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Abstract Inter-annual and -decadal scale variability in
drought over the Abitibi Plains ecoregion (eastern
Canada) was investigated using a 380-year dendrocli-
matic reconstruction of the Canadian Drought Code
(CDC; July monthly average) i.e., a daily numerical
rating of the average moisture content of deep organic
layers. Spectral analyses conducted on the reconstructed
CDC indicated a shift in spectral power after 1850
leading toward a reduction in interdecadal variability
and an increase in interannual variability. Investigation
on the causes for this shift suggested a decrease in North
Pacific forcing after the mid-nineteenth century. Cross-
continuous wavelet transformation analyses indicated
coherency in the 8–16 and 17–32-year per cycle oscilla-
tion bands between the CDC reconstruction and the
Pacific Decadal Oscillation (PDO) prior to 1850. Fol-
lowing 1850, the coherency shifted toward the North
Atlantic Oscillation (NAO). Principal component anal-
ysis conducted over varying time windows reaffirmed
that the Pacific forcing was restricted to the period about
1750–1850. Prior to and after this period, the CDC was
correlated with the NAO. The shift around 1850 could
reflect a northward displacement of the polar jet stream

induced by a warming of the sea surface temperature
along the North Pacific coast. A northward displace-
ment of the jet stream, which inhibits the outflow of cold
and dry Arctic air, could have allowed the incursion of
air masses from the Atlantic subtropical regions.

1 Introduction

Interactions between the oceans and the atmosphere can
affect air mass circulation and climate over vast geo-
graphical areas (Minobe 1997; Nigam et al. 1999; Latif
et al. 2000; Barlow et al. 2001; Bonsal et al. 2001). In
North America, several investigations reported extreme
weather events associated with anomalous sea surface
temperatures (SST) or sea level pressures (SLP) across
the Arctic, the Pacific, and the Atlantic sectors (Shabbar
and Khandekar 1996; Hurrell and Van Loon 1997;
Shabbar et al. 1997a, b; Thompson and Wallace 1998;
Nigam et al. 1999; Barlow et al. 2001). These anomalies
act by altering the atmospheric circulation patterns
across the oceans, which subsequently influence tem-
perature, precipitation and storm tracks over large land
areas. These anomalies can typically last for weeks to
several months, and in some cases they can persist for
several years and decades (Rogers 1984; Ropelewski and
Jones 1987; Bonsal et al. 1993; Hurrell 1995, 1996;
Zhang et al. 1997).

There is substantial evidence of long-term changes in
atmospheric circulation patterns across the Arctic, the
Pacific, and the Atlantic sectors (Cook et al. 1998;
Luterbacher et al. 1999, 2002; D’Arrigo et al. 2001;
Glueck and Stockton 2001; Thompson and Wallace
2001). The contribution of anthropogenic forcing to
recent Northern Hemisphere changes versus that of so-
lar radiation, ozone depletion and volcanic aerosols is
still being investigated (e.g. Gillett et al. 2002; Shindell
et al. 2001a, b). Nevertheless, changes in atmospheric
circulation may have affected the climate in eastern
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Canada (Bergeron and Archambault 1993). Eastern
Canada’s climate is notably becoming moister (Bergeron
and Archambault 1993; Tardif and Bergeron 1997a),
despite global warming (Houghton et al. 2001). Instru-
mental climate records in eastern Canada effectively
show an increase of annual mean temperature by 0.5 to
1.5 �C in the last 100 years, with a greater warming in
minimum than maximum temperature (Vincent and
Gullett 1999; Zhang et al. 2000). However, mean pre-
cipitation also has significantly increased and particu-
larly the amount of snowfall received in spring (Mekis
and Hogg 1999; Zhang et al. 2000). Climate simulation
using general circulation models (GCMs) supported an
increase in the frequency of precipitation under a 2 ·
CO2 scenario (Bergeron and Flannigan 1995; Flannigan
et al. 1998, 2001; Flannigan and Wotton 2001).

Paleo-climatological and -ecological investigations
suggested that climate in eastern Canada started to
change with the end of the ‘Little Ice Age’ (�1850). In
the southeastern boreal forest, analysis of ice scars on
flooded Thuja occidentalis L. trees indicated an increase
in height and frequency of spring water levels at ice
break-up since 1850 (Tardif and Bergeron 1997a). This
increase in flood severity occurred in conjunction with a
movement of Fraxinus nigra March. populations from
low floodplain sites to more elevated sites along the
flooding gradient (Tardif and Bergeron 1999). In addi-
tion, dendroecological reconstructions of stand dynam-
ics revealed that Thuja occidentalis (a late successional
species) became more abundant in the landscape after
1850 as a result of a decrease in fire frequency (Bergeron
1998, 2000, Bergeron et al. 2001). Many other studies
reported changes in forest dynamics associated with
climatic change across the boreal and the subarctic areas
of eastern Canada (Morin and Payette 1984; Bégin and
Payette 1988; Bégin et al. 1993; Hofgaard et al. 1999;
Bégin 2000).

It was speculated that the poleward retreat of the
Arctic air mass starting at the end of the ‘Little Ice Age’
contributed to the incursion of moister air masses in
eastern Canada (Bergeron and Archambault 1993;
Hofgaard et al. 1999). However, numerous indications
suggest that a more complex change in climate dynamics
occurred around 1850. In many tree-ring chronologies of
eastern Canada, Hofgaard et al. (1999) observed an in-
crease in mean sensitivity around 1850. This coincides
with the shift in the power spectrum of paleoclimatic
records from the Pacific (Stahle et al. 1998; D’Arrigo
et al. 2001). Such a shift was not observed in paleocli-
matic records of the North Atlantic (Cook et al. 1998;
Glueck and Stockton 2001; Wanner et al. 2001; D’Arr-
igo et al. 2002).

The objective of this study was to (1) reconstruct past
summer drought over the Abitibi Plains ecoregion,
eastern Canada, and (2) analyze its relationships with
climate variability of the North Pacific, tropical Pacific
and North Atlantic between 1700 to present-day. First, a
380-year reconstruction of the July monthly average of
the Canadian Drought Code (CDC; Van Wagner 1987)

was developed from sixteen well-replicated residual tree-
ring chronologies. Past studies have shown a good cor-
relation between the CDC and ring width (Archambault
and Bergeron 1992; Tardif and Bergeron 1997b; Girar-
din et al. 2001). The coherency between the recon-
structed CDC and other climate reconstructions from
the North Pacific (D’Arrigo et al. 2001), the tropical
Pacific (Stahle et al. 1998) and the North Atlantic
(Luterbacher et al. 1999) was analyzed. In addition, the
CDC reconstruction was compared with records of fire
history to test its ability to estimate past fire seasons.
Since our record is an estimate of the average moisture
content of the deep organic layers, it was expected that
most periods of extensive burned area coincided with
severe drought estimates.

