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ABSTRACT: The effects of Pacific Decadal Oscillation (PDO) and the El Nino-Southern Oscillation
(ENSO) on Laurentian Great Lakes regional winter air temperature and, more generally, surface-air
temperatures (SAT) over North America are examined. The relationship between ENSO and winter
severity in the Great Lakes is highly nonlinear and depends on the strength of El Nino events. Sig-
nificant positive correlation between the winter severity and ENSO indices noted in earlier works is
limited to strong El Nino events and is associated with an expansion of positive temperature anom-
alies in NW North America inland toward the Great Lakes. Although both ENSO and PDO are posi-
tively correlated with the Pacific-North American (PNA) teleconnection index, a closer look at the
large-scale atmospheric circulation associated with the 2 oscillations reveals a substantial difference.
During warm PDO phases (not coincident with strong El Nino events), atmospheric circulation
resembles the classical PNA pattern, with a strong Aleutian Low at the surface and amplified ridges
and troughs in the mid-troposphere. During strong El Nino events the Aleutian Low is also stronger
than normal, but shifted eastward, to the Gulf of Alaska. Over North America, an upper atmospheric
ridge on the west is not accompanied with a deep trough on the east as in the classical PNA pattern.
As a result, outbreaks of cold Arctic air over the eastern US are rare and winters in the Great Lakes

region are abnormally mild.
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1. INTRODUCTION

The Laurentian Great Lakes of North America are
one of the largest single sources of freshwater in the
world. They are vital to the economies of both the US
and Canada, with over 33 million inhabitants living
within their watershed. The lakes are used for com-
mercial and recreational shipping and fishing. Their
waters are also used by various manufacturing indus-
tries, as municipal water sources and for hydropower
generation in their connecting channels (St. Marys
River, Niagara River, St. Lawrence River). The severity
of winters impacts the regional economy by affecting
ice formation on the lakes, waterborne commerce,
winter recreational activities, municipal snow removal
costs, winter heating costs, and the lake ecosystem
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(Assel et al. 1996, Assel et al. 2000). Thus, winter sever-
ity, its variation, and factors that influence it are of
interest to a large spectrum of people in the private
and public sectors of both the US and Canada.

A regional winter severity index (WSI), defined as
the temperature for Duluth, MN, Sault Ste. Marie, MI,
Detroit, MI, and Buffalo, NY, averaged over November
through February, was used in previous studies to
identify extremes in winter severity over the past 2
centuries, to model annual maximum ice extent (Assel
et al. 1996), and to identify associated atmospheric
teleconnections (Rodionov & Assel 2000). The severity
of winters in the Great Lakes region varies greatly
from year to year and from decade to decade (Fig. 1a).
Warm winters were found to be strongly associated
with warm El Nino-Southern Oscillation (ENSO)
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effect on the North American climate.
Although the characteristic signature of
ENSO variability lies in the interannual time
scale, there is also evidence of notable decadal
variability in the equatorial Pacific (Fig. 1b).
3 This decadal variability can be described as

2 either a change in the mean state or a change
5(1) in the frequency of ENSO events (Graham
L4 1994, Trenberth & Hurrell 1994, McPhaden
- 1999). Equatorial temperatures are generally
-3 warmer than average after 1976 and are some-

what cooler than average in the 10 yr period
prior to 1976. This change is related to the
simultaneous change in zonal wind stress on
the equator from stronger than normal easterly

LI B
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Fig. 1. Standardized anomalies of (a) winter severity index (WSI) in
the Great Lakes region, (b) sea surface temperature (SST) in the
Nino 3.4 region in the equatorial Pacific (N3.4), and (c) Pacific
Decadal Oscillation (PDO). Smoothed lines emphasizing low-
frequency variations were calculated using the Butterworth filter
designed to remove periods < 10 yr. Reference period: 1901-2000

