0.06 0.03 0.04
Cagary -0.22 -0.17 -0.53 -0.01 —0.16 -0.18
Jasper -0.20 -0.12 —0.46 —0.04 -0.11 —-0.15
Winter precipitation Vancouver 0.60 0.45 0.19 0.70 0.41 0.13
Shalalth 0.65 0.74 0.48 0.69 0.71 0.46
Calgary 0.49 0.42 0.43 0.32 0.40 0.20
Jasper 0.49 0.52 0.53 0.33 0.39 0.39
NSB NAB
Sentinel Place Peyto Sentinel Place Peyto
Summer temperature Vancouver -0.35 —0.64 -0.21 -0.32 —0.45 -0.24
Shalalth —0.64 —0.61 -0.39 —0.52 —0.51 -0.15
Calgary -0.10 -0.33 -0.20 —0.08 -0.28 -0.33
Jasper —0.40 —0.52 —0.40 -0.25 —0.39 -0.38

Fountain 1995). The Z,, composite for low NWB years
at Wolverine is similar to that for high NWB years at
South Cascade, which is reminiscent of the seesaw in
NWB discussed by Waltersand Meier (1989). High NWB
years at Wolverine occur when the 500-mb jet is diverted
away from the west coast of North America (Fig. 6b) by
anomalously high pressure centered over Alberta, Canada
(Fig. 7b). Thiscirculation alowsfor anomal ous southerly
flow into the southern coast of Alaska, bringing with it
anomalously warm and moist air.

Composites of Z.,, anomalies for the high Wolverine
NWB and low South Cascade NWB (Figs. 7b,c) resem-
ble the PNA pattern. The composites for high South
Cascade NWB and low Wolverine NWB (Figs. 7a,d)
bear less resemblance to an inverse PNA structure: the
North America pressure anomalies are too severe rel-
ative to the Aleutian pressure anomalies and the struc-
tures are too zonal.

Maps of the difference in storminess for high minus
low NWB years are composited in Fig. 9. This figure
clearly showsthat variationsin the storminess stem from
adisplacement of the North Pacific storm track position.
A displacement northward, toward Washington and
Alaska, is associated with high NWB at South Cascade
glacier, while anomalously high NWB at Wolverine gla-
cier is associated with a southward displacement of the
storm track away from Alaska and Washington and,
hence, reduced storminess at high latitude.

c. Summary and discussion of the control of NWB
and NAB at the glaciers of Washington, western
Canada, and Alaska

The relationship between the anomalies in the mass
balance of these six glaciers and the seasonal anomalies
inlocal temperature and precipitation reported in section

TaABLE 5. As in Table 3, but for the Wolverine and Gulkana glaciers with the winter averaged temperature and precipitation at selected
sites in southern Alaska. We include winter—spring (Nov—Jun) streamflow from the Kenai River to supplement the information about
precipitation. The NSB and NAB for the Alaskan glaciers are not significantly correlated with summer precipitation at the stations nearby.

NWB NAB
Wolverine Gulkana Wolverine Gulkana
Winter temperature Anchorage 0.70 0.10 0.60 0.05
Wolverine 0.63 -0.01 0.45 0.12
Gulkana 0.69 0.18 0.63 0.10
Winter precipitation Anchorage 0.05 0.44 —0.05 0.02
Wolverine 0.81 -0.01 0.86 0.30
Gulkana —0.18 0.54 -0.33 -0.21
Winter spring streamflow Kenai 0.80 0.14 0.65 0.28
NSB NAB
Wolverine Gulkana Wolverine Gulkana
Summer temperature Anchorage —-0.42 -0.52 -0.09 -0.54
Wolverine —0.60 -0.79 -0.35 -0.78
Gulkana -0.47 -0.74 -0.32 -0.75
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(a) High South Cascade NWB
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(b) High Wolverine NWB

Fic. 6. Composites of winter (NDJFMA) mean 500-mb height when the glacier NWB
is greater than one standard deviation above (top) and below (bottom) the mean for
South Cascade (left) and Wolverine (right) glaciers.