2 Materials and methods

2.1 Description of the area

The study area (49�N, 79�W; approximately
125,664 km2) is located at about 530 km north of
Montreal and is part of the Northern Clay Belt of
Québec and Ontario (Fig. 1). The geomorphology of the
region is characterized by the influence of a post-glacial
lacustrine phase that formed the Clay Belt (Vincent and
Hardy 1977). The region is classified as having a humid
mid-boreal ecoclimate (Ecological Stratification Work-
ing Group 1996). Mean annual temperature (1971–2000)
at La Sarre is 0.7 �C, and total annual precipitation is
889.8 mm (Environment Canada 2002). The mean
number of days with minimum temperature above 0 �C
is 148. Snow represents 27.7% of the yearly total pre-
cipitation whereas most of the liquid precipitation falls
during May to September (Environment Canada 2002).
Human settlement mainly started in the 1910s, fire
suppression started around the 1970s (Bergeron et al.
2001).

2.2 The Canadian drought code

The CDC is a numerical daily rating of the average
moisture content of deep, compact, organic layers
(Turner 1972). The CDC is a component of the Fire
Weather Index System (Van Wagner 1987) that is used
daily across Canada by the Canadian Forest Service
(Natural Resources Canada) to monitor forest fire
danger. In an ecological perspective, the CDC as many
notable features : (1) the effect of snowmelt is accounted
for in its calculation; (2) it is an adequate indicator of
moisture conditions of deep organic layers in boreal
conifer stands (Van Wagner 1970), (3) it represents
conditions conducive to hydric stress in boreal tree
species (Bergeron and Archambault 1993; Tardif and
Bergeron 1997; Girardin et al. 2001), (4) it is an indicator
of water table depth, and (5) it represents conditions
conducive to fire involving deep soil layers (Turner
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1972). In addition, monthly CDC averages possess these
statistical features: (a) the absence of serial autocorre-
lation in the monthly indices, (b) strong monthly per-
sistence (high correlation between CDC indices from
one month to the next), and (c) the presence of white
noise in the CDC indices’ spectra (decreasing power with
increasing period) (Girardin et al. 2004).

The CDC maintains a daily budget of stored mois-
ture, accounting for daily losses and gains (McAlpine
1990). The CDC is calculated each year independently of
the previous one and of the amount of winter precipi-
tation. Each year a snowmelt time is simulated (usually
around May 1st in the eastern boreal forest). At that
moment it is assumed that deep organic layers are fully
recharged with water (as a consequence of melting
snow). Thereafter, moisture losses are the result of daily
evaporation and transpiration, while daily precipitation
accounts for moisture gains (see Appendix 1). Evapo-
ration and transpiration losses are first estimated as a
maximum potential evapotranspiration based on tem-
perature and date. Second, this maximum potential
evapotranspiration value is scaled by the available soil
moisture to reflect the fact that as soil moisture content
is reduced, evaporation is increasingly difficult (Turner
1972; McAlpine 1990). In the moisture recharge proce-
dure, total precipitation is reduced by 2.8 mm per 24 h
period to allow for canopy and surface fuel interception.
The maximum water holding capacity of the CDC is
100 mm for a layer with a bulk density of about 25 kg/
m2, which amounts to approximately 400% of water per
units of mass. Excess water is considered as runoff and
not accounted for in the CDC.

The minimum CDC value of zero represents
20.32 cm of available water held in the soil. The scale of

the CDC is cumulative, with each unit change repre-
senting a decrease of 0.254 mm of available water in the
soil. Van Wagner (1970) estimated the CDC exponential
drying rate time constant at 52 days. A CDC rating of
200 is an indication of high drought severity, and 300 or
more is extreme drought severity. The CDC generally
peaks in mid- to late August, where afterward it either
declines or maintains the same value (McAlpine 1990;
Girardin et al. 2004). The reversal in August is only
attributed to a change in day length, and is not a func-
tion of seasonal precipitation.

Daily CDC indices were computed using daily
maximum temperature and daily precipitation data for
each of the following stations: Amos, Abitibi Post,
Cochrane, Duparquet, Haileybury, Kirkland, Iroquois
Falls, La Sarre, and Val St-Gilles (data from Envi-
ronment Canada 2000). Monthly average CDC indices
of all stations were tested for homogeneity (Vincent
1998; program HOM, Holmes 1999) and a regional
monthly CDC value was calculated using program
MET (Holmes 1999). In this procedure, the mean and
standard deviation was calculated for each month at
each station. The departure for each month and year
was then calculated and averaged across stations to
produce regional average departures for each month
and year.

2.3 Dendrochronological data

Sixteen well replicated tree-ring chronologies (a total of
1,191 measurement series) all greater than 170 years
were obtained for reconstruction of the July CDC. These
site chronologies are briefly described in Table 1. Most

Fig. 1 Map showing the
location of the study area.
Geographical locations of the
indices of climate variability
over the Atlantic and Pacific
sectors are shown, as well as the
location of the tree-ring data
sets (A 1, 5, 7, 12–16; B 8; C 3,
10; D 4, 11; E 2, 9; F 6, refer
numbers to Table 1 for
identification of chronologies)
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of these chronologies originated from the Lake Dupar-
quet and surrounding areas (Fig. 1).

The site residual chronologies were created as fol-
lows. During sampling years, cores and cross sections
were taken from trees. Cross sections were also taken
from dead trees. The collected samples were sanded,
crossdated, and each annual ring was measured at
0.001 mm accuracy (Stokes and Smiley 1996). For each
measurement series, the crossdating was statistically
verified using the program COFECHA (Holmes et al.
1986) and graphically using program ITRVIEW 2.0
(Varem-Sanders 2000). The age/size-related trend was
removed from the tree-ring measurement series using a
spline function giving a 50% oscillation response of
60 years (Cook and Peters 1981). Although this resulted
in the loss of information relative to long-term climatic
changes, 99% of the variance contained in oscillations
less than 19 years was preserved. This ‘‘flexible’’
smoothing was necessary because many of the tree-ring
series were less than a 100-year length, presenting
important growth trends that needed to be removed.
The biological persistence (autocorrelation) contained in
the standardized measurement series was removed
(autoregressive modeling) to eliminate variation not due
to climate (Cook and Holmes 1986; Holmes et al. 1986).
Biweight means of these residual series were computed
for each data set to create the site residual chronologies.
All chronologies were constructed using Program
ARSTAN (Holmes 1999).

2.4 Subset models

The July CDC reconstruction was made from varying
site residual chronologies and residual series. In this
procedure, four sub-reconstruction models were created:
model I (1820–1984), model II (1768–1984), model III
(1714–1984), and model IV (1605–1984). The difference
between models I, II, and III relates to the number of
site residual chronologies included (16, 8, and 5,
respectively; Table 1). Model IV was made from 39 long
residual series greater than 380 years extracted from the
two Thuja occidentalis data sets (Table 1). Segments of
models I (1820–1989), II (1768–1819), III (1714–1767),
and IV (1605–1713) were joined into one single 380-year
time series. Because of the flexible smoothing performed
on the measurement series, a fifth reconstruction model
(model V) was made for assessment of long-term vari-
ability. In this model, the 39 T. occidentalis residual
series were detrended using a spline function giving a
50% oscillation response of 300 years (preserving 99%
of the variance contained in oscillations less than
99 years).

