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EXTENDED ABSTRACT

The spatial and temporal characteristics of annual maximum snow water equivalent (SWEmax)
and fall and spring snow cover duration (SCD) were analyzed over Québec and adjacent area for
snow seasons 1948/49-2004/05 using reconstructed daily snow depth and SWE on a 50-km grid
from a simplified snowpack model driven with 6-hourly National Centers for Environmental
Prediction (NCEP) reanalyzed air temperature and observed daily precipitation derived from the
CANGRID dataset. Rotated principal component analysis of annual snow cover series from the
reconstruction revealed that fall and spring SCD varied coherently over much of northern Québec,
and over a wide region extending from northern-Ontario across James Bay into western Québec.
In contrast, SWEmax was observed to exhibit strong regional variability with six of the seven
identified coherent regions explaining <10% of the total variance. Snow cover variability in
Québec was found to be significantly correlated with most of the major atmospheric circulation
patterns affecting the climate of eastern North America but the influence was characterized by
strong multidecadal-scale variability. The strongest and most consistent relationship was observed
between the Pacific Decadal Oscillation (PDO) and fall SCD variability over western Québec.
Evidence was found for a shift in circulation over the study region around 1980 associated with an
abrupt increase in sea level pressure and decreases in winter precipitation, snow depth and SWE
over much of southern Québec, as well as changes in the atmospheric patterns with significant
links to snow cover variability. El Nifio-Southern Oscillation (ENSQO) was found to have a limited
impact on Québec snow cover with the main influence associated with earlier snow melt over
most of central Québec in El-Nifio years. The sign of ENSO correlations with SWEmax was
observed to switch in the late 1970s which coincides with a well-documented shift in atmospheric
circulation over the north Pacific in 1976. Trend analysis of the reconstructed snow cover over
1948-2004 provided evidence of a clear north-south gradient in SWEmax and spring SCD with
significant local decreases over southern Québec and significant local increases over north-central
Québec. The increase in SWEmax over northern Québec is consistent with proxy data (lake levels,
tree growth forms, permafrost temperatures), with hemispheric-wide trends of increasing
precipitation over higher latitudes, and with the transient response of global climate model
simulations. The full paper was submitted to Hydrological Processes for publication in the ESC
2008 Special Issue.
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INTRODUCTION

Snow accumulation over Québec and adjacent Labrador is significant at a continental scale
representing the second largest maxima after the western cordillera with annual maximum snow
accumulation averaging 200-300 mm of water equivalent (Brown et al., 2003). Variations in snow
cover amount and duration have important economic and ecological consequences in this region.
For example it is estimated that 1 mm of SWE in the headwaters of the Caniapiscau-La Grande
hydro corridor is equivalent to $1M CDN in hydro-electric power production (R. Roy, personal
communication, 2006). Reductions in the amount and continuity of winter snowpack over
southern Québec in recent years have contributed to significant root damage to yellow birch (Zhu
et al., 2002) and perennial crops such as millet, alfalfa and hay as well as to the rapid expansion of
white-tail deer into southern Québec. Results from recent GCM simulations (Réisénen, 2007)
suggest a contrasting response of winter snow accumulation over this region in response to climate
warming with increases of up to 15% over northern Quebec and reductions of up to 30% over
southern Québec. However, Frei et al. (2005) showed that atmospheric global climate models tend
to underestimate SWE over the northeastern U.S. and Canada with large differences between
models suggesting climate models have some difficulty simulating winter climate over this region
of North America (NA).

A number of studies have demonstrated significant links between atmospheric circulation
variability in the North Atlantic, as expressed in the North Atlantic Oscillation (NAO) and related
indices, and climate, cyclone frequency and stream flow in the Québec-Labrador region (e.g.
D’Arrigo et al., 1993; Rasmussen et al., 1999; Sheridan, 2003; Sveinsson, 2003; Anctil and
Coulibaly, 2004; Déry and Wood, 2004; Wang et al., 2006, Qian et al., 2008). A number of studies
have also documented significant linkages between El Nifio (ENSO) and climate over many
regions of Canada (Shabbar and Khandekar, 1996; Shabbar et al., 1997), with the hydrological
response of river basins in Québec (Rasmussen et al., 1999) and with snow cover over NA (Karl et
al., 1993; Brown, 1998). Déry et al. (2005) showed a statistically significant link between Eurasian
snow cover and annual maximum SWE for the Churchill Falls river basin through a
teleconnection mechanism proposed by Gong et al. (2003). However, to the best of this author’s
knowledge there has been no systematic investigation of the role of atmospheric circulation on the
onset, melt and accumulation of snow over the Québec-Labrador region.