3aare summarized schematically in Fig. 1; they confirm
and extend the findings from other studies (e.g., Letré-
guilly 1988; Walters and Meier 1989; Mayo and March
1990). Anomalies in the NWB and NAB for all but
Gulkanaglacier are positively correlated with local win-
ter precipitation anomalies. NWB and NAB anomalies
for the glaciers in the southern group have weak cor-
relations with local winter temperature anomalies that
are either negative or insignificant. In contrast, anom-
alies in the NWB and NAB at the Wolverine glacier in
Alaska have strong positive correlations with winter
temperature anomalies. Unlikethe maritime glaciers, the
anomalies of the NAB of the Gulkana glacier, located
far inland in Alaska, is regulated mainly by summer
temperature anomalies. All glaciers experience more net
summer melt (negative NSB anomalies) with higher
temperatures, but NSB is not correlated with local sum-
mer precipitation at any of the glaciers.

The seasonal circulation anomaly pattern associated
with the glacier mass balance anomalies is the PNA,
consistent with the results of Walters and Meier (1989).
The PNA is prominent for the mass balance anomalies
because the PNA is associated with changesin thelocal

weather variables (Yarnal and Diaz 1986; Cayan and
Peterson 1989) that are paramount to the changesin the
mass balance of the glaciers in Washington, western
Canada, and Alaska.

Previous investigators have hypothesized that a pos-
itive correlation exists between NWB and storminess
(e.g., McCabe and Fountain 1995). Our results indicate
that positive anomalies in the mass balance of the South
Cascade glacier are indeed associated with more storm-
iness (section 3a). However, high NWB at Wolverineis
associated with less storminess (Fig. 9) and a deeper
low that has moved westward, out of the Gulf of Alaska
and into the North Pacific (Fig. 7b).® When GR is re-
gressed upon the product of the monthly mean flow and
the monthly mean moisture (Fig. 10), it is clear that
positive GR leads to an enhanced moisture flux into this
region and to positive anomalies in the moisture flux
convergence, probably due to the coastal orography.

2 Our findings contradict the notion that a deeper Aleutian low is
concomitant with anorthward displacement of the storm track (Yarnal
and Diaz 1986; Cayan and Peterson 1989).
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(b) High Wolverine NWB

(¢) Low South Cascade NWB

(d) Low Wolverine NWB

Fic. 7. As in Fig. 6, but the composites are 500-mb height anomalies, where
anomalies are defined as departures from the climatological mean. The contour in-

terval is 10 m.

Hence, any decrease in precipitation at Wolverine as-
sociated with a decrease in storminess is, apparently,
more than compensated by an increase in the moisture
convergence due to changes in the seasonal mean cir-
culation anomaly. In contrast, when CT is regressed on
the vertically integrated moisture convergence, the pat-
tern of anomalies in the Gulf of Alaskais similar to that

(a) High-Low South Cascade NWB

in Fig. 10, but the amplitude is only half that associated
with GR. This pattern is consistent with the weaker
relationship between CT and NWB at Wolverine.
Previous studies have reported that the NWB of the
maritime Alaskan glaciers has an out-of-phase relation-
ship with the NWB of the maritime glaciersin the south-
ern group. This relationship is clearly supported by the

(b) High-Low Wolverine NWB

Fic. 8. Difference between composites from Fig. 7. The contour interval is 20 m.
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(a) High-Low South Cascade NWB
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(b) High-Low Wolverine NWB

Fic. 9. Composite difference in storminess (defined as the rms of high-passed Z,,
anomalies) for the high minus low years for the South Cascade and Wolverine glaciers.
Climatological wintertime jet (maximum storminess in meridional direction) is shown
by heavy dashed line. The contour interval is 3 m.

similarity in the patterns of the Z.,, anomalies during
the years of opposite NWB extremes at Wolverine and
South Cascade glaciers (Fig. 7) and the antisymmetric
storminess patterns associated with high NWB at the
Wolverine and South Cascade glaciers (Fig. 9). In the
next sections, we discuss the global nature of these re-
gional climate anomalies.

4. The large-scale atmosphere—ocean circulation
anomalies and wintertime glacier mass balance

We now determine how the mass balance of the six
glaciers is affected by the interannual ENSO phenom-
enon and the decadal ENSO-like variability. The state
of these two climate phenomena is indicated by the CT
and GR indexes, respectively. We will aso usethe PDO
time series defined by Mantua et al. (1997), which is

Fic. 10. Regression of GR on the convergence of the vertically
integrated moisture flux. Moisture flux is calculated as the product
of monthly mean velocity and monthly mean specific humidity. Units
are 10-7g kgt s* per unit standard deviation of GR. Calculations
and figure made by R. Garreaud.

related to both the GR and CT indexes (see sections 2
and 5).