2.5 Tree growth and climate relationships

Development of each July CDC sub-reconstruction
models was conducted as described by Cook and Kai-
riukstis (1990), Fritts (1991), and Cook et al. (1994). The

Models: (I) 1820–1984; (II) 1768–1984; (III) 1714–1984; (IV-V)
1605–1984
a: residual chronologies used in the models
b: residual series used in the models

r: Pearson’s correlation coefficients between the chronologies and
the July instrumental CDC index (period 1895–1985) of the current
year (y) of ring formation and the year prior (y–1) to ring forma-
tion. A correlation is significant at P< 0.05 when r > Œ0.21Œ

Table 1 Residual tree-ring chronologies sources and main characteristics of each reconstruction model

Species Source Location Length N series
total

r(y) r(y–1) Models

I II III IV V

01-Pinus banksiana Hofgaard et al. (1999) Hébécourt Lake 219 49 –0.38 –0.12 a

02-Pinus banksiana Hofgaard et al. (1999) Chicobi Hills 182 57 –0.13 –0.28 a

03-Pinus banksiana Hofgaard et al. (1999) Hedge Hills 185 67 –0.08 –0.01 a

04-Pinus banksiana Hofgaard et al. (1999) Joutel 282 51 0.11 –0.27 a a a

05-Pinus banksiana Bergeron et al. (2001) Duparquet Lake 260 94 –0.38 –0.09 a a

06-Pinus banksiana Bergeron et al. (2001) Abitibi Lake 275 75 –0.02 –0.29 a a

07-Picea mariana Hofgaard et al. (1999) Hébécourt Lake 206 59 –0.33 –0.18 a

08-Picea mariana Hofgaard et al. (1999) Opasatica Lake 298 61 –0.25 –0.23 a a a

09-Picea mariana Hofgaard et al. (1999) Chicobi Hills 177 61 –0.28 –0.24 a

10-Picea mariana Hofgaard et al. (1999) Hedge Hills 181 67 –0.32 –0.04 a

11-Picea mariana Hofgaard et al. (1999) Joutel 218 57 0.03 –0.23 a

12-Thuja occidentalis Archambault and
Bergeron (1992)

Duparquet Lake 802 55 –0.32 –0.16 a a a b b

13-Thuja occidentalis Tardif and Bergeron
(1997b)

Duparquet Lake
(wet sites)

571 43 –0.13 –0.12 a a a b b

14-Fraxinus nigra Tardif and Bergeron
(1997b)

Duparquet Lake
(mesic sites)

308 253 –0.27 0.14 a a a

15-Picea mariana Girardin et al.
(2001; 2002a)

Duparquet Lake
(wet sites)

166 68 –0.15 –0.16 a

16-Betula papyrifera Charron and Bergeron
(2000)

Duparquet Lake 233 74 –0.46 0.13 a a

Characteristics
Length of the spline curves 60 60 60 60 300
Number of PCs used in the calibrations 2 2 2 4 4
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first step involved in the development of the models was
to determine which monthly CDC value to reconstruct.
Both redundancy analysis (RDA) and principal com-
ponent analysis (PCA) (Tardif et al. 2003) were used for
this purpose. For these analyses, the chronology data set
included the 16 site residual chronologies and the cli-
mate data set included monthly CDC (from Girardin
et al. 2004) and monthly regional temperature and pre-
cipitation series (from Tardif and Bergeron 1997b). Both
RDA and PCA were performed on correlation matrices
and program CANOCO 4.0 was used (Ter Braak and
Smilauer 1998).

Redundancy analysis is the canonical extension of
PCA and intends to display the main trends in variation
of a multidimensional data set in a reduced space of a
few linearly independent dimensions (Legendre and
Legendre 1998). In RDA, however, the canonical axes
differ from the principal components (PCs) in that they
are constrained to be linear combination of supplied
environmental variables (Ter Braak and Prentice 1988;
Ter Braak 1994). RDA may be understood as a two-step
process: (1) each site residual chronologies are regressed
on the climate variables and the fitted values are com-
puted; (2) a PCA is then carried out on the matrix of
fitted values to obtain the eigenvalues and eigenvectors
(Legendre and Legendre 1998). The climate variables
were selected using a forward selection on the basis of
the goodness of fit and tested for significance using a
randomization test (9999 Monte Carlo unrestricted
permutations). This procedure was repeated until a
variable was tested non-significant at the 5% level. RDA
was also performed on subsets of site residual chronol-
ogies (models II and III) and residual series (models IV
and V). For cross verification, a PCA was conducted on
the 16 site residual chronologies and the first and second
principal components were correlated with the climate
variables using the Pearson correlation coefficient.

2.6 July CDC reconstruction

In each July CDC sub-reconstruction model, the site
residual chronologies were transformed into orthogonal
eigenvectors to remove multicollinearity between the
predictors (Cook and Kairiukstis 1990; Legendre and
Legendre 1998). In models I, II, and III the 16 residual
site chronologies were entered in a PCA and the first and
second principal components (which contains over 53%
of the total variance) were used in subsequent proce-
dures (Table 1). For models IV and V, the 39 residual
measurement series were entered in a PCA. PCI, PCII,
PCIII and PCIV (49.5% and 48% of the total variance,
respectively for model IV and V) were used later on as
July CDC predictors.

Because tree growth in the year of ring formation is
influenced by weather conditions in both the current and
the prior growing seasons (Cook and Kairiukstis 1990;
Archambault and Bergeron 1992; Hofgaard et al. 1999;
Fritts 2001), the PCs were forwarded by one year and

included in the models. A total of four July CDC pre-
dictor time series were included in models I-II and III,
and eight in models IV and V.

Calibration models were computed using multiple
linear regression analyses between the instrumental
drought indices (CDC July monthly averages) and the
PCs (present and forward lags) (Cook and Kairiukstis
1990). The yearly July CDC for the early period covered
by the site residual chronologies was estimated from the
calibration model equations (transfer function). The
stability of each model was tested (verification proce-
dure) after conducting two sub-calibrations of the peri-
ods 1895–1939 and 1940–1984. Reduction of error (RE),
product means test (PM), Spearman rank correlation
coefficient and sign test were calculated on the inde-
pendent periods (period not included in the calibration)
according to standard procedures (Cook and Kairiukstis
1990; Fritts 2001).

2.7 Validation with fire history

As a mean of validation, a fire history reconstruction
conducted by Bergeron (1991) in the Lake Duparquet
area (Fig. 1) was used to validate the ability of the
reconstructed July CDC to capture years of severe
drought events that often lead to forest fires. This data
set consists of years (±1-year accuracy) of large area
burned (>1 km2) near Lake Duparquet derived from
fire-scarred trees. These fire years were 1760, 1797, 1816,
1823, 1847, 1870, 1907, 1919, 1923, and 1944.

