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ABSTRACT

Glacier mass balance is governed by cumulative temperature and precipitation patterns in a region, making it a sensitive
indicator of climate variability and trends. Many studies have drawn the link between local meteorological conditions and
glacier mass balance, but these statistical relationships are difficult to extrapolate to other sites or to apply in sensitivity
studies of future climate change. In this paper, we explore the ability to predict regional climate anomalies and glacier
mass balance in the Canadian Rockies on the basis of 500-mb circulation indices derived from the NCEP-NCAR reanalysis
dataset. Daily precipitation amounts and variance-weighted seasonal temperature and precipitation anomalies at a suite
of six long-term meteorological stations in the Canadian Rockies (1953–2002) demonstrate a coherent dependence on
the daily and mean seasonal atmospheric flow indices. The Peyto Glacier, Alberta, Canada offers the best available mass
balance time-series in the Canadian Rockies (1966–2004). Regression models for Peyto Glacier winter, summer, and
annual mass balance variability were constructed from (1) Jasper climate anomalies, (2) regional climate anomalies,
and (3) atmospheric flow indices. Model performance was examined in terms of the multiple coefficient of determination
and of the variables retained in the stepwise regression analysis. Flow indices were the stronger predictors of mass
balance. This offers important advantages for mass balance forecasts, because large-scale circulation patterns are better
captured than surface weather in mountain regions, in both reanalysed climatology and model-generated climate change
scenarios. Copyright  2006 Royal Meteorological Society.
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1. INTRODUCTION

Glacier mass balance reflects cumulative precipitation and temperature variations at a site, and is thus a
fundamental expression of regional- and synoptic-scale climate. In mid-latitude glacier settings, annual mass
balance is primarily influenced by autumn through spring (accumulation-season) precipitation and summer
(melt-season) temperatures (Letréguilly, 1988; Oerlemans, 2001). Linear regressions with temperature and
precipitation at a local station have been widely used in the past to estimate glacier mass balance values
(e.g. Young, 1981; Letréguilly, 1988; Moore and Demuth, 2001) and the current study seeks to compare this
method with other simply-derived predictor variables. As glacier mass balance is linked strongly to streamflow
variations (Moore and Demuth, 2001), and summer wastage maintains elevated baseflows in glaciated river
basins throughout the Canadian Rockies (Hopkinson and Young, 1998), simple predictive relationships are
required for hydrological scenarios and climate change impact assessments.

Many authors have utilized manual or Kirchoffer classifications of gridded pressure height data to examine
atmospheric circulation signatures on glacier mass balance values (Alt, 1978; Bradley and England, 1979;
Yarnal, 1984; Yarnal, 1985; Hay and Fitzharris, 1988; McCabe et al., 2000). Mass balance time-series have
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also been linked to large-scale atmospheric circulation patterns through climate indices (McCabe and Fountain,
1995; Bitz and Battisti, 1999; Hodge et al., 1998; Moore and Demuth, 2001). The linkages presented in
these studies are implicit: as atmospheric circulation is responsible for large-scale precipitation (e.g. Moore
and McKendry, 1996) and temperature (e.g. Hurrell, 1996) variability, it should therefore be responsible
for variability in a mass balance time-series. We have previously explored classical Kirchoffer synoptic
classifications (Shea, 2004) and identified the importance of several synoptic patterns for accumulation and
ablation in the Canadian Rockies. However, indices of synoptic flow provide a more objective measure of
upper-air conditions, and are readily transferable to any location. The purpose of this research is to evaluate
atmospheric flow indices and their relationship to climate and mass balance in the Canadian Rockies.

Our atmospheric flow indices consist of the meridional and zonal wind components, relative vorticity, wind
direction, and pressure heights determined from a neighbourhood of pressure surface height measurements
(see methodology in the following text). Recent environmental studies have used flow indices to evaluate
precipitation (Trigo and DaCamara, 2000; Linderson, 2001), general circulation model (GCM) output (Osborn
et al., 1999; Turnpenny et al., 2002), sea ice extents (Omstedt and Chen, 2001), precipitation chemistry
(Losleben et al., 2000) and temperature lapse rate variability (Pepin and Losleben, 2002). Further studies
have indicated that empirical mass balance models can be derived from both upper air data (Rasmussen and
Conway, 2004) and sea-level pressure data (Nordli et al., 2005). Given the success of these previous studies,
we hypothesize that atmospheric flow indices could be used to explain the observed variance in the mass
balance time-series of Peyto Glacier.

Climate models do not currently resolve local- and regional-scale climatologies of alpine regions with
great confidence, but large-scale flow indices are more consistent and reliable in atmospheric models (Lapp
et al., 2002; Shea, 2004). The successful application of atmospheric flow indices would eliminate the need for
downscaling climate variables and provide a direct physical link between large-scale atmospheric flow and
local accumulation and ablation. We first examine the characteristics of site-specific and regionally aggregated
climate data under various flow index classes. Using the mass balance series as the predictand of interest, this
study then compares the predictive abilities of (1) single station climate data, (2) regional climate anomalies
(RCA), and (3) atmospheric flow indices. In essence, this study seeks to answer the important question of
whether local, regional, or synoptic atmospheric parameters offer the best proxy for glacier mass balance in
the Canadian Rockies.