events in the equatorial Pacific (Assel 1998, Assel &
Rodionov 1998, Rodionov & Assel 2000). For example,
Assel (1998) has demonstrated that the mean value of
the WSI was 1.2°C higher (statistically significant at
the 5% level) for the 6 strongest El Nifo winters
between 1950 and 1994 than its mean value for the
other winters in that base period. Assel & Rodionov
(1998) have found that 46 % of the lowest quartile of
the observed annual maximum ice covers for the
period 1963-1990 occurred during the mature phase of
El Ninno. The 1983 and 1998 El Nino events both had
far-below-average ice cover in the lakes (Assel et al.
2000). Using the multivariate ENSO index (MEI)
(Wolter & Timlin 1993), Rodionov & Assel (2000) have
shown that of 10 winters with strong ENSO events
(MEI > 0.8) during the 1950-1998 period, 7 winters in
the Great Lakes were warm, 3 were normal, and none
were cold.

The association between La Nina events and cold
winters in the Great Lakes basin is, however, much
weaker and less stable (Assel & Rodionov 1998). Simi-
lar asymmetries (nonlinearities) were noted in a num-
ber of recent studies of the ENSO effect on seasonal
precipitation, surface temperature, and teleconnection
patterns (Zhang et al. 1996, Livezey et al. 1997, Hoer-
ling et al. 1997, 2001, Montroy et al. 1998, Hannachi
2001). For example, Hoerling et al. (1997) have shown
that the nonlinear component of the surface-air tem-
perature (SAT) anomalies reaches its maximum over
the Great Lakes, making this region particularly inter-

trade winds prior to 1976 to weaker than nor-
mal easterly trade winds after 1976 (Giese &
Carton 1999). It has also been observed that
El Nino events have been more frequent and
La Nina events less frequent since the late

1970s (Trenberth & Hurrell 1994).
It is tempting to ascribe a noticeable ten-
dency to warmer than normal winters in the
Great Lakes in the last 2 decades to these
changes in the tropical Pacific. Recent studies, how-
ever, have revealed another oscillation in Pacific sea-
surface temperature (SST) that can be a likely cause of
decadal-scale climatic variations over North America
(Latif & Barnett 1994, Mantua et al. 1997, Zhang et al.
1997). This oscillation, named the Pacific Decadal
Oscillation (PDO), exhibits a spatial signature that is
similar, in many respects, to that associated with the
ENSO cycle. It is often described as a long-lived El-
Nino-like pattern of Pacific climate variability (Zhang
et al. 1997). Two main characteristics distinguish PDO
from ENSO. First, PDO is clearly a North Pacific phe-
nomenon strongly associated with fluctuations in the
strength of the wintertime Aleutian Low and with a
relatively weak signal in the tropics (Hare & Mantua
2000). Second, PDO operates on the multidecadal time
scale (Fig. 1c) with a characteristic recurrence interval
of 50 to 70 yr (Minobe 1997). While observational evi-
dence based on temperature and sea-level pressure
(SLP) records is available for just 2 full cycles of the
PDO, proxy data such as tree rings suggest that PDO-
like climate variability has occurred for more than 3
centuries (Minobe 1997, Biondi et al. 2001). The last
transition from a negative (or cold) PDO phase to a pos-
itive (or warm) one, which occurred around 1977, man-
ifested itself in a wide range of physical (Miller et al.
1994, Trenberth & Hurrell 1994, Nakamura et al. 1997,
Niebauer 1998) and biological (Venrick et al. 1987,
Ebbesmeyer et al. 1991, Mantua et al. 1997) character-
istics. This change in the North Pacific climate may be
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another driving force behind the recent warming trend
in the Great Lakes region.

Links between the PDO and North American circu-
lation, precipitation, and temperature anomalies are
becoming the subject of intense research (Latif & Bar-
nett 1996, Nigam et al. 1999, Hare & Mantua 2000,
Barlow et al. 2001). Deser & Blackmon (1995) have
linked the SST decadal variability in the North Pacific
to the Pacific North American (PNA) atmospheric
circulation pattern, which substantially impacts US
winter weather (e.g. Leathers et al. 1991). Ting &
Wang (1997) have analyzed coupled variability
between US summertime precipitation and Pacific
SST variability. While the first coupled mode is associ-
ated with ENSO, the second coupled mode exhibits
decadal-scale variations and links US summertime
precipitation anomalies with SST anomalies in the
North Pacific. Barlow et al. (2001) have examined the
connection between Pacific Ocean variability and US
hydroclimate. In particular, an analysis of upper-level
stationary wave activity during the 1962-1966
drought has shown a flux emanating from the North
Pacific and propagating over the US. The PDO-
related temperature and precipitation patterns are
also expressed in regional snow-pack and stream-
flow anomalies, especially in western North America
(Bitz & Battisti 1999, Nigam et al. 1999).