2.8 Ocean-atmosphere circulation patterns

One objective of this study is the comparison of the
variability in the CDC with that of paleoclimatic indices
of atmospheric circulation. Numerous proxy records of
interannual and interdecadal scale climate variability for
the Pacific and Atlantic sectors exist (Stahle et al. 1998;
Cook et al. 1998; Luterbacher et al. 1999; Biondi et al.
2001; D’Arrigo et al. 2001; Glueck and Stockton 2001).
Because the reconstructed July CDC is an estimate of
spring and early summer climate variability (May–July),
paleoclimatic indices spanning this season were priori-
tized over others for the analysis.

D’Arrigo et al. (2001) presented two annual Pacific
Decadal Oscillation (PDO; Mantua et al. 1997) recon-
structions, a decadal scale oscillatory mode of North
Pacific SST. The two reconstructions (differ in the
number of chronologies incorporated in the models) are
based on summer temperature sensitive tree-ring chro-
nologies from the Gulf of Alaska and winter sensitive
tree-ring chronologies from the southwestern United
States (USA) and Mexico. Their 1790–1979 reconstruc-
tion accounts for 53% of the instrumental variance
while the second reconstruction accounts for 44% of the
variance and extends as far back as 1700. The 1790–1979
reconstruction demonstrated better predictive skills, and
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therefore it was selected and extended to 1700 by using
the segment 1700–1789 from the later reconstruction.

Reconstructed monthly North Atlantic Oscillation
(NAO; Rogers 1984; Hurrell 1995, 1996) indices by
Luterbacher et al. (1999) were used in this study. Be-
cause this data set provides us with the possibility of
using NAO seasonal averages of May to July, their re-
cord was chosen over Cook et al. (1998) and Glueck and
Stockton (2001). The use of a seasonal NAO pattern is
particularly appealing since the NAO exerts strong
seasonal variations over the Northern Hemisphere
(Barnston and Livezey 1987) and at virtually all longi-
tudes (Thompson and Wallace 2001). The NAO can also
be viewed as the manifestation of the Arctic Oscillation
in the North Atlantic sector (AO; Thompson and Wal-
lace 1998). The NAO reconstruction of Luterbacher
et al. (1999) is derived from varying time series of
instrumental pressures, temperature, precipitation, and
paleoenvironmental records. The period for which
excellent results (variance > 30%) were obtained by the
authors spans 1770–1990. Prior to 1770, the predictive
skills are poor.

Finally, the Southern Oscillation (SO) index (Rope-
lewski and Jones 1987), an important source of inter-
annual climate variation that influence weather and
climate all over the world, was reconstructed by Stahle
et al. (1998). Even though the SO reconstruction (which
covers the period 1706 to 1977) is restricted to the winter
period of December to February, SO anomalies are
persistent enough to affect climate many seasons after
the onset (Kiladis and Diaz 1989; Bonsal and Lawford
1999).

2.9 Spatiotemporal analyses

Common variance at multiple-scales between the July
CDC reconstruction and the reconstructed atmospheric
circulation pattern indices (NAO, PDO, and SO) was
analyzed using PCA conducted on correlation matri-
ces. Five 100-year intervals, held in common by all
reconstructed variables, from 1706 to 1979 were used
(note that the period chosen was constrained by the
length of the SO reconstruction). The first PCA was
conducted on the period 1706–1805 whereas the last
one was conducted on the period 1880–1979. A PCA
was also conducted on instrumental circulation pattern
indices (monthly average of May to July) for the per-
iod 1900–1998. For this analysis uniquely, instrumental
AO indices as well as reconstructed CDC indices were
added as supplementary (passive) variables. Passive
variables do not influence the formation of the PCs.
They are added afterwards in the analysis so that their
relation to the other variables can still be judged from
the reduced space (representation of a large fraction
of the variability of a multidimensional data matrix,
in a space with reduced (i.e. lower) dimensionality
relative to the original data set (Legendre and Legen-
dre 1998)).

2.10 Spectral analyses

Fourier multitaper spectra analyses (Lees and Park
1995; program AutoSignal version 1.5; AISN Software
1999) were conducted on the reconstructed July CDC
for identification of stationary signals. Analyses of
peak-based critical limit significance levels were per-
formed for ascertaining the significance of the largest
spectral component. In this type of test, one seeks to
disprove the null hypothesis where one postulates either
a white noise signal (AR(1) = 0.0), or a red noise
signal (AR(1) > 0.0) (Lees and Park 1995). Red noise
is present when the background power decreases with
increasing frequency.

In the Fourier method, the component sine and co-
sine waves are localized in frequency but not in time
(Torrence and Compo 1998). This is problematic when
analyzing time series with non-stationary signals.
Alternatively, continuous wavelet transform (CWT)
analyses were used to decompose signals into wavelets,
small oscillations that are highly localized in time
(Torrence and Compo 1998). Whereas the Fourier
transform decomposes a signal into infinite length sines
and cosines, effectively losing all time-localization
information, the CWT’s basis functions are scaled and
shifted versions of the time-localized mother wavelet.
The CWT is used to construct a time-frequency repre-
sentation (spectrum) of a signal that offers very good
time and frequency localization. Coherency between two
time series (CDC against the NAO, the PDO, and the
SO) at various time and period scales were identified by
the cross products of the CWTs from the two time series
(Torrence and Compo 1998; Torrence and Webster
1999). Periodicities showing coherency were recon-
structed with the use of spectral components isolated in
the time-frequency domain (wavelet filtering and
reconstruction; Torrence and Compo 1998).

In this study, CWT analyses were performed using a
nonorthogonal Morlet wavelet basis (wave number of
6), a Gaussian-windowed complex sinusoid (Torrence
and Compo 1998). The wavelet basis was selected so that
the time-space domain is maximized in length over the
spectral-space domain (Torrence and Compo 1998).
Other wavelet basis procedures (the Paul basis for in-
stance) with various adjustable parameters were also
tested and results tended to be consistent (within the
uncertainty of the wavelet basis’ definition). For the
spectrum analyses, all reconstructions were updated to
1998 by using instrumental meteorological data (calcu-
lated as per the original method). Also, the SO data set
(1706–1977) was padded with additional zeros for the
years 1700–1705 for consistency with the PDO data set
length. All reconstructed indices (CDC, NAO, PDO,
and SO) were normalized before processing the CWT.
CWT analyses were performed using the program
AutoSignal version 1.5 (AISN Software 1999) and using
IDL (Interactive Data Language, Research Systems)
wavelet programs written by Torrence and Compo
(1998).
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2.11 Geopotential height maps

For validation of the relationship between the CDC and
atmospheric circulation during the instrumental climate
period, May-July 500-hPa geopotential height compos-
ite and correlation maps were created with the aid of the
NOAA-CIRES Climate Diagnostics Center, Boulder
Colorado (Kalnay et al. 1996; www.cdc.noaa.gov). The
500-hPa grid has a global spatial coverage of 2.5� lati-
tude by 2.5� longitude with 144 · 73 points and a tem-
poral coverage of 1948 to present, with output every
6 hours. Daily 500-hPa heights (expressed in m) were
averaged by months for each grid point. For the
composite maps, 500-hPa anomalies were determined
relative to the mean value of the 1968–1996 reference
period.