2. DATA AND METHODS

2.1. Mass balance data

Mass balance data for Peyto Glacier were obtained from Dyurgerov (2002) and the World Glacier
Monitoring Bulletins (Haeberli et al., 2003, 2005). Peyto Glacier is an outlet of the Wapta Icefield, a large
alpine icefield located just east of the continental divide, in the area north of Lake Louise in the Canadian
Rockies (Figure 1). It has an area of approximately 12 km2, an altitudinal range from 2140 m to 3180 m a.s.l.
(Demuth and Keller, 1997), and mass balance measurements initiated in 1965 are presently maintained by
the National Glaciology Program of the Geological Survey of Canada. Winter (bw) and summer (bs) seasonal
balances are calculated using point measurements distributed over the glacier surface, with net mass balance
bn = bw + bs. Note that all mass balance terms are defined as positive for a mass gain; hence, bs is invariably
a negative number. Seasonal mass balance values are calculated for elevation bands over the glacier, and the
results are area-integrated to provide a single measurement of the seasonal mass balance for the entire glacier
surface. Observed mass balance values are considered to have a standard error between 150 and 200 mm
SWE (Demuth and Keller, 2002). The Peyto Glacier mass balance time-series is presented in Figure 1.

2.2. Climate data

Daily mean temperature and total daily precipitation data were obtained from Environment Canada, 2002;
(http://www.climate.weatheroffice.ec.gc.ca; available 16 June 2004) for the period 1953–2003 at the following
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Figure 1. Peyto Glacier mass balance time-series. Summer and winter balance data are missing in 1991–1992 and 1996 onwards, with
net balance data available in 2003. This figure is available in colour online at www.interscience.wiley.com/ijoc

Table I. Climate stations used in this study

Station Name Latitude Longitude Elevation (m)

Banff 51°11′N 115°34′W 1384
Bighorn Dam 52°19′N 116°20′W 1341
Fernie 49°29′N 115°04′W 1001
Jasper 52°53′N 118°04′W 1062
Kananaskis 51°02′N 115°21′W 1391
Lake Louise 51°26′N 116°13′W 1524

locations: Banff, Bighorn Dam, Fernie, Kananaskis, Jasper, and Lake Louise (Figure 1, Table I). Station
selection was based on length and completeness of record, and geographical distribution. These stations
represent the highest elevation continuous monitoring sites in the region, though they are all located in
major valley bottoms. Environment Canada observations of ‘trace’ amounts of precipitation were assumed
to represent 0.1 mm, and data values flagged as ‘estimated’ were designated as the actual measured value.
Precipitation seasons with greater than 2% of days missing were excluded from the analysis, as precipitation
totals are sensitive to daily variations. Temperature seasons with greater than 10% of days missing were
excluded from the analysis, as mean temperatures are less sensitive than precipitation to missing data. This
led to the exclusion of 16% and 14% of seasons in the precipitation and temperature analyses, respectively.
Seasonal means and totals were calculated from daily data for spring (MAM), summer (JJA), fall (SO), and
winter (NDJF). The unusual division of fall and winter seasons better reflects the climatology of the region,
based on monthly temperature and precipitation normals (Shea et al., 2004).

We calculate a variance-weighted mean anomaly (VWMA) for both temperature and precipitation following
the methodologies of Aguado et al. (1992) and Dettinger and Cayan (1995). A VWMA presents a regionally-
averaged temperature and precipitation anomaly and retains the natural variability of the climate signal from
all stations, even if some data is absent. Regional anomalies of temperature and precipitation were calculated
as

x ′
mn = σm

6∑
i=1

x ′
imn/σim (1)

where x ′
mn is the variance-weighted temperature or precipitation anomaly, derived from the observed anomaly

x ′ and standard deviation σ at station i, season m, year n and weighting term σm. The weighting term is
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Figure 2. Western North America, with locations of NCEP-NCAR reanalysis data points (closed circles), index points (double circle),
climate stations used in construction of regional climate anomalies (triangles), and glacier locations referred to in the text (squares)

calculated as the root of the sum of the squared standard deviations divided by the total number of stations:

σm =
(

6∑
i=1

σ 2
im/6

)1/2

(2)