The Pacific decadal variability also appears to affect
the US wintertime climate through modulation of the
ENSO relationship. One point of view on this modula-
tion is that ‘canonical’ El Nifio and La Nifa patterns are
only valid during years in which ENSO and PDO are in
phase. This modulation has been substantiated by
Gershunov & Barnett (1998a) and Gershunov et al.
(1999) for North American SLP and precipitation. Ac-
cording to their analyses, El Nifio and La Nina signals
are strong and stable during so-called ‘constructive’
ENSO-PDO interference, that is, during warm/warm
and cold/cold phases of these 2 oscillations. Alterna-
tively, during ‘destructive’ combinations (warm/cold
and cold/warm) ENSO signals tend to be weak
and spatially incoherent and unstable. McCabe & Det-
tinger (1999) reached a similar conclusion regarding
rainfall over the western half of the US.

An alternative view was recently expressed by
Mestas-Nunez & Enfield (2001). They have shown that
the major patterns of tropospheric variability associ-
ated with the ENSO and decadal non-ENSO compo-
nents (the latter closely resembles the structure of the
PDO) are very different. This result contradicts the
notion of constructive and destructive interference, in
the sense that the climate impacts are likely to be more
equivocal and less predictable when the phases of the
PDO and ENSO agree because the respective direct
circulation anomalies are generally opposite.

In this paper we examine the role of PDO and ENSO
in both interannual and decadal variations of winter
severity in the Great Lakes and, in a broader context,
over North America. First, we show that it is possible to
reconcile the 2 seemingly contradictory points of view
on the modulation of the ENSO effect by PDO. Next,
we explore the nonlinearity of the relationship be-
tween ENSO and winter severity and show how this
relationship varies depending on the strength of ENSO
events. Finally, through partitioning the PDO effect by
ENSO, we demonstrate an important difference in the
response of large-scale atmospheric circulation over
the Pacific/North American sector to these 2 oscilla-
tions.

2. DATA

Of the various indices used to characterize the
nature of ENSO, we have chosen SST anomalies in the
Nino 3.4 region (5°N-5°S, 120-170°W). SST anom-
alies in this region are well known to exert a strong
influence on extratropical circulation during boreal
winter (Graham & Barnett 1995). Normalized monthly
values of these anomalies (Trenberth & Stepaniak
2001) were used to calculate the winter (DJF) index,
hereafter referred to as N3.4 index (Fig. 1b). Ger-
shunov & Barnett (1998a) used a similar index in their
study of an interdecadal modulation of ENSO influ-
ence on SLP and precipitation over North America.

The PDO index is defined as the leading principal
component of North Pacific monthly SST variability,
poleward of 20°N (Mantua et al. 1997). When SSTs are
anomalously cold in the interior North Pacific and
warm along the North American coast, the PDO
indices have positive values. When the SST anomaly
pattern is reversed, with warm waters in the interior
and cold waters along the coast, the index values are
negative. In parallel with the ENSO phenomenon, pos-
itive and negative phases of the PDO are also called
warm and cold phases respectively.

PNA index values for the period 1950 to present are
available from the Climate Prediction Center (NCEP/
NOAA). Yin (1994) reconstructed this index back to
1895 using a regression model linking the index with
surface temperature anomaly field across the conti-
nental US. The model explains 89 % of the variance in
the observed Pacific-North American (PNA) index dur-
ing the 1948-1988 period used for model fitting and
offers unbiased estimates.