One of the main obstacles to a systematic study of snow cover variability over Québec is the
lack of continuous data. To overcome this problem, this study has undertaken a reconstruction of
daily snow depth and SWE on a 50-km grid over Québec over the winter seasons 1948/49-
2004/05. These data are used to (1) characterize the spatial and temporal variability and trends in
snow cover over Québec from 1948-2005; and (2) determine to what extent atmospheric
circulation patterns influence the observed spatial and temporal variability. The results from work
contribute to improved understanding of spatial and temporal variability in snow cover over
Québec, to seasonal prediction of snow cover, and to validation of climate model snow cover
simulations.
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Figure 1: Location map of the study area showing the spatial distribution of snow courses used in evaluating
the snow cover reconstruction.

STUDY REGION AND DATA SETS

The overall study region is centred on the province of Québec and adjacent regions and extends
from 43-65°N and 55-82°W (Fig. 1). This region is characterized by strong spatial gradients in
snow cover duration with snow cover duration ranging from four months (December to April)
over southern Québec to eight months (October-June) over northern Québec, and mean annual
maximum SWE (SWEmax) values ranging from less than 100 mm in the south and north to more
than 300 mm over higher elevations of the zone of maximum accumulation which extends over a
broad band along the north shore of the St. Lawrence River out to the Labrador Coast . This region
of higher SWE is related to topography and to the fact that this area coincides with several of the
preferred tracks for winter storms (Zishka and Smith, 1980). A description of the main data sets
used in this study is provided below. Note that in this study a snow year was defined from August
to July with the year assigned from the start year of the season i.e. 2004 refers to the 2004/05 snow
year from August 2004 to July 2005.

Reconstructed SWE, 1948-49 to 2004-05

The main data set used in this study was reconstructed daily snow depth and SWE on a 50-km
grid over the study area using the Brown et al. (2003) temperature index model driven with 6-
hourly temperature data from the National Centers for Environmental Prediction (NCEP)
Reanalysis (Kalnay et al., 1996) with daily precipitation amounts estimated from the product of
daily precipitation intensities from NCEP (i.e. NCEP daily total precipitation divided by NCEP
monthly total precipitation) and monthly precipitation totals from the CANGRID (Milewska et al.,
2005) dataset. CANGRID provides monthly total precipitation on a 50-km grid over Canada
corrected for inhomogeneities and systematic errors (e.g. gauge undercatch) and adjusted for
topographic and physiographic influences. NCEP temperatures were interpolated to the
CANGRID 50-km grid for running the snow model. Details of the reconstruction and validation
process are provided in Brown (2008).
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Atmospheric circulation indices, 1950-

The investigation of links between major modes of NH atmospheric circulation and snow cover
variability in the study region was carried out using the standardized monthly NH teleconnection
indices maintained at the NOAA Climate Prediction Center (CPC)
(www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml). The indices are computed from a rotated
principal component analysis of monthly mean standardized 500-hPa height anomalies in the
NCEP Reanalysis over the region north of 20°N from 1950, and include the major atmospheric
circulation patterns that influence the climate of NA e.g. NAO, the Pacific-North American pattern
(PNA), and the Eastern Pacific-North Pacific Pattern (EP/NP). The Arctic Oscillation (AO) series
was also included in the study; AO resembles the NAO but has a stronger correlation with air
temperature and precipitation over northern Québec in the winter and spring. The AO series was
obtained from NOAA CPC and is the first EOF (empirical orthogonal function) from a rotated
principal component analysis of monthly mean 1000-hPa height anomalies north of 20°N.