2.3. Geopotential height data and flow indices

Atmospheric flow indices for 1953–2003 were calculated from NCEP-NCAR reanalysis data (http://www.
cdc.noaa.gov; available 16 June 2004) for a point central to the climate stations at 50 °N, 115 °W (Figure 2).
We base our flow indices on mean daily 500-mb geopotential height data because this is representative of
synoptic circulation in western North America. Identical analyses could be carried out at the 700-mb level,
but we avoid this because it is close to the surface level in the Canadian Rockies, and local or regional
influences on flow fields are expected at this height. In addition, we use the geostrophic approximation in
the calculation of flow indices, which is inappropriate at near-surface levels where boundary-layer viscous
effects preclude a geostrophic balance. It should also be noted that flow indices and subsequent analyses were
conducted with a point located in the North Pacific (47.5 °N, 135 °W; Figure 1), to test the hypothesis that
upstream synoptic conditions would correlate strongly with regional weather and mass balance anomalies in
the Canadian Rockies. This is plausible because advection of warm, moist air into the Canadian Rockies is
strongly influenced by the strength and location of Pacific storm tracks in winter months. However, the local
point proved to be more strongly correlated with temperature, precipitation, and glacier mass balance in our
study region, and we do not address the upstream influence further here.
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Assuming a geostrophic equilibrium in the free atmosphere, wind velocity can be calculated from the
balance of atmospheric pressure gradients and Coriolis force (Gill, 1982). For zonal (W–E) wind speed u,
meridional (S–N) wind speed v, air density ρ, Coriolis parameter f , and air pressure P ,

u = − 1

ρf

∂P

∂y
, v = 1

ρf

∂P

∂x
(3)

where x is the zonal direction, increasing from west to east, and y is the meridional direction, increasing
northward. Wind speeds u and v represent the westerly and southerly components of the geostrophic flow. The
Coriolis parameter f is calculated from Earth’s angular rotation rate, � = 2π rad · s−1, and the latitude θ ,
such that f = 2� sinθ . Since we are considering 500-mb flow at a particular site over the Canadian Rockies,
θ = 50 °N and f is constant.

The form of the geostrophic balance in Equation (3) is appropriate for surface airflow where horizontal
pressure gradients drive the flow. For upper-air isobaric surfaces, geostrophic flow is driven by geopotential
gradients in the isobaric surface. Geopotential fields are calculated using the hydrostatic approximation for a
depth-averaged tropospheric air density

∂P/∂z = −ρg (4)

for gravitational acceleration g and vertical height z. At the 500-mb level, Z500 (x, y), integration of the
hydrostatic equation gives the ‘weight’ of the column of atmosphere from the surface to the 500-mb height,
Pcol = PS − P500 = ρgZ500. By definition, geopotential φ is equivalent to φ = Pcol/ρ = gZ500. Inserting this
into the geostrophic balance (Equation (3) gives the equivalent expression for an isobaric surface,

u = − 1

f

∂φ

∂y
= g

f

∂Z

∂y
, v = 1

f

∂φ

∂x
= g

f

∂Z

∂x
. (5)

Gravitational acceleration is a constant, so Equation (5) offers a direct method of calculating westerly flow
strength, u, from the 500-mb surface heights. Operationally, a second-order centred-difference estimation of
the geopotential gradients is calculated, following Jenkinson and Collison (1977) and Losleben et al. (2000).
This uses three-point weighted averages of the surface heights in a 3 × 3 neighbourhood of cells around that
over the surface site(s) of interest (Figure 2).

Wind speeds calculated from Equation (4) are in m · s−1. The 500-mb wind vector can be constructed from
the wind speed components giving total flow strength

F =
√

u2 + v2 (6)

and flow direction

β = tan−1(v/u), (7)

with appropriate logic to determine the correct quadrant of the wind direction vector. Flow strength F is in
m · s−1 and β is expressed in degrees, with north at 0° (or 360°), south at 180°, and west at 270°. The flow
indices u, v, F , and β were calculated for each day in the NCEP 500-mb height fields for the selected grid
point.

Upper-air flow vorticity is a measure of the curvature of airflow streamlines, indicating the prevalence of
cyclonic or anticyclonic circulation over a region. Using the geostrophic approximation as in Equation (4),
relative vorticity can also be calculated from isobaric surfaces (Gill, 1982),

ζ = ∂v

∂x
− ∂u

∂y
= g

f

(
∂2Z

∂x2 + ∂2Z

∂y2

)
(8)
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This represents the vertical component of relative vorticity (in contrast with total or potential vorticity,
which also includes rotational momentum from planetary vorticity). It is an effective index for the strength
of cyclonic or anticyclonic activity, and is positive for cyclonic flow. Units of ζ are s−1, although we follow
standard convention and report vorticity as 10−5 s−1.

The vertical component of relative vorticity, ζ , is calculated on a daily basis from the NCEP 500-mb
height fields, using centred differences in a 5 × 5 neighbourhood of cells. This provides a relatively large-
scale measure of ridge and trough structure and transient eddies that are key to frontal precipitation-bearing
systems in the Canadian Rockies.

2.4. Daily and seasonal climate analyses

We first examine mean daily precipitation totals at six locations in the Canadian Rockies (Table I) and the
corresponding daily flow indices to identify linkages between flow indices and seasonal precipitation regimes.
Daily precipitation observations are binned seasonally, with winter (NDJF), spring (MAM), summer (JJA)
and fall (SO). The longer winter and shorter fall reflect a truer climatology of the region.