To calculate the correlation fields we used NCEP/
NCAR reanalysis data (Kalnay et al. 1996) and a
merged SAT/SST dataset representing a combination
of land air temperature anomalies (Jones 1994) and
SST anomalies (Parker et al. 1995) on a 5° x 5° grid-box
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basis. The merging of the 2 datasets is discussed in
Parker et al. (1994). The dataset has been extensively
used in various reports of the Intergovernmental Panel
on Climate Change (e.g. Nicholls et al. 1996).

3. ENSO EFFECT

Many researchers have documented ENSO signals
in the North American temperature (Ropelewski &
Halpert 1986, Kiladis & Diaz 1989, Halpert &
Ropelewski 1992, Gershunov & Barnett 1998b). Fig. 2a
shows a distribution of the correlation coefficients
between the N3.4 index and SAT over North America
for the period 1901-2000. It illustrates a well-known
tendency for SAT anomalies during El Nino events to
be above normal along the west coast of North Amer-
ica, western and central Canada, and below normal in
the southern tier US and the Gulf of Mexico. This dis-
tribution of SAT anomalies is often explained through
the PNA type of atmospheric circulation excited during
El Nino events (Halpert & Ropelewski 1992). In fact,
the N3.4-SAT (Fig. 2a) and PNA-SAT (Fig. 2b) correla-
tion patterns have much in common. This similarity is
characterized by a spatial correlation coefficient be-
tween the 2 patterns of r = 0.80.

There are, however, some differences between the 2
patterns, and one of the most noticeable is the extent of
the area of positive correlation inland. In Fig. 2b, the
Great Lakes are positioned right in between the posi-
tive and negative correlation centers, suggesting no
impact of the PNA pattern on winter severity in this
region. In contrast, the area of positive correlation in
Fig. 2a extends much farther eastward, reaching the
Great Lakes. The correlation coefficient between the
N3.4 index and WSI is relatively low (r = 0.25), but still
statistically significant at the 95 % level. From a purely
statistical point of view, the difference between the
correlation patterns in Fig. 2a and b may well be within
sampling variability. Nevertheless, as it will be shown
below, the difference makes physical sense and is
associated with a shallower climatological trough over
eastern North America during strong El Nifio events.

A comparison of Fig. 2a with similar correlation (or
composite) maps published by different authors to
characterize the ENSO effect on North American SAT
anomalies reveals a substantial difference between the
maps,! particularly regarding the degree of expansion
of the northwestern center of positive correlation

!This comparison was made on a qualitative level. Our expe-
rience of working with similar data suggests that the differ-
ence between the maps may exceed the sampling variability,
but due to technical difficulties, a formal statistical analysis
was not conducted

inland. In some works (e.g. Ropelewski & Halpert
1986), positive SAT anomalies quickly decrease, and
the correlation coefficients become insignificant as one
moves toward the central parts of the continent.
Bunkers et al. (1996) found no significant ENSO-
related winter temperature response in the Northern
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Fig. 2. Correlation of surface-air temperatures (SAT) in grid
points over North America with 3 indices: (a) N3.4, (b) PNA
(Pacific-North America), and (c) PDO. Stippled and hatched
areas: correlation coefficients are locally significant at the
95 % level. Contour interval: 0.2
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Fig. 3. WSI (solid line) and the N3.4 index (broken line), 1961-2000.
Note the difference in the correlation coefficient between the 2

indices for 1961-1979 and 1980-1998

Plains, which did not surprise them because this region
is on the periphery of the northwestern SAT anomaly.
In more recent works that include data for the past
decade or two (e.g. Shabbar & Khandekar 1996,
Gershunov & Barnett 1998b), the emphasis is on the
central parts of North America, where SAT anomalies
are even more profound than in the northwest.