Figure 3 shows the time series of the three climate
indexes. CT, GR, and PDO. Table 6 summarizes the
correlations between NWB and the three climate in-
dexes. The strongest correlations between NWB and
these indices are for PDO, with GR following close
behind. None of the correlations between the climate
indexes and NWB at Gulkana or Sentinel is signifi-
cant.*®

a. The GR-PDO (ENSO-like) atmosphere—ocean
phenomenon and the glacier mass balance

The PDO and GR indices are positively correlated
with the Alaskan maritime Wolverine glacier and neg-
atively correlated with three out of four of the glaciers
in the southern group (Table 6). The variance of NWB
associated with PDO (GR) anomaly patterns is up to
56% (35%) of thetotal variance of the NWB. Thereason
the GR and PDO climate anomalies are more influential
than ENSO (CT) for the mass balance anomalies of the
Alaskan Wolverine glacier is suggested by comparing
the midlatitude circulation anomalies associated with
these three climate indexes (Fig. 5) to those that are
associated with anomalies in the mass balance of the
glaciers (Fig. 7). Recall that the NWB of the Wolverine
glacier is positively correlated with local temperature
and precipitation (section 3a). The Z,, anomaly patterns
associated with positive GR (or PDO) and positive
anomalies in glacier mass balance at Wolverine suggest

4 Thelow correlations at Sentinel in Table 6 may be duetorelatively
high uncertainties in the measured mass balance at this glacier (R.
D. Moore 1998, personal communication).

5 Peyto NWB is strongly correlated with GR and PDO, suggesting
Peyto may have a closer relationship with Pacific maritime climate
than previously thought.
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TABLE 6. Correlation of wintertime (Nov—Apr) mean climate in-
dexes and (top) NWB or (bottom) NAB. Correlations between NSB
and the same climate indices (not shown) are not significant. Statis-
tical convention asin previous tables. The climate indexes are defined
in section 3 and have been adopted from previous studies.

NWB GR PDO CT
South Cascade -0.53 -0.75 -0.43
Sentinel —0.36 —-0.39 -0.10
Place —0.46 -0.47 -0.19
Peyto —0.59 —-0.74 —-0.35
Wolverine 0.58 0.71 0.23
Gulkana 0.30 0.13 -0.10

NAB GR PDO CT
South Cascade —0.49 —0.65 —0.45
Sentinel -0.30 -0.28 —0.05
Place —0.49 —-0.39 —-0.04
Peyto —0.46 —0.40 —0.08
Wolverine 0.55 0.68 0.37
Gulkana 0.27 0.26 0.18

a more maritime (southerly) trajectory from the ocean
compared to the Z,,, anomaly pattern associated with
CT (ENSO). The more southerly flow brings more
anomalously warm, moist air and greater moisture flux
convergence into the region by the seasonal mean cir-
culation (not shown), which is reflected in the increased
mass balance and streamflow anomalies, despite the re-
duction in storminess (see Figs. 7 and 9).

The mass balance of the South Cascade glacier is
negatively correlated with the GR and PDO time series
(Table 6). The circulation anomalies associated with
these time series (Fig. 5) indicate that during a positive
GR anomaly there is a reduction in the onshore flow
(the climatological westerlies). The Z,,, anomaly pat-
terns associated with positive GR and low mass balance
for the South Cascade indicate the presence of anom-
alously warm air over the region, consistent with the
negative local relationship between temperature and
NWB at the South Cascade glacier (Table 3). However,
the NWB for the South Cascade and the southern glacier
group is more affected by precipitation than by tem-
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perature (see Tables 3 and 4). Hence, to understand the
relationship between the mass balance of these glaciers
and the large-scale climate anomalies, we next examine
the relationship between wintertime storminess and the
climate indexes.

The correlation maps for wintertime storminess with
the three winter mean climate indices are displayed in
Fig. 11. Storminess anomalies associated with ENSO
are mainly limited to the the subtropical Pacific (Fig.
114). In contrast, the decadal ENSO-like variahility
(GR) is associated with fluctuations in the storminess
in the midlatitude and subpolar northeast Pacific (Fig.
11b). The correlation between storminess and the PDO
appears to be an amalgamation of the storminess anom-
alies associated with the GR and CT indexes (cf. Figs.
11a,b with 11c), and this is to be expected (the corre-
| ations between the winter mean PDO index and the GR
and CT indexes are 0.73 and 0.30, respectively).