To begin, mean daily precipitation values are calculated for daily flow directions (N = 337.5° − 22.5°, NE =
22.5° − 67.5°, etc.) and vorticity type (cyclonic, anticyclonic, and straight, where −1 < ζ < 1 × 10−5 s−1).
To identify the atmospheric signature of low-frequency/high-intensity precipitation events in the region, mean
seasonal flow indices are calculated for (1) all days, regardless of precipitation amount, (2) days where daily
precipitation is less than the mean, (3) days where precipitation is greater than one standard deviation above
the mean, and (4) days where precipitation is greater than two standard deviations above the mean.

Time-series of seasonal RCAs and flow indices are then considered, with multivariate stepwise regression
analysis employed to evaluate the potential for estimating temperature and precipitation anomalies using flow
indices. Coefficients of determination (R2) identify the variance explained by the predictor variables, and the
beta coefficients are presented to examine the structure of the identified relationships.

2.5. Mass balance analyses

Using mass balance as the predictand, we examine the suitability of (1) single station climatology,
(2) regional temperature and precipitation anomalies, and (3) atmospheric flow indices for estimating mean
summer, winter, and net mass balances through a multiple regression framework.

2.5.1. Single station regressions. Previous studies have suggested that point measurements of temperature
and precipitation from local climate stations can provide adequate mass balance estimates. For example,
Moore and Demuth (2001) obtained an R2 of 0.64 for a multiple regression of winter precipitation and
summer temperatures versus net balance at Place Glacier, British Columbia (cf. Figure 2), while Letréguilly
(1988) identified Jasper as the strongest correlating climate station for the Peyto Glacier mass balance series.
An updated correlation matrix for individual station climate anomalies with the Peyto Glacier mass balance
time-series (not shown) confirms this, and Jasper climate anomalies are thus regressed against the Peyto mass
balance series to determine the strongest seasonal predictors in the local meteorological data.

2.5.2. Regional climate anomaly regressions. Seasonal RCAs are entered into a separate multiple regression
analysis, with Peyto mass balance values as the predictand. As in the local climate model, NDJF indices are
used to estimate bw, JJA indices are used for bs, and both NDJF and JJA indices are entered versus bn.
Stepwise regression is used in all cases to aid in identifying the predictors of interest. Climatic anomalies
within the region are presumed to correspond with the accumulation and ablation values recorded in the mass
balance time-series, and the performance of this model is of interest for regional mass balance models.

2.5.3. Flow indices regressions. Finally, atmospheric flow indices are regressed against the Peyto mass
balance series using stepwise linear regression. Stepwise regression is also employed in the atmospheric
flow model, as it utilizes the strength of the relationships observed between the dependent variable and each
independent variable to determine which predictors are best able to explain the relationship. In a suite of
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regression models, we enter NDJF flow indices against bw, JJA flow indices against bs, and all seasonal flow
indices against bn. To allow a test of the regression model, we remove a subset of nine randomly-selected
seasons (nine bn, seven bw, and seven bs) from the mass balance data sets, reserving these data to evaluate
model performance.

3. RESULTS

3.1. Flow indices

Daily flow parameters u, v, F , β, ζ , and Z500 from the NCEP 500-mb fields for the Canadian Rockies
are summarized in Table II. The NCEP reanalysis simulation captures the prevailing westerly flow in the
region, as the mean winds are almost purely zonal. Mean meridional flow (v) is weakly northerly at the
index point, but the incidence of northerly versus southerly flow is more equally divided. Winter months are
characterized by stronger upper-level winds, northwesterly flow, and anticyclonic circulation, while summer
months see a shift to weaker overall flow, southwesterly winds, and enhanced cyclonic activity (not shown).
These observations are consistent with the previously identified high-pressure ridge, which tends to dominate
the Canadian Rockies during the winter months as a feature of an enhanced Pacific North America (PNA)
pattern (Leathers et al., 1991). Spring and autumn are transitional, with fall exhibiting more similarity to
winter synoptic flow conditions. There is reduced variability in summer for all flow parameters.

3.2. Daily and seasonal climate

Table III summarizes the mean daily precipitation observed at the selected climate stations, and mean
daily precipitation, sorted by flow categories determined from flow direction and vorticity at the 500-mb
height, are shown in Figure 3. Distinctly higher means are observed in spring and summer seasons when flow
direction is from the east, which is typically associated with the development of strong upslope precipitation
rates (Raddatz, 1975; Shea, 2004). Mean daily precipitation is generally greatest in the summer months
irrespective of flow direction or site (Figure 3(b)), as short-duration but high-intensity convective systems
typically form the main mechanism of precipitation delivery (Walker, 1961). Daily precipitation amounts
in winter (Figure 3(d)) are greatest when flow is from westerly quadrants, as this enhances the advection
of moisture from the Pacific Ocean. The rain-shadow effect can be perceived in the data presented in
Figure 3, as Fernie (west of the divide) receives substantially greater precipitation amounts than leeward
stations under westerly flow regimes. Relative vorticity at the index point does not appear to demonstrate
any local significance for daily precipitation amounts. This may be due to the role of local topographic
influences in governing precipitation in this region; these influences are not captured at the resolution of
the NCEP grid (2.5°). Alternatively, it may indicate the ambiguity of local relative vorticity in this region.
Upper-air geopotential surfaces oscillate between ridge- and trough-dominated patterns in the area, with
concomitant movements of the polar jet stream. As a result, the region is near a hinge in cyclonic versus
anticyclonic circulation patterns. More complex circulation indices are probably needed to capture the presence
of precipitation-bearing storm tracks in the region.