3 Results

The climate variable showing the strongest relationship
with the sixteen site residual chronologies was the July
monthly average CDC (Fig. 2, Table 2). Both RDA
canonical axes were well correlated with this variable

(Fig. 2). Temperature and June precipitation also ac-
counted for an important part of the variability, par-
ticularly the temperatures prevailing in August the year
prior to ring formation and in early spring of the year
of ring formation (Fig. 2). With respect to seasonal
variables, the correlation coefficients obtained from the
July CDC indices exceeded those obtained from sea-
sonal average temperature and total precipitation (Ta-
ble 2). Correlation analyses (Table 1) indicated that the
most drought sensitive site residual chronologies were
B. papyrifera, and P. banksiana of Lake Hébécourt and
Lake Duparquet. Chronologies of T. occidentalis from
dry sites of Lake Duparquet, and of P. mariana from
Hedge Hills and Lake Hébécourt also correlated well
with the July CDC (Table 1). Redundancy analysis
conducted on subsets of site residual chronologies
(models II and III) and on T. occidentalis residual
series (models IV and V) also identified the July CDC
value as a significant climate variable (results not
shown).

3.1 Reconstructed July CDC

Correlation analyses and visual assessment indicated
that the interannual and interdecadal variability con-
tained in the instrumental July CDC value was ade-
quately reproduced in model I (P < 0.001; Fig. 3a). The
Spearman rank correlation, sign tests, reduction of

Fig. 2 Eigenvectors of the redundancy analysis (RDA) conducted
on the site residual chronologies from the Abitibi Plains ecoregion.
The descriptors (arrows) are positioned in the biplot based on their
correlations with the canonical axes. For instance, the variable
CDCjul has a correlation of –0.61 with the first canonical axis and
of –0.71 with the second one. In addition, the biplot also
approximates the correlation coefficient among descriptors and
climatic variables (Legendre and Legendre 1998). Climate variables
and site residual chronologies with arrows at sharp angles are
positively correlated (cos 0� = 1.0, i.e. perfect correlation).
Conversely, obtuse angles indicate negative correlation (cos 180�
= –1.0, i.e. perfect correlation). Variable abbreviations are June
precipitation (Pjunt–1) and November (Tnovt–1) and August (Taugt–
1) temperatures of the year prior to ring formation, and June
precipitation (Pjun), April temperature (Tapr) and July drought
(CDCjul) of the year of ring formation. Refer numbers to Table 1
for identification of site residual chronologies. Eigenvalues (E) and
descriptors - climate correlation coefficients are E1 = 0.129, E2 =
0.075, r1 = 0.598, and r2 = 0.655; percentage of explained variance
of descriptors - climate relation are canonical axis I = 0.54 and
canonical axis II = 0.31. The significance of all canonical axes is
P < 0.001

Table 2 Pearson correlation coefficients between monthly average
CDC indices and PCI and PCII of the sixteen site residual chro-
nologies

PCI PCII

Monthly average CDC
Year prior to ring formation
April –0.04 –0.05
May –0.02 0.04
June –0.16 0.05
July –0.20 0.24
August –0.18 0.12
September –0.09 0.07
October –0.03 0.00
Year of ring formation
April 0.21 –0.20
May 0.08 –0.18
June –0.17 –0.28
July –0.36 –0.42
August –0.15 –0.35
September –0.05 –0.23
October –0.10 –0.05
May–July average temperature
Year prior to ring formation 0.14 –0.05
Year of ring formation –0.18 –0.31
May–July total precipitation
Year prior to ring formation 0.22 –0.15
Year of ring formation 0.25 0.42

Correlation coefficients conducted on May to July average tem-
perature and total precipitation are also shown. Coefficients are
significant at P < 0.05 when r > Œ0.21Œ. The two PCs accounted
for 52.6% of the total variance
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error (RE), and product means test (PM) statistics of
the verification (Table 3) supported this statement by
indicating significant predictive skills of the calibration
model (Cook and Kairiukstis 1990; Cook et al. 1994;
Fritts 2001). Whenever RE is greater than zero the
reconstruction is considered as being better than the
calibration period mean, indicating a tendency for the
reconstruction to reproduce with confidence both high-
and relatively low-frequency drought variations. A sig-
nificant sign test indicates good fidelity in the direction
of year-to-year drought change in the real and estimated
data, while the PM test result indicates that the magni-
tudes as well as the direction of these changes are sta-
tistically significant. Based on results of Table 3, we
considered the reconstruction to be reliable from 1768 to
present as an estimate of interannual and interdecadal
climate variability. Prior to 1768, partially positive RE
statistics indicated that the regression models on the
average had some skill and that the reconstructions were
of some value. A partitioning (Cook and Kairiukstis
1990) of the negative RE value from models III and IV
indicated that the RE were effectively greater than the
RISK factor (–0.63 and –0.44, respectively). It is rec-
ognized that values of RE that are negative but greater
than the measure of the variability of both estimates and
instrumental observation (RISK) may still contain some
meaningful climate information. Loss in variability

is however observed from model I to model IV (Fig. 3a–
3d, respectively) judging by the intermodel Spearman
rank correlation coefficients (r) (period 1895–1984: rI-II
= 0.98, rI-III = 0.63, and rI-IV = 0.55). As for model V
(Fig. 3e) in which intercentennial variability was pre-
served, statistics (r2 = 0.46; RE = 0.08 and –0.14) were
very similar to model IV (Fig. 3d; Table 3).

During the time span of the reconstruction, 32 years
of high drought indices (above 200 as suggested by
Turner 1972) were estimated between 1605 and 1984
(Fig. 3f, Appendix 2). Eleven of these years occurred
during the early twentieth century at time when
interannual variability was the greatest (Fig. 3f).
Reconstruction of intercentennial variability showed
that long-dry periods occurred during the late eighteenth
and the nineteenth century: 1760s, 1790s–1810s, 1830s–
1840s, and 1860s–1870s (Fig. 3e). Very dry climate was
also observed in the seventeenth century, with in addi-
tion strong interdecadal signals.

A multitaper spectra analysis of the reconstructed
July CDC 1700–1998 period showed no significant
stationary signals (Fig. 4a). Analyses of two indepen-
dent periods, pre-1850 and post-1850, however indi-
cated that signals at around 14–36 year/cycle, although
not significant, were considerably more pronounced
during the interval 1700–1849 relative to 1850–1998
(Fig. 4b, 4c). These signals contributed to the small

Fig. 3a–e Sub-reconstructed
July CDC models I to V. A
Savitzky-Golay Smoothing
Filter procedure was performed
on the fifth model e. This time-
domain method of smoothing is
based on second degree least
squares polynomial fitting
across a moving window within
the data. f Final July-CDC
reconstruction made from
segments (delineated by dashed
lines) of models I, II, III and IV
and updated using instrumental
CDC indices (period 1985–
1998). Error bars are shown in
f by thin dotted lines. In a is also
shown the instrumental CDC
indices (thick line)
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amount of red noise observed in the spectra (AR(1) >
0; refer to Sect. 2.10). Interannual signals (2.05–2.69
and 3.58–3.77 year/cycle) were considerably more pro-
nounced after 1850.