The patterns of storminess anomalies associated with
NWB anomalies at Wolverine and South Cascade gla-
ciers that are shown in Fig. 9 are very similar to those
associated with the decadal ENSO-like phenomena, as
indicated by the correlation maps between storminess
and the GR or PDO indexes (Figs. 11b,c). Throughout
the maritime region extending from southern Oregon to
northwestern Alaska there is a decrease in storminess
associated with positive GR and PDO anomalies. The
reduction in storminess during low NWB years for the
southern glacier group is consistent with precipitation
being the dominant variable controlling the NWB of the
southern glacier group. The GR and PDO are highly
correlated with the NWB of the southern group because
of this strong relationship between NWB and precipi-
tation. The analysis of Wolverine glacier NWB and the
local climate variables is consistent with the negative
relationship between GR and storminess in maritime
Alaska, which together signal an enhancement in NWB
at Wolverine because the reduction in storminessismore
than compensated by the anomal ous southerly advection
of warmer, more moist air from the south, leading to
positive snowfall anomalies.

Fic. 11. Correlation maps of winter (NDJFMA) mean storminess with winter mean climate indexes for the period of record 1947-94.
Contours show correlations that exceed the 95% confidence level where each year is considered to be independent of the last. Positive
correlations indicate more storminess associated with warmer water in the tropical Pacific and colder water in the North Pacific.
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b. ENSO and the glacier mass balance

For all six glaciers examined, correlations between
NWB and CT are much weaker than between NWB and
PDO or GR. About 20% of the variance of the South
Cascade NWB isassociated with ENSO (seelast column
of Table 6). Otherwise, ENSO is seen to have no sta-
tistically significant impact on the other five glaciers.
Note, because there is at best a very weak relationship
between ENSO and precipitation in the Pacific North-
west (Ropelewski and Halpert 1987), the significant
negative correlation of ENSO with ostreamflow(Cayan
and Webb 1992) and snowpack (Cayan 1996) in the
Cascade Mountains and with the NWB of the South
Cascade glacier are primarily determined by tempera-
ture changes that affect winter melt.

Why is the relationship between ENSO and the NWB
of these glaciers so weak? Recall that the NWB of the
southern group of glaciers was found to be most highly
correlated with local precipitation anomalies, having
only aweak (South Cascade and Peyto) or no (Sentinel
and Place) correlation with wintertime temperature. The
importance of precipitation for the NWB of the southern
group is shown in the composites of local storminess
anomalies found during extreme NWB years in the
southern glaciers (Fig. 10). However, Fig. 11 indicates
that ENSO has no significant effect on storminess north
of central California; hence, ENSO contributes very lit-
tle to the mass balance of the southern group of glaciers.
The crucial element for regulating the NWB of the Wol-
verine glacier is the southerly flow of moist maritime
air (Fig. 7). Though the seasonal mean circul ation anom-
alies associated with GR and CT are only subtly dif-
ferent at Z,, (Fig. 5), there are pronounced differences
in the amplitude of the moisture advection into the re-
gion associated with GR and CT. ENSO has little effect
on the Wolverine glacier because, when compared to
GR, ENSO has a small effect on moisture flux conver-
gence in the Gulf of Alaska by the low-frequency cir-
culation.

¢. Comparison with previous results

Previous investigators used the PNA and various in-
dexes of ENSO as the launching point to examine the
relationship between the large-scale climate anomalies
and the mass balance of the glaciers in maritime Wash-
ington and western Canada and extending northward
into Alaska (see discussion in section 1). In our com-
plementary approach, we use the glacier mass balance
data to identify the circulation anomalies that are im-
portant for the variability in the mass balance. We con-
firm the results of Walters and Meier (1989): the mass
balance is strongly affected by a pattern of circulation
anomalies in the midlatitudes that is very similar to the
classic PNA pattern of Wallace and Gutzler (1981).

Walters and Meier (1989) suggested there may be a
relationship between ENSO and the mass balance of the
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maritime glaciers in Washington and western Canada—
Alaska because the PNA index (defined in Wallace and
Gutzler 1981) is correlated with both the mass balance
of these glaciers and with ENSO. Hodge et al. (1998)
found ENSO was indeed weakly but positively (nega-
tively) correlated with the mass balance of the Wolver-
ine (South Cascade) glacier. Except for the South Cas-
cade glacier, however, our results indicate that no sta-
tistically significant relationships exist between ENSO
and the NWB or NAB of the glaciersin maritime Wash-
ington, southern British Columbia, and Alaska. Rather,
we find that the mass balance anomalies are highly cor-
related with the GR time series, which represents the
temporal evolution of a large-scale atmosphere—ocean
climate anomaly whose pattern qualitatively resembles
ENSO but is mostly realized on longer (decadal) time-
scales. The subtle but crucial differences in the midlat-
itude circulation anomalies associated with the ENSO
(CT) and the ENSO-like (GR) phenomenale.g., seeFig.
5 of Zhang et a. (1997)] explains why the latter is a
substantial contributor to the NWB of these maritime
glaciers and ENSO is not.