Table II. Mean daily flow indices, 1953–2003. See text for variable definitions

Index Mean SD Max Min

u (m s−1) 11.3 8.6 46.0 −28.1
v (m s−1) −0.5 10.0 32.2 −44.7
F (m s−1) 15.6 7.7 48.1 0.1
β (°) 253.2 67.4 359.7 0.0
ζ (s−1 · 10−5) −2.3 10.7 61.9 −32.9
Z500 5573.1 151.6 5973.0 5008.0
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Cyc = cyclonic; ACyc = anticyclonic) for (a) MAM, (b) JJA, (c) SO, and (d) NDJF

When precipitation is examined from the perspective of low frequency, high-magnitude events, a slightly
different picture of atmospheric circulation conditions is developed. Figure 4 presents mean flow indices
calculated for Kananaskis on (1) all days, regardless of precipitation, (2) daily precipitation events below
the seasonal mean, and (3) one and (4) two standard deviations above the seasonal mean. Results for the
other stations are similar to those at Kananaskis, and are not presented here. Low-frequency, high-magnitude
precipitation events are associated with increased southerly flow strengths in all seasons, and increased westerly
flow strengths in the winter months only. In spring, summer, and fall, increasingly positive (cyclonic) vorticity
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Table III. Daily precipitation summary statistics, 1953–2003, for days with precipitation

Mean (mm) SD (mm) Maximum (mm) Minimum (mm) N

NDJF
Banff 1.8 3.5 46.0 0.1 3078
Bighorn Dam 3.1 4.3 45.5 0.2 785
Fernie 8.5 10.5 159.4 0.1 2815
Jasper 2.5 3.6 31.8 0.2 1866
Kananaskis 3.5 4.9 54.6 0.1 1650
Lake Louise 4.3 5.6 58.4 0.1 2658
MAM
Banff 2.3 4.2 53.6 0.1 2385
Bighorn Dam 4.2 5.3 52.0 0.2 837
Fernie 6.0 7.1 65.6 0.1 1831
Jasper 2.6 3.2 30.2 0.2 1184
Kananaskis 5.5 7.9 78.8 0.1 1720
Lake Louise 3.4 4.7 46.0 0.1 1617
JJA
Banff 3.2 4.8 49.8 0.1 2414
Bighorn Dam 5.3 6.9 59.6 0.2 1386
Fernie 5.8 7.5 87.4 0.1 1637
Jasper 4.0 5.9 107.7 0.2 1738
Kananaskis 5.4 8.4 93.0 0.1 2106
Lake Louise 3.6 4.8 53.5 0.1 2183
SO
Banff 2.6 4.1 33.0 0.1 1360
Bighorn Dam 4.6 6.0 56.4 0.2 581
Fernie 7.6 10.0 92.2 0.1 982
Jasper 3.2 4.1 33.0 0.2 906
Kananaskis 5.0 7.8 89.6 0.1 993
Lake Louise 3.7 4.5 39.4 0.1 1167

and decreasing 500-mb heights are associated with increased precipitation, while these patterns are reversed
in the winter season. The observed reversal is problematic; one would expect to find decreasing 500-mb
heights associated with increased low-pressure systems and a corresponding increase in precipitation, as
observed in the other seasons. What this suggests is that extreme local daily precipitation events (i.e. two
standard deviations above the mean) in winter are associated with either (1) warmer air masses, which have a
correspondingly higher 500-mb pressure height, (2) high-pressure ridging with anticyclonic curvature, or (3) a
combination of these conditions. This may involve ridging west of the study region, which ushers moisture
into the Rockies through northwesterly storm tracks that follow the polar jet stream. On seasonal and regional
scales however (Figure 5), lower mean 500-mb pressures are associated with increased NDJF precipitation,
an observation that is consistent with studies of large-scale climate indices (e.g. Leathers et al., 1991; McCabe
and Legates, 1995).