3.2 Validation with fire history

To validate the ability of the final CDC reconstruction
to estimate past seasons of drought, yearly historical
records of extensive burned area were compared with the
reconstruction. Observation showed concordance be-
tween large areas burned in the vicinity of Lake Du-
parquet and years of drought. Out of the ten fires
reported, six (1760, 1847, 1870, 1919, 1923, and 1944)
accurately corresponded to drought estimates higher
than 190 (Appendix 2). Fires in 1823 and 1907
corresponded with dry years estimated in 1822 and 1906,

respectively. Fires in 1797 and 1816 did not corre-
sponded to severe drought indices.

3.3 PCA and atmospheric circulation

PCA was used to investigate the common variability
structure between the reconstructed July CDC and
patterns of atmospheric circulation (PDO, SO and
NAO). As a result of the varying site chronologies in the
climate reconstruction process, caution must be taken
when interpreting the correlations with atmospheric
circulation patterns before 1770.

Reduced spaces in Fig. 5 all demonstrated that PCI
was negatively correlated with the PDO and positively
with the SO. The angle approximating 180� between the
two vectors further highlighted the negative correlation
between the two circulation patterns. As for PCII, it was

Table 3 Calibration and verification statistics of all four sub-reconstruction models (Cook and Kairiukstis 1990; Fritts 2001)

MODEL I (1820) MODEL II (1768)

Calibration periods 1895–1939 1940–1984 1895–1984 1895–1939 1940–1984 1895–1984
Verification periods 1940–1984 1895–1939 – 1940–1984 1895–1939 –
Calibrations
Multiple r 0.69 0.58 0.63 0.70 0.52 0.61
r-square 0.48 0.34 0.40 0.49 0.27 0.38
Adjusted r-square 0.43 0.27 0.37 0.44 0.20 0.35
Standard error of the estimate 48.52 49.20 48.46 48.04 51.55 49.23

Analyses of variance
P-value 0.000 0.002 0.000 0.000 0.011 0.000

Verifications
Reduction of error c 0.29 0.47 – 0.23 0.41 –
Product means test d 2.67 3.62 – 2.66 3.62 –
Spearman rank correlation 0.51 0.65 0.60b 0.47 0.64 0.58b

Sign testse

Agreements 33 33 – 30 30 –
Disagreements 12 11 – 15 15 –
P-value 0.005 0.005 – 0.050 0.050 –

MODEL III (1714) MODEL IV (1605)

Calibration periods 1895–1939 1940–1984 1895–1984 1895–1939 1940–1984 1895–1984
Verification periods 1940–1984 1895–1939 – 1940–1984 1895–1939 –
Calibrations
Multiple r 0.54 0.45 0.43 0.52 0.67 0.54
r-square 0.29 0.21 0.18 0.27 0.45 0.29
Adjusted r-square 0.22 0.13 0.15 0.11 0.33 0.22
Standard error of the estimate 56.56 53.77 56.12 60.45 47.22 53.90

Analyses of variance
p-value 0.007 0.052 0.002 0.148 0.003 0.000

Verifications
Reduction of errorc –0.21 0.02 – 0.20 –0.05 –
Product Means testd a a – 2.79 a –
Spearman rank correlation 0.32 0.27 0.43b 0.41 0.27 0.52

Sign testse

Agreements 25 29 – 31 27 –
Disagreements 20 16 – 14 18 –
P-value b b – 0.020 b –

aNon-significant
bCorrelations between estimated and instrumental data (P< 0.001 if r > 0.35)
cPositive values signify predictive skills
dSignificant tests indicate that large departures from the mean are reconstructed any more reliably than smaller ones
eAgreements indicate correct sign of tree-ring estimates
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positively and highly correlated with the NAO. Angles
approximating 90� between the NAO and the SO and
PDO suggested the absence of a correlation between the
North Atlantic and the Pacific sectors. In every reduced
space, the contribution of the NAO, PDO, and SO to
the formation of PCI and PCII exceeded the expected
one under the hypothesis of an equal contribution to all
principal components (by comparing the length of the

descriptors’ projection to the equilibrium circle). Per-
centages of explained variance by PCI and PCII re-
mained relatively constant from one period of analysis
to another (Fig. 5).

Reduced spaces demonstrated a positive correlation
between the CDC and the NAO (sharp angle) along
PCII at the beginning and end of the period of analysis
(Fig. 5a, d, e). No correlation with the SO and PDO

Fig. 4 Fourier multitaper spectra of the CDC reconstruction for
a 1700–1998, b 1700–1849, and c 1850–1998. The 50, 90, 95, 99,
99.9% significance levels are indicated (lag-1 autoregressive
spectrum AR(1) = 0.00 in a and c, and = 0.05 in b. The frequency
locations of the detected peaks were drawn from the F-ratio
maxima, and only those with F-ratio values exceeding 2.0 were
processed as spectral peaks (displayed on plots). Target peaks to
detect was set at 10. For each peak, the period (years/cycle) is given
by the conversion 1/frequency

Fig. 5a–e Eigenvectors of the principal component analyses (PCA)
illustrating the relationships among the reconstructed July CDC,
the NAO, the PDO, and the SO through time. Five 100-year
intervals a–e are shown and each demonstrates the correlation
coefficient between the reconstructions and PCI and PCII (the
descriptors are positioned based on their correlations with the
PCs). The correlation among descriptors is also approximated and
those with arrows at sharp or obtuse angles are positively or
negatively correlated, respectively (either cos 0� = 1.0 or cos 180�
= –1.0, i.e. perfect correlation). The circle of equilibrium enables us
to judge whether the contribution of each index to the reduced
space is greater or smaller than expected under the hypothesis of an
equal contribution to all principal components (Legendre and
Legendre 1998). Indices that are clearly shorter than the value of
their respective equilibrium contributions contribute little to the
formation of the reduced space. A sixth plot f shows results of a
PCA conducted on instrumental circulation pattern and drought
indices for the period 1900–1998. For this last analysis, the AO
index as well as the reconstructed CDC (CDCb) were added as
supplementary descriptors for comparison with their analogue.
Percentages of variance captured by PCI and PCII in the principal
component analyses are also shown
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(angles close to 90�) was observed. This configuration
shifted in the middle of the eighteenth century (1750–
1849) as the correlation between the NAO and the CDC
decreased (Fig. 5b,c), suggesting that the CDC may
have been subject to another external forcing. The po-
sition of the CDC vector in relation to those of the PDO
and SO suggested that the 1750–1849 forcing could have
originated from the Pacific sector. Analysis conducted
on instrumental circulation pattern and CDC indices
indicated a correlation structure similar to the one

observed using paleoclimatic indices (Fig. 5f). Also, the
analysis indicated that variability in the CDC was better
explained by the use of the NAO index rather than the
AO index.