The monthly atmospheric indices were supplemented with sea surface temperature-related
anomaly series from the Pacific and the North Atlantic that are linked to climate variability over
the North American sector. These included: (1) North Atlantic tropical sea surface temperatures
(SSTs) (5-20°N, 30-60°W), (2) the Atlantic Multidecadal Oscillation (AMO) which represents an
index of monthly SST averaged over the north Atlantic and which has been shown to be
significantly correlated with temperature and precipitation in Europe and NA (e.g. Enfield et al.,
2001); (3) the Southern Oscillation Index as a measure of Pacific tropical SST variability and El
Nifio-La Nifia (ENSO) activity, and (4) the Pacific Decadal Oscillation (PDO) which reflects sea
surface temperature variability over the north Pacific (Mantua et al., 1997). The PDO series was
obtained from U. Washington (http://jisao.washington.edu/pdo/PDO.latest) and is defined as the
leading EOF of monthly SST anomalies in the North Pacific Ocean poleward of 20°N. The SOI
was obtained from NOAA CPC as the standardized difference between the standardized sea level
pressure (SLP) at Tahiti and the standardized SLP at Darwin. SOI is highly correlated with the
Nino 3.4 SST series (1= -0.89) so it captures the variability associated with tropical Pacific SSTs.
The  detrended  unsmoothed monthly AMO  series computed by NOAA
(http://www.cdc.noaa.gov/Timeseries/AMO/) based on the Kaplan SST dataset (Kaplan et al.,
1998) were used in this study.
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METHODS

Snow cover variables

Three key properties of snow cover variability were selected for analysis in this study: snow
cover duration in the first (SCD1 - Aug.-Jan.) and second (SCD2 - Feb.-Jul.) halves of the snow
year, and annual maximum SWE (SWEmax). A depth threshold of 2 cm was used to compute the
number of days with snow cover. SCD1 and SCD2 are highly correlated to the start and end dates
of continuous snow cover but are less ambiguous to calculate in regions like southern Québec
where winter snow cover can be ephemeral in character during the early winter period.

Trend analysis

Trend analysis of annual snow cover statistics was carried out by applying the method
developed by Zhang et al. (2000) based on the non-parametric Kendall’s rank correlation (Sen,
1968) and taking serial correlation into account. The Kendall estimate is used instead of least
squares as it is less sensitive to non-normally distributed variables and is less affected by extreme
values or outliers in the series. A Monte Carlo method was used to estimate the confidence
interval for the estimate slope. Throughout this paper the 5% level is used to define statistically
significant trends.

Principal component (PC) analysis

Spatial and temporal variability in the gridded snow cover dataset was assessed using rotated
(varimax) principal component analysis. Rotated PCs explaining 5% or more of the variance were
retained for analysis as previous experience has shown that these correspond to clear regional
patterns (Brown and Braaten, 1998). In this study PC numbers were assigned prior to rotating but
since rotation can change the relative importance of a component, the identified PCs do not
necessarily follow a sequence where the explained variance is inversely proportional to PC
number.

Correlation analysis

The correlation analysis of snow cover and atmospheric circulation patterns was carried out in
two steps. In the first step the time series of the identified major PCs of SCD1, SCD2 and
SWEmax were correlated with monthly or seasonally-averaged atmospheric circulation patterns
over the 1950-2004 period. Correlations were carried out on a monthly basis using the Pearson
product moment method for SCD1 and SCD2 for the periods corresponding to snow cover onset
over Québec (August to December) and snow cover disappearance (February-June). For
SWEmax, correlations were carried out with 4-monthly averaged atmospheric indices over the
entire snow season as the processes affecting SWEmax are cumulative such as the timing of snow
cover onset, the amount of winter precipitation, the frequency and intensity of winter thaw events
and the timing and intensity of winter thaw. Statistically significant (0.05 level) correlations were
determined from Student’s t-test. All series were detrended prior to computing correlations.

The second part of the correlation analysis involved the spatial correlation of the atmospheric
indices with snow cover series at each of the 1182 grid points in the study domain for a moving
21-year window to identify changes in the temporal and spatial structure of the atmosphere-snow
cover correlations. This approach was taken because of well-documented multi-decadal variability
in the relative influence of the various modes of circulation as well as abrupt changes or regime
shifts such as the 1988-1989 shift in the Arctic Oscillation (Watanabe and Nitta, 1999), and the
1976-1977 shift in the Aleutian low (Trenberth, 1990) and PNA (Leathers and Palecki, 1992). The
field significant of the spatial correlations was determined by constructing the probability
distribution of the number of locally significant grid points for 21-year periods of data from a
bootstrapping approach. The results indicated that 275 locally significant grid point correlations
were require for statistically significant spatial correlations for SCD1 and SCD2 and 185 for
SWEmax. This corresponds to approximately 25% and 16% of the total grid area respectively.
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Only atmospheric circulation patterns with significant spatial correlations for 10 or more 21-year
windows were included in the discussion to avoid patterns with only transitory influences on snow
cover.