Variance-weighted seasonal anomalies of temperature and precipitation (Figures 5 and 6) describe the
regional picture of seasonal climate patterns. Interannual variability is high in all seasons, but broad
temporal trends correspond with previously identified large-scale atmospheric circulation reorganizations.
Winter precipitation anomalies, in particular, demonstrate a distinct step from above mean values to below
mean values in the late 1970s, corresponding to the switch in the Pacific Decadal Oscillation (PDO),
which impacted river flows (Dettinger and Cayan, 1995; Mantua et al., 1997), snowpacks (Cayan, 1996;
Moore and McKendry, 1996), precipitation (Chen et al., 1996) and winter mass balance (Hodge et al., 1998)
throughout the Pacific Northwest. Using a t-test for difference of means (p = 0.05), we find 1953–1977 winter
precipitation anomalies to be significantly higher than those observed from 1978–2003. While temperatures
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Figure 4. Mean seasonal flow indices for daily precipitation events at Kananaskis, 1953–2003, sorted by precipitation magnitude.
(a) southerly flow, (b) westerly flow, (c) total flow strength, (d) flow direction, (e) vorticity, and (f) 500-mb height anomalies. “All days

includes days where no precipitation was recorded

in the southern Coast Mountains of British Columbia corroborate this atmospheric shift (Moore, 1996),
statistically significant NDJF temperature differences in the Canadian Rockies were not identified in the
present study.

3.3. Regional climate anomalies and flow indices

When seasonal temperature and precipitation anomalies are regressed stepwise against the observed seasonal
mean flow indices (Table IV), a strong predictive relationship is observed for temperature in all seasons
(multiple coefficient of determination R2 = 0.65–0.79). Atmospheric circulation indices explain 57% of the
observed regional precipitation anomalies in the winter season, with lower (but still significant) relationships
in summer and fall, though zero predictive capabilities are observed in the spring season. We suspect that the
MAM relationship is confounded by infrequent easterly upslope storms (e.g. Raddatz, 1975), which would
not be detected in the seasonally averaged flow indices, but are responsible for a large percentage of spring
precipitation (e.g. Figure 3(a)).

Common to all temperature-flow indices regressions is the retention of Z500 as a predictor variable
(Table IV), with lower (higher) mean heights corresponding to colder (warmer) seasonal mean temperatures.
For winter precipitation, where the RCA-flow indices relationship is strongest, Z500 and u are the predictor
variables retained, again demonstrating the link between precipitation and 500-mb heights. The strength of
the observed RCA-flow indices relationships and the variables retained supports the use of flow indices in
estimating glacier mass balance, which in its primary form, is a function of winter accumulation (precipitation)
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Figure 5. Standardized flow indices and variance-weighted temperature and precipitation anomalies for NDJF and MAM, 1953–2003.
Thick line fitted to each series is a 5-year smoothing spline

and summer melt (temperature). We investigate the performance of simple mass balance models in the
following text.

3.4. Mass balance regression modelling

Simple regression models using Peyto Glacier mass balance values (bw, bs, and bn) as the predictand and
local (Jasper JJA T and NDJF P ), regional (all season RCAs), and seasonal atmospheric flow indices as
predictors are summarized in Table V. Using local climate predictors, R2 values range from 0.48 (bs) to
0.64 (bn). Regional climate anomalies offer modest improvements in modelling bw (R2 = 0.61), though bs is
no longer statistically significant (p = 0.05), and bn shows a small decline in explanatory power. With the
atmospheric flow indices, significant relationships (p = 0.05) are observed in all cases, with R2 for bn, bw,
and bs equal to 0.68, 0.65, and 0.59, respectively. Standard errors of estimate for bw and bs are lowest for
the flow indices mass balance model, though for bn the local climate anomalies from Jasper offer the lowest
standard error. Plots of residuals with time (Figure 7) and observed versus expected values (Figure 8) are used
to examine autocorrelation and departures from the regression models. Winter balance residuals (Figure 7(a))
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Figure 6. Standardized flow indices and variance-weighted temperature and precipitation anomalies for JJA and SO, 1953–2003. Thick
line fitted to each series is a 5-year smoothing spline

display mild autocorrelation in all models, reflecting the observed decrease in winter precipitation (Section
3.2) and the influence of mean NDJF 500-mb heights on both precipitation and mass balance (Tables IV and
VI). Summer and net balance residuals are scattered equally around the mean, and in all mass balance series
the flow indices model exhibits the least deviation from zero. Lags in glacier response might be expected in
the bs or bn series, as consecutive high melt summers would reduce the firn cover, leading to deceased albedo
and increased melt totals (de Woul et al., 2006). However bw values reflect only the atmospheric conditions
of the current winter – the observed autocorrelation is likely a product of the autocorrelation inherent in the
PDO and the Z500 time-series.

Figure 8 illustrates the successes of the winter and summer balance models, and the differences in modelled
bn and the modelled sum of (bw + bs). Despite the tighter clustering exhibited by the modelled sum of
(bw + bs), the residuals exhibit a tendency towards curvature at higher bn values (Figure 8(d)). Modelled
bn residuals display higher variance, but over the period of observation these errors would tend to equal
zero (Figure 8(c)). Further analysis of the mass balance model performance is obtained from the observations
reserved for independent testing (Figure 9). With the exception of the bw outlier, which corresponds to a heavy
precipitation winter in 1973–1974 (Figure 5), predicted bw and bs match well with independent observations.
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Table IV. Variance-weighted climate anomalies and stepwise flow indices regression results. Standard error (SE), number
of variables (N), and predictors with standardized beta coefficients are presented with the adjusted (Adj. R2) and regular