3.4 CWT and atmospheric circulation

The coherencies between the CDC reconstruction and
the NAO, the PDO, and the SO reconstructions were
evaluated using CWT analyses (Figs. 6, 7, and 8). As
the Fourier multitaper spectra analyses highlighted the
problematic of non-stationary signals in the CDC
reconstruction (Fig. 4), CWT analysis was performed
on each individual series for mean of comparison of the
stationary sections. The analyses (Fig. 6a) indicated
that strong 17–32-years oscillations in the CDC char-
acterized the eighteenth and the nineteenth centuries.
Similar analyses performed on the PDO, NAO and SO
reconstructions revealed that the PDO (Fig. 6c) also

Fig. 6a The CDC, bthe NAO, c the PDO and d the SO continuous
wavelet transformation (CWT) power spectrums. The wavelet
power at each period is normalized by the global wavelet spectra
(GWS; Torrence and Webster 1999). The dark blue color indicates
areas of large power equal three times the GWS. Black contour is
the 5% significance level above the GWS. The crosshatched regions
on either end indicate the cone of influence (edge effect; Torrence
and Compo 1998; Zheng et al. 2000), where zero padding has
reduced the variance

Fig. 7 Cross-CWT power spectrums of a the CDC and the NAO,
b the CDC and the PDO, and c the CDC and the SO. The dark blue
color indicates coherency in time and period scales. Black contour is
the 1% significance level. The crosshatched regions on either end
indicate the cone of influence, where zero padding has reduced the
variance
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showed high power in that range of frequencies from
the middle eighteenth century to early nineteenth cen-
tury. The NAO demonstrated a similar signal, but post
the 1840 (Fig. 6b). The coherency between the PDO
and the CDC prior to 1850 was further highlighted by
the cross-CWT analyses (Fig. 7b) and the reconstructed
spectral components isolated in the time-frequency
domain (Fig. 8b). It was found that the Spearman
correlation between the CDC reconstruction and the
PDO 17–32-year wave form was 14.2% (P < 0.001)
for the period 1760–1840. The correlation increased to
54.8% when the PDO and CDC wave forms were
correlated together. For the period post 1850, the CDC
synchronized intermittently with the NAO wave form,
with maximum synchronization occurring in the first
half of the twentieth century (Fig. 7a). The two wave
forms (CDC versus. NAO, Fig. 8a) shared 36.2% (p <
0.001) of common variance during the period 1880–
1940. Prior to 1750, some coherency with the SO was
observed (Figs. 7c, 8c).

Coherency between the PDO and the CDC prior
1850 was further highlighted in the 9–16-year oscilla-
tion band (Fig. 7b). Additionally, some coherency with
the SO was observed around 1750 (Fig. 7c) and with
the NAO and SO in the first half of the twentieth
century (Fig. 7a,c). At last, dispersed 2–8-year oscilla-
tions in the CDC (Fig. 6a), though more prominent in
the last century, were shown to be coherent with all
three patterns (Fig. 7). However, greater coherency
with the SO was observed from 1850 to 1950, and more
specifically from the 1910s to the 1940s (Fig. 7c). Ob-
served coherency in the late twentieth century may be
affected by the edge effect (results from a discontinuity
at the end of the data stream). Cross-CWT analyses
conducted on instrumental pattern indices and instru-
mental CDC indices (analyses not shown) show pat-
terns of coherency similar to that observed using
reconstructed indices.

3.5 The 500-hPa geopotential height maps

Sections 3.3 and 3.4 suggested that July drought during
the instrumental period was mainly driven by the North-
Atlantic circulation mode. This is confirmed for the later
part of the twentieth century with the creation of the 500-
hPa composite and correlation maps (Fig. 9). The
dipolar pattern that characterizes the NAO (inverse
anomalies above Iceland and the Azores) was well
reproduced, particularly in the composite map. In asso-
ciation with severe drought seasons, both maps were
coherent by showing anomalous ridging (centered above
Baffin Bay) over the Abitibi Plains. The ridge was
accompanied by a northward deflection of the moisture

Fig. 8 The 14.6–36.6-year/cycle wave forms of the a NAO, b PDO
and c SO (all thick lines). The normalized CDC (thin line) as well as
its 14.6–36.6-year/cycle wave form (thin smooth line) are also
shown. Signs of the PDO were inverted (-y) for a better fit

Fig. 9 The 500-hPa geopotential height a correlation and
b composite maps (period 1948–1998). The May to July season
was used in the calculation of the height data (in m). In a,
correlation coefficients are significant at P < 0.05 when r>Œ0.27Œ.
In b, the anomalies were calculated by subtracting the height
anomaly values from the ten driest years minus the ten years of
lowest drought severity

110 Girardin et al.: Multicentury reconstruction of the Canadian Drought Code from eastern Canada



carrying system. During low drought seasons, the ridge
was displaced northeastward allowing the moisture car-
rying system to penetrate above the area of study. In
addition to the North Atlantic circulation mode, a center
of positive correlation was observed in the North Pacific.

4 Discussion

4.1 July CDC reconstruction

In the Abitibi Plains ecoregion the results show that
drought is among the most significant variable affecting
ring-width when all site residual chronologies are com-
bined. However, because the July CDC reconstruction
was developed from varying site residual chronologies,
the climate variability captured by the PCs is lacking in
stability with removal of site residual chronologies.
While the drought signal captured by model I was per-
fectly reproduced in model II after the removal of eight
site residual chronologies, removal of three additional
chronologies prior 1768 (model III) contributed to a
substantial decrease in the confidence of the sub-recon-
struction models. Visual assessment and additional
CWT analyses (not presented) conducted on sub-
reconstruction models however demonstrated that non-
stationary signals prior 1850 on which this work focuses
are well reproduced from one model to the other.

The multitaper spectra and CWT analyses of drought
variability in the Abitibi Plains ecoregion highlighted a
shift in time scale variability from an interdecadal to-
ward a more pronounced interannual forcing. In addi-
tion, while the ‘Little Ice Age’s climate was characterized
by dryer decades (as revealed by the CDC-low frequency
reconstruction, model V), the early twentieth century
was an unprecedented period characterized by a high
frequency of severe drought seasons. Interestingly, the
largest forest fires of the last 150 years in eastern Canada
were encountered during the 1910s and 1920s (Bergeron
et al. 2001). Prior to 1850, large forest fires occurred
during the 1760s–80s and the 1810s–1840s (Bergeron
et al. 2001).