Our results concerning the decadal ENSO-like control
of the NWB of the southern glaciers are consistent with
the results of Moore and McKendry (1996), who ex-
amined the relationship between the British Columbia
snowpack anomalies and the wintertime climate anom-
alies. Specifically, they noted an abrupt change in 1976
to a reduced snowpack in the far southern part of the
province and suggested that this was likely due to less
precipitation and/or more winter melt [due to warmer
conditions; but cf. Moore (1996)]. Our results are also
consistent with Gutzler and Rosen (1992), who found
a strong positive correlation between snowpack in the
U.S. Pacific Northwest and the PNA, and with those of
Brown and Goodison (1996), who showed that the
snowpack in southern British Columbia is better cor-
related with the PNA than with ENSO.

5. Discussion and implications

Our results show that the mass balance of the glaciers
along maritime Washington, western Canada, and Alas-
ka are strongly affected by a low-frequency (decadal)
ENSO-like phenomenon, with time index GR (Fig. 3)
and spatial structure shown in Figs. 4, 5b, and 11b. The
percent of variance of NWB and NAB explained by the
GR (PDO) time series is as high as 35% (56%) (Table
6

The decadal ENSO-like phenomenon isclearly acou-
pled atmosphere-ocean phenomenon (Zhang et al.
1997); the GR time series shows that this phenomenon
has a characteristic timescale of many years to decades.
With its roots in the tropical Pacific, the circulation
anomalies extend to the midlatitude Pacific in both
hemispheres, with impacts across the Americas (Zhang
et a. 1997; Mantua et a. 1997; R. Garreaud and D.
Battisti 1999). The physics associated with this climate
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Fic. 12. The PDO time series [solid line; from Mantua et al. (1997)] and reconstructed PDO
time series (dashed line) from the multilinear best fit to the PDO using the ENSO (CT) and ENSO-
like (GR) indexes. The residual of these time series (PDO minus reconstructed PDO) is shifted

by —3 for better visualization.

phenomenon is not yet known, though several hypoth-
eses have been put forward and are being tested by the
community. Nonetheless, the ocean must play a prom-
inent role due to its high thermal inertia and long time-
scale for dynamical adjustment. Thus, it is reasonable
to expect that, eventually, there will be some predict-
ability of this phenomenon and itsimpacts. At that time,
the strong relationship between this phenomenon and
the mass balance of the maritime glaciers on the north-
east Pacific rim can be exploited to make short-term
climate forecasts of glacier mass balance and of the
climate variables that control the glacier mass balance
(e.g., storminess and precipitation anomalies in mari-
time Washington—western Canada and Alaska; temper-
ature in maritime Alaska).

Though the GR and PDO time series are highly cor-
related, the variance of mass balance explained by PDO
time series is greater than that explained by the GR.
Indeed, the midlatitude circulation anomalies associated
with the GR and PDO are very similar, and both contain
the circulation and storminess anomalies that are im-
portant for the NWB of the glaciers along the maritime
northwest coast of North America. However, it is un-
clear how much, if any, of the additional information
on mass balance contained in the PDO (i.e., information
not already contained in GR) is information that can be
used for prediction (specifically, for prediction of mass
balance).

In Fig. 12 we plot the PDO index and areconstructed
PDO index. The latter is the best fit to the PDO index
using the CT and GR indexes and multiple linear re-
gression; hence, the reconstructed PDO index is also
the portion of the PDO that is known to be associated
with low-frequency, coupled atmosphere—ocean phe-
nomena. The reconstructed PDO explains 55% of the
variance of the PDO index. Examination of Fig. 12 re-
veals that a substantial portion of the residual of these
two time series is at interannual timescales (but not
associated linearly with ENSO), particularly during the
recent half-century. A portion of this residual might be
due to a midlatitude atmosphere—ocean phenomenon in

which the ocean dynamical response is crucia (e.g.,
Latif and Barnett 1994), and this portion of the residual
would render further predictive skill for the PDO (hence,
for the glacier mass balance) due to the long memory
of the ocean. However, a portion of this residua is al-
most certainly due to a simple low-frequency enhance-
ment of the natural atmospheric patterns of variability
in the midlatitude North Pacific (in this case, the PNA)
by local atmosphere—ocean thermal coupling in the mid-
|atitudes and without active ocean dynamics (Frankig-
noul 1985; Barsugli 1995; Lau and Nath 1996; Barsugli
and Battisti 1998). Because the PNA pattern is an in-
ternal stochastic mode of the atmosphere (e.g., Sara-
vanan 1998), there is not likely to be any useful extra
information in this component of the residual of the
PDO index.