SUMMARY OF MAJOR FINDINGS

The results of this study have generated a number of new insights into snow cover variability
and change over Québec and the role of atmospheric circulation patterns in explaining the
observed variability. First, the principal component analysis (Figs. 2-4) revealed that SWEmax
exhibited relatively strong regional variability over the study region with six of the seven
identified regions explaining only ~5-10% of the total variance. The strong regional character of
SWEmax interannual variability is consistent with the large number of processes influencing
regional-scale snow accumulation (e.g. position of winter storm tracks, frequency and intensity of
winter thaw events, topography, snow-vegetation interactions, cloud cover anomalies etc.). This
study showed that this regional variability was also contributed to by decadal-scale variability in
the atmospheric circulation patterns influencing temperature and precipitation over eastern NA
(Figs. 5-6). The relative strength and the regions of influence of important patterns such as NAO
and PNA were observed to vary at multi-decadal time scales; this has implications for seasonal
forecasting of snow cover with multiple regression type methods such as canonical correlation
analysis (e.g. Shabbar and Barnston, 1996).

So why do we see such strong variability in the influence of circulation patterns on SWEmax?
Firstly, a number of the important patterns linked to North Atlantic climate variability such as
NAO, AO, EA and SCA have steep gradients in their zones of influence over the study region
which is an indication of strong spatial and temporal variability. Second, SWEmax depends more
closely on precipitation than temperature (the date of snow cover onset and SWEmax are
uncorrelated over most of the study region except northern Québec) and the precipitation signals
in the circulation patterns tend to be more localized than temperature.

This study also provided evidence of a major shift in atmospheric circulation over eastern
Canada around 1980 which was associated with abrupt changes in winter sea level pressure,
precipitation, and snow cover over much of southern and central Québec. The change follows a
shift in the Aleutian Low in 1976 (Trenberth, 1990) and was associated with shifts in the relative
importance of a number of the atmospheric circulations patterns for SWEmax over the study area.
For example the SCA and PNA patterns were significantly correlated with SWEmax prior to 1980
but were replaced by NAO and EP/NP after 1980, and SOI correlations with SWEmax were
observed to change sign around this time. This study also found evidence of cyclical variations in
the influence of North Atlantic SSTs on climate and SWEmax over Québec with the AMO index
exhibiting the strongest correlations with temperature, precipitation and SWEmax over Québec
during periods when North Atlantic SSTs were cooling (1958-1978s) and warming (1984-2004).
These results underscore the importance of decadal scale variability in atmospheric and oceanic
circulation in both the North Pacific and the North Atlantic on the snow cover climate of Québec.

Spring and fall snow cover duration exhibited considerably less spatial variability than
SWEmax with large regions of coherent interannual variability over north-central Québec and
western Québec. The greater spatial coherence is due to the closer link between snow cover
duration and air temperature and the larger spatial coherence of temperature anomalies over the
study region. Regionally-averaged SCD anomalies over the entire study area were significantly
correlated with regionally-averaged seasonal air temperature anomalies from the CRUtem3v data
set (Brohan et al., 2006) in the fall (Sept-Oct) and spring (April-May) with correlations of -0.77
and -0.53 respectively. No significant correlations were observed between regionally-averaged air
temperature and SWEmax. The most important atmospheric circulation patterns explaining
interannual variations in SCD were the PDO and EP/NP over western Québec, and AMO and
NAO over northern Québec. The PDO link to fall SCD variability over western Québec was the
strongest and most consistent relationship observed in this study which further highlights the
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importance of North Pacific oceanic variability in the snow climate of Québec. In contrast, tropical
Pacific SST variability (ENSO) was only found to play a limited role.