(R2) multiple coefficients of determination. Bold R2 indicates the relationship is significant at p = 0.05

Precipitation anomaly

R R2 Adj. R2 SE N Predictors (beta coefficient)

NDJF 0.77 0.59 0.57 479.0 50 NDJFu (0.573), NDJFZ500 (−0.434)

MAM – – – – – –
JJA 0.58 0.34 0.31 450.9 50 JJAζ (0.449), JJAu (−0.340)

SO 0.59 0.35 0.33 265.9 50 SOZ500 (−0.589)

Temperature anomaly

R R2 Adj. R2 SE N Predictors (beta coefficient)

NDJF 0.81 0.66 0.65 15.4 50 NDJFζ (−0.512), NDJFZ500 (0.336)
MAM 0.90 0.80 0.79 8.10 50 MAMZ500 (0.756), MAMv (0.254), MAMF (−0.179)

JJA 0.85 0.72 0.71 5.3 50 JJAZ500 (0.687), JJAζ (−0.246)

SO 0.89 0.79 0.77 7.6 50 SOZ500 (0.686), SOv (0.292), SOζ (−0.244)

Table V. Coefficient of determination (R2) and standard error (SE; in mm) for Peyto Glacier mass balance series bw, bs,
and bn regressed against (1) Jasper T and P anomalies (2) regional climate anomalies, and (3) atmospheric flow indices

(variables entered stepwise). See text for model details. Bold R2 indicates the relationship is significant at p = 0.05

Model bw bs bn

Jasper Anomalies R2 (SE) 0.58 (191) 0.48 (270) 0.64 (303)
Climate Anomalies R2 (SE) 0.61 (191) 0.28 (329) 0.58 (384)
Flow Indices R2 (SE) 0.65 (179) 0.59 (249) 0.68 (327)

Modelled bn values follow the 1 : 1 line closely, and the modelled sum of (bw + bs) again suggests the
under-prediction of more positive mass balance values.

Variables retained in the stepwise mass balance regression analysis (Table VI) are consistent with the
RCA regressions (Table IV), and discussed in further detail in the following text. Stepwise regression of all
seasonal flow indices with the net mass balance series provides an independent verification of these results.
Predictors selected by the stepwise bn regression (JJAZ500, NDJFu) are consistent with both the winter and
summer balance regressions. Reconstructed mass balance series are plotted in Figure 10, and independent
testing of the regression models is facilitated by the removal of random mass balance years prior to the
regression analysis (Figure 9). Interannual variability, high in both bw and bs series, is successfully captured
by the regression models. Net balance reconstructions prior to the observational period suggest that positive
net balances were more common, coinciding with above-average winter precipitation totals (Figure 5) in the
1950’s and modest glacial advances observed in the Premier Range, south-west of Jasper (Luckman et al.,
1987). Overall, our results suggest that the atmospheric flow indices offer the best simple regression model
for estimating mass balance at Peyto Glacier. The discussion in the following text examines this conclusion
and clarifies the results of this study in the context of glacier-climate relationships.

4. DISCUSSION

Atmospheric flow indices are easily calculated for any point, and our results demonstrate that they offer
the strongest simple regression model for estimating the mass balance values; the weaker performance of

Copyright  2006 Royal Meteorological Society Int. J. Climatol. (in press)
DOI: 10.1002/joc



J. M. SHEA AND S. J. MARSHALL

(a)
400

200

0

-200b w
 r

es
id

ua
l (

m
m

)

-400

(b)
1000

500

0

-500b s
 r

es
id

ua
l (

m
m

)

-1000

(c)
1000

500

0

-500b n
 r

es
id

ua
l (

m
m

)

-1000

Flow indices model
Jasper model
RCA model

1960 1970 1980 1990

Year

2000 2010
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local and regional climate anomalies in estimating mass balance may be explained in part by the difference
in elevation between Peyto Glacier and the local stations (Table I). A related factor is temperature and
precipitation lapse rate variability (Shea et al., 2004), particularly in incised valley settings, which would
alter the estimated precipitation and temperature-driven ablation at higher altitudes on timescales ranging
from hourly to seasonally. A combination of synoptic flow indices and more local meteorological variables
could be explored to further improve predictive power, but such a model would be confounded by the
dependence of local variables on synoptic conditions.