We hypothesize that at this time the combination of
CT and GR provides predictive skill equivalent to that
of the PDO for the South Cascade glacier. A multiple
linear regression of CT and GR on the mass balance for
South Cascade explains 40% and 36% of the variances
of the NWB and NAB, respectively—about 12% more
than GR explains alone. We compute the multiple re-
gression for only the South Cascade glacier because CT
does not explain a significant fraction of the variance
of the mass balance on the other five glaciers.

More generally, since the glacier mass balance anom-
alies are strongly affected by the PNA and its attendant
storminess and precipitation anomalies (section 3), in-
formation on the effect of anthropogenic forcing on the
frequency and amplitude of the PNA pattern can be used
to anticipate how anthropogenic forcing will affect both
the mean and the variance of the mass balance of the
maritime glaciers along the northwest coast of North
America

6. Conclusions

We examined the net winter, summer, and annual mass
balance of six glaciers along the northwest coast of
North America in Washington State and southwestern
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Canada (the southern group) and Alaska, and we de-
termined how mass balance is related to local weather
anomalies and to large-scale atmosphere—ocean climate
anomalies. The net winter (NWB) and net annual (NAB)
mass balance anomalies for the maritime glaciersin the
southern group are shown to have strong positive cor-
relations with local wintertime precipitation anomalies
and weak negative correlations with local temperature
anomalies. The NWB and NAB of the maritime Wol-
verine glacier in Alaska are also positively correlated
with local precipitation, but they are positively corre-
lated with local winter temperature anomalies.

The NWB (NAB) of each of the glaciersin the south-
ern group are negatively correlated with the NWB
(NAB) of the Wolverine glacier in Alaska. The patterns
of the wintertime 500-mb circulation and storminess
anomalies associated with years of high NWB of the
glaciers in the southern group are similar to those as-
sociated with low NWB of the Wolverine glacier in
Alaska, and vice versa. The Aleutian and central Ca-
nadian lobes of the PNA are prominent in these patterns.
The NWB and NAB of the glaciersin the southern group
are anomalously low when there is less local winter
storminess (defined as the high-passed Z.,, anomalies)
and thus less local precipitation. In contrast, positive
anomalies in the NWB and NAB of the Wolverine gla-
cier are associated with less storminess because there
is a concomitant increase in warm, moist air being ad-
vected into the region by the anomalies in the averaged
wintertime circulation, yielding net positive snowfall
anomalies due to increases in the moisture convergence
associated with the orographic lifting of the onshore
flow.

There are two prominent, pan-Pacific, coupled at-
mosphere—ocean phenomena: the interannual ENSO
phenomenon, and a climate phenomenon that has afoot-
print on the ocean and atmosphere that is similar to
ENSO but shows mainly decadal-scale variability with
some rapid interannual *‘jumps’ (e.g., about 1975). The
decadal ENSO-like climate phenomenon is shown to
have a large impact on the NWB and NAB of these
maritime glaciers, accounting for up to 35% of the var-
iance in NWB. The patterns of 500-mb circulation and
storminess anomalies associated with the decadal
ENSO-like mode resemble the PNA pattern and arevery
similar to those associated with the years of extreme
NWB on the glaciers in both the southern group and on
the Wolverine glacier. Hence, the decadal mode affects
the local precipitation, which is most crucial for the
NWB for these maritime glaciers, because it strongly
affects the storminess over southern British Columbia
and Washington and the moisture transported by the
seasonally averaged circulation into maritime Alaska.
In contrast, ENSO is only weakly related to the NWB
of these glaciers because (i) the large-scale circulation
anomalies associated with ENSO do not produce sub-
stantial anomalies in moisture advection into Alaska,
and (ii) the storminess and precipitation anomalies as-
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sociated with ENSO are far to the south of the southern
glacier group.
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