4.2 Atmospheric circulation patterns

Analyses linking drought variability to major features of
Northern Hemisphere circulation have identified a
changing relationship over the past 300 years. This is
such that if a 500-hPa geopotential height scenario had
to be drawn for the period 1750–1850, it would be un-
likely to be similar to the 1948–1998 configuration
(Fig. 9). Our results lead us to suggest that the end of
‘Little Ice Age’ (31850–1870) over the Abitibi Plains
sector corresponded to a decrease in the North Pacific
decadal forcing around the 1850s. This event could have
been followed by an inhibition of the Arctic air outflow
and an incursion of more humid air masses from the
subtropical Atlantic climate sectors.

The mechanisms linking warm season regional cli-
mate variability with ocean-atmospheric circulation
patterns are not firmly established. For that reason it is
difficult to provide a precise explanation of the cause of
the 1850s atmospheric circulation shift over the Abitibi
Plains ecoregion. However, description of the PDO/SO
winter modulations by Bonsal et al. (2001; investigation
based on analyses of the instrumental data) may provide
some insights. Bonsal et al. (2001) showed that in the
winter season, a +PDO/–SO phase is associated with a
deeper than normal Aleutian low, an amplification and
eastward displacement of the western Canadian ridge,
and negative height anomalies over the southeastern
USA. This combination reflects a northward-displaced
polar jet stream, which inhibits the outflow of Arctic air
over most of Canada. The reverse is true for the –PDO/
+SO phase but with weaker effects. The evidence of a -
PDO phase (warmer water in the interior Pacific and
cooler water along the North Pacific coast; Mantua et al.
1997) from approximately 1750–1850 has been demon-
strated with the investigation of prominent aquatic
population declines in the Gulf of Alaska (Finney et al.
2000). A North Pacific forcing from 1750–1850 may thus
have resulted in a modification of the circulation flow
over the Abitibi Plains ecoregion.

There are several types of evidence suggesting the
implication of ocean-atmospheric circulation patterns
anomalies in extreme climate conditions of the last
century. Nigam et al. (1999) and Barlow et al. (2001)
demonstrated that Pacific decadal SST variability was
strongly linked to large-scale patterns of warm-season
drought and stream flow in the USA. Bonsal et al. (1993)
and Bonsal and Lawford (1999) reported similar find-
ings after documenting and analyzing teleconnections
between the SO, North Pacific SST, and summer ex-
tended dry spells over the Canadian Prairies. Nigam
et al. (1999) also hypothesized that SST anomalies in the
North Atlantic Ocean, by creating positive feedback
with circulation anomalies from the Pacific, could con-
tribute to enhanced drought seasons in the northeast
USA. Moreover, implication of North Pacific SST in the
regulation of Canadian boreal forest climatically in-
duced disturbances as been postulated. Skinner et al.
(1999) demonstrated a linkage between wildland areas
burned and the presence of anomalous ridging at 500-
hPa immediately over western and west-central Canada.
In another study, Flannigan and Wotton (2001) dem-
onstrated a linkage between Pacific SST and seasonal
forest area burned in eastern Ontario. While ocean-
atmosphere circulation patterns are reported to be
mostly effective during winter, this study and those
enumerated suggests that their regional impacts during
the summer period could be underestimated.

Concerns are presently being directed toward recent
changes in the North Pacific where a reversal of the
PDO in the 1940s toward more pronounced decadal
variability is suspected to be occurring (Hare and
Mantua 2000; D’Arrigo et al. 2001). In our study, recent
decadal signals (period post-1946) associated with the
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PDO were not clearly apparent. Preliminary analyses in
the central Canadian boreal forest (western Manitoba),
however, tend to suggest that climate in central Canada
may be responding to a reversal of the circulation pat-
tern (Girardin et al. 2002b, 2004). Strong decadal signals
starting in the 1940s and coherent with the PDO are
dominating the central Canada CDC spectra. As infor-
mation gained from a dendroclimatological study con-
ducted along a southern Canadian boreal forest transect
will provide some insight on the speculated displacement
of the jet stream around 1850, forecasting of future
changes will require more extensive study. There is a
need to develop an extensive network of dendrochro-
nological data and climate reconstructions in Canada.
This would enable the identification of sensitive regions.
A network could also provide an additional time win-
dow for simulations of climate with general circulation
models (Bradley 1999; Flannigan et al. 2001) and re-
gional circulation models (Laprise et al. 2003). Further
analyses will help forecasting the potential effect of
anthropogenic climatic change, which could alter vari-
ations in low-frequency oscillations.

Our comprehension of the impacts of climate
dynamics is not complete without considering the rela-
tionship between ocean-atmosphere circulation shifts
and population dynamics over multicentury intervals
(Finney et al. 2000; D’Arrigo et al. 2002). Biological
processes might be more closely tied to atmospheric
circulation than expected and this may affect projections
of future changes in population dynamics (biodiversity,
richness, and abundance). Natural resources manage-
ment (water, fisheries, agriculture, forestry, and fauna)
could greatly benefit from such understanding.
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Appendix 1

The CDC computation procedure has been reviewed by
Girardin et al. (2004). Only the basis is described in this
section.

First, simulation of snowmelt is performed (refer to
Girardin et al. 2004). At that time (dayd), one proceeds
with computation of the CDC by attributing a starting
value of 15 to current drought (D):

CDC ¼ Dþ 0:5PET ð1Þ

The calculation of the potential evapotranspiration
(PET; from Thornthwaite and Mather 1955) is given by:

PET ¼ 0:36T þ L ð2Þ

T represents the maximum daily value of temperature at
dayd and Lrepresents a seasonal daylength adjustment.
From months of April to October, the values of L are
0.9, 3.8, 5.8, 6.4, 5.0, 2.4, and 0.4 (Van Wagner 1987).

The computation is carried to dayd+1 with the com-
putation of the rainfall phase (RP):

RP = ½800= expðCDCd�1=400Þ� þ 3:937ER ð3Þ

The RP represents the moisture equivalent after rain and
is expressed in % of dry soil. The RP scales from 0 to
800, 800 being saturation in water and 0 the driest
condition normally encountered. The RP never exceeds
800; excess water is considered as runoff and not ac-
counted for by the CDC. CDCd–1 represents the drought
value of the previous day and ER (effective rainfall;
represents the amount of rainfall available for storage
after interception by the canopy) is calculated from:

ER ¼ 0:83P � 1:27 ð4Þ

where P represents the daily value of precipitation for
dayd+1 above 2.80 mm (intercepted rainfall). The ER is
not computed unless precipitation exceeds that amount
of precipitation.

Current drought (D) for dayd+1 is computed using:

D ¼ 400 lnð800=RPÞ ð5Þ

where the constant 400 represents the maximum theo-
retical moisture content of the soil. Using Eqs. (5) and
(2), one proceeds with the computation of the CDC
(Eq. (1)) for dayd+1. The procedure is carried over until
October 31st.
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Hudson Bay, Québec. Quat Res 40: 81–88

Bergeron Y (1991) The influence of island and mainland lakeshore
landscapes on boreal forest fire regimes. Ecology 6: 1980–1992

Bergeron Y (1998) Les conséquences des changements climatiques
sur la fréquence des feux et la composition forestière au sud-ouest
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