Lastly, trend analysis of snow cover variables over the 1948-2004 period (see lower panels in
Figs. 2-4) provided evidence of a clear north-south gradient in SWEmax and spring SCD with
significant local decreases over southern Québec and significant local increases over north-central
Québec. The increase in SWEmax over north-central Québec is consistent with proxy data on lake
levels (Bégin, 2000), tree growth forms (Lavoie and Payette, 1992) and permafrost temperatures
(Payette et al., 2004). It is also consistent with the transient response of climate model simulations
(e.g. Plummer et al., 2006; Riisénen, 2007), and with increasing precipitation over Northern
Hemisphere high latitudes (north of ~55°N) in response to climate warming (Zhang et al.., 2007,
Min et al., 2008). What will be of particular interest to water resource planners in Québec are the
future evolution of these two zones (e.g. Will the current zero-change line migrate northward?
Will the increases in available water in the north compensate for the reductions in the south?), and
the future evolution of the interannual variability which has major impacts on operations and
energy pricing and which this study has shown varies significantly on multi-decadal scales
involving the North Pacific and North Atlantic ocean circulation. These questions will be
investigated in a planned follow-on study which will assess the evolution of the snow climate over
Québec in a warming world.
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Figure 2. Loading patterns and series for rotated principal components explaining 5% or more of the
interannual variability in annual maximum SWE over the 1948/49 to 2004/05 snow seasons. The loading
patterns are contoured at a 0.1 interval and are shaded above/below = 0.5. The linear trend (mm.y™") and trend
significance at each gridpoint are shown in the bottom right panels. The heavy solid line in the PC series is
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Figure 3. As in Figure 2 for fall snow cover duration. The linear trend (days.y'l) and trend significance at
each gridpoint are shown in the bottom left panels.
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Figure 4. As in Figure 6 for spring snow cover duration.
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Figure 5. Left: Contour plots of the number of gridpoints exhibiting statistically significant
Dec-Mar correlations based on 21-year moving window correlations of SWEmax and 4-monthly
averaged values of atmospheric circulation indices. Correlations are plotted against year 11
of each 21-year block. Values exceeding 180 are approximately statistically significant based
on a bootstrapping analysis. Above: SWEmax correlations patterns for modes of NH
T ) AT i 1] T 1T Apr-duly - atmospheric circulation exhibiting statistically significant spatial correlations over 10 or

i Feb-htay more 21-year windows. The correlation patterns correspond to the 21-year period and season

sc A - Dec-har

— e o yi meet the 10 window criterion but is included for comparison with the NAO results.
Qct-Jan

==L

Oct-Jan

e s e e B Ag-Mow

exhibiting the largest number of gridpoints with locally significant correlations. AO did not

Aug-Mow

| | April-July

[
i Feb-hay

Dec-har

oct-Jan

—t 1

}

SOl Eﬂ —
Lq_
e

Aug-Mov

1960
1962
1964
1966
1968
1970
1972
1974
1976
1975
1980
1982
1934
1936
1933
1990
1992 =1
1994

120



Fall SCD Spring SCD

W 280-350
= B 210-260
Aug
2 g o 39 |mi4n210 o Jun
=13 (=3 L=} (=3 A J
- T < = o 70-140 o e | A
[ e
oo-70
EP/NP| Feb
(=] (=] (O] [a) (e — = = = — o0 [es) [es) o0 o0 Lap) [e3] (s3]
[a3] [a3] [a] [s) [e) [a3] [a3] [a3] (s3] [e) fa3) [a3] [a3] o [a2] fa3) [a3] [a3]

| | | \n Jun
\_Et___ﬂ_ Apr
ey | et | T Feb
= Il = w o = I = w w = Il =x w w0 =] o =x
2] o 7] 2] i r= P - Fe r= & &0 o o & =] o [s7]
=] =] =] > =] =] =] =] =2} =] =] 5 & & & =] = &5
AMO - - = - - - - = = - - - - - = - - -
LI } /

1970 +—<p—

1960
1962
1964
1966
1968
1972
1974 +—
1976
1978

PINP, 1968-1988 AQ, 1958-1978
Spt. . jQct

).y

SA, 1954-1974

Oc

Figure 6. Same as Figure 5 for fall (left) and spring (right) snow cover duration versus monthly values of atmospheric circulation indices during each season. The upper panels
show the temporal and seasonal variability in the number of grid points with locally significant correlation (values exceeding 280 are significant based on a bootstrapping analysis).
The lower panels show the spatial correlation patterns for the 21-year period with the largest number of grid points with locally significant correlations. The AMO spring results
did not meet the 10 window criterion but are included for comparison with the EP/NP results.

121