Regression modelling results for both (1) RCAs and (2) mass balance time-series versus atmospheric
flow indices demonstrates the coherence of seasonal-scale climate and atmospheric variability, and the
direct consequences for variations in the mass balance record observed at Peyto Glacier. High westerly
flow strengths (u) in winter correspond to increased daily precipitation totals (see Figure 3(d)) and thus
a more positive mass balance (Table VI), while a decreased NDJF 500-mb height suggests an increased
frequency of low-pressure systems moving through the region, increasing precipitation and winter mass
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balance totals. In JJA, decreasing 500-mb heights indicate either an increase in the frequency of low-
pressure systems or decreased summer temperatures, reducing total ablation in a given season and resulting
in a less negative summer mass balance. Increasing total flow strengths suggest increased zonal flow in
the region, which previous research has shown to be a less efficient ablation pattern than southerly flow
regimes (Shea, 2004). The summer of 1994, an extremely wet and cool summer with highly decreased flow
strength and 500-mb heights (Figure 5), demonstrates these relationships. For the net balance regressions,
the independent variables (JJA height, NDJF u, and JJA F ) are explained by the same mechanisms
above.
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Table VI. Peyto Glacier mass balance and stepwise flow indices regression results. Standard error (SE), number of
variables (N), and predictors with standardized beta coefficients are presented with the adjusted (Adj. R2) and regular

(R2) multiple coefficients of determination. Bold R2 indicates the relationship is significant at p = 0.05

Predictand R R2 Adj. R2 SE (mm) N Predictors (beta coefficient)

bw 0.81 0.65 0.62 179 19 NDJFZ500 (−0.572), NDJFu (0.445)
bs 0.77 0.59 0.54 249 19 JJAZ500 (−0.555), JJAF (0.546)
bn 0.83 0.68 0.64 327 21 JJAZ500 (−0.703), NDJFu (0.495), JJAu (0.626)

Spring precipitation has been previously identified as a strong control on the observed distribution of
glaciers in the Canadian Rockies (Shea et al., 2004) but the poor ability of the MAM flow indices to
explain the observed variability in MAM precipitation anomalies (Table IV) clarifies their exclusion from
the regression models. Future research attempts aimed at improving the flow index models ability to simulate
MAM precipitation anomalies would be of interest in this regard, with the possibility of deriving more complex
parameters (such as number of days exceeding index thresholds) for further analysis. Future investigations of
the winter mass balance regressions would also help clarify the observed negative trend (or stepwise shift) in
bw residuals (Figure 7), and improve the regression models.

Results from this study compare favourably against reconstructions of the Peyto Glacier mass balance
record performed with tree-ring chronologies. Watson and Luckman (2004a) obtained adjusted R2 values of
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0.41 and 0.46 for winter and summer mass balance series, respectively, and extend the observational record
using tree-ring indices. The authors variously report tree-ring temperature and precipitation reconstruction
successes of R2 = 0.51 (temperature; Watson and Luckman, 2004a) and 0.64 - 0.74 (precipitation; Watson
and Luckman, 2004b), which are comparable to our results. Given the historical context, results of this
research indicate that atmospheric flow indices derived from GCMs offer a unique avenue for estimating
future mass balance behaviour. Our analyses further imply that a mass balance signal might be regional in
nature, as local temperature and precipitation, regional climate anomalies, and a glacier mass balance series
are all dependent to some degree on the variability of atmospheric flow indices. We suggest that with the
proper considerations (e.g. glacier geometry, GCM control performance), there exists a strong potential for
extending the Peyto Glacier mass balance time-series into the future with reasonable confidence.

Our results are insensitive to the choice of synoptic index site in the neighbourhood of the study region
(adjacent NCEP grid cells in the Canadian Rockies). Local weather and mass balance variations were more
correlated with the local synoptic index site than an upstream point in the North Pacific that was tested.
However, we have not done a systematic sweep of all possible synoptic index sites in western North America
to see if another site correlates more strongly with regional weather and mass balance anomalies in the
Canadian Rockies. Finally, we suggest that more complex flow indices and different synoptic levels (e.g.
700-mb and surface conditions) should be explored.

5. CONCLUSIONS

Local and regional temperature and precipitation anomalies in the Canadian Rockies respond to variations in
mean atmospheric flow indices on seasonal timescales. Our research effectively demonstrates this response
using simple linear models and descriptive statistics. Narrowing our focus to the level of individual glacier
response, we investigate simple regression models for estimating the Peyto Glacier mass balance series,
using local climate anomalies, regional variance-weighted climate anomalies, and atmospheric flow indices
as predictor variables.

Atmospheric flow indices offer the strongest predictive model for winter and summer mass balances, with
results that are corroborated by an examination of regional climate anomalies and flow indices. Stepwise
regression identifies NDJF 500-mb heights and NDJF westerly flow strengths as factors that account for
most of the variability observed in both the winter mass balance series and the NDJF regional precipitation
anomalies. Summer temperatures, frequently used to estimate summer balances, are connected to variations
in mean JJA 500-mb heights and vorticity, while the summer balance at Peyto Glacier is optimally derived
from JJA 500-mb heights and total flow strength. Winter and summer flow indices offer a strong estimate
for net mass balance, with the arithmetic sum of modelled bw and bs regressions validating the predictor
variables obtained from individual regression results.

Our results contribute important observations on the subject of glacier-climate relationships, and verify
these through independent analyses of local station data and regional climate anomalies. Atmospheric flow
indices offer a simple quantitative approach to estimating the mass balance at Peyto Glacier, with promising
implications for a coherent regional glacier response, and for future mass balance modelling within a GCM
framework.
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