This substantial variability in the configuration and
inland expansion of the northwestern temperature
anomaly is the reason for significant temporal varia-
tions in the correlation coefficient between the N3.4
index and WSI, as illustrated in Fig. 3. During the
1961-1979 period the correlation coefficient between
the 2 indices is r = -0.13, suggesting no relationship at
all. During the next 19 yr period, 1980-1999, which
was characterized by stronger and more frequent El
Nino events (Trenberth & Hurrell 1994), the correla-
tion coefficient jumped to r = 0.70. To test the signifi-
cance of the difference between the 2 correlation coef-
ficients, we calculated a z-score using Fisher's r-to-z
transformation (Cohen & Cohen 1983). The z-score in
our case is 2.82, which is associated with a p-value of
0.005 (2-tail test). Therefore the 2 correlation coeffi-
cients are indeed statistically different.

As noted by Hoerling et al. (1997), the ENSO effect
on the Great Lakes is highly nonlinear. To demonstrate
this we calculated correlation coefficients between the
N3.4 index and WSI for different ranges of the former.
To do so we ranked the years according to their N3.4
index, then for each year, we took a group of 21 yr con-
sisting of that year plus the next 10 lower and next 10
higher on this list. The correlation coefficients for each
of these 21 yr groups were referred to the median val-
ues of the N3.4 index in the groups. The correlation
function calculated this way is presented in Fig. 4a
along with the 95 % significance level calculated using
the t-test for individual 21 yr samples. As seen, the cor-
relation between the N3.4 index and WSI varies sub-

correlation coefficients is for 2 observed time
series compared with that for 2 randomly gener-
ated (but correlated!) time series. The standard
deviations of the running correlation coeffi-
cients in Fig. 4 are 0.27, 0.24, and 0.26 for the
WSI-N3.4, N3.4-PNA, and WSI-PDO correla-
tions respectively. These numbers are about the same
as in Table 1a (95 percentile) from Gershunov et al.
(2001) for a 21 yr window width and population corre-
lation coefficients from 0.2 to 0.5. From this we can
conclude that the variability of the correlation coeffi-
cients in Fig. 4 is significant at a level of approximately
95%.

A comparison of Fig. 4a and b suggests that the
effect of El Nino events on North American tempera-
ture may be different depending on the strength of the
event. Fig. 4b shows that only for a range of moderate
El Nino events (0.45 < N3.4 < 1.10) does the correlation
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Fig. 5. Correlation of SAT in grid points over North America

with the N3.4 index for (a) strong (N3.4 > 1.10) and (b) mod-

erate (0.45 < N3.4 < 1.10) El Nino events. Stippled and

hatched areas: correlation coefficients are locally significant
at the 95 % level

between the N3.4 and PNA exceed the 95% signifi-
cance level. At the same time, these events have little
impact on winter severity in the Great Lakes (Fig. 4a),
which is consistent with the PNA temperature pattern
(Fig. 2b). For strong El Nino events (N3.4 = 1.10), the
N3.4-PNA correlation becomes insignificant, while the
N3.4-WSI correlation reaches the significance level.
The difference in the response of North American
temperature to strong and moderate El Nino events is
clearly seen in Fig. 5. During strong El Nino events
(Fig. 5a) the correlation coefficients are highest in the
northern US, from the Great Plains to the East Coast.
The stronger the El Nino, the warmer it is in this area.
The El Nino events of 1983 and 1998 —the strongest
events of the 20th century—are good examples of this
type of SAT anomaly pattern in North America. Assel
et al. (2000) found that these 2 El Nifo events were
major factors in producing extremely warm winters in
the Great Lakes. Annual maximum ice cover in winter

1998 was at its lowest value since records were started
in 1963 on Lakes Erie, Huron, Ontario, and Superior
and near its record low on Lake Michigan. Winter 1983
also had anomalously low annual maximum ice extent
similar to winter 1998. The distribution of the correla-
tion coefficients during moderate El Nino events
(Fig. 5b) resembles the PNA type (Fig. 2b) with the
zero isoline crossing the Great Lakes.

An important question is whether the strength of the
N3.4-WSI correlation varies depending on the phase of
the PDO. To answer this question, we calculated the
correlation coefficients between these 2 indices for dif-
ferent gradations of the PDO index in the same manner
as we did for Fig. 4. As seen in Fig. 6, the correlation be-
tween the N3.4 index and WSI is close to zero for
strongly negative values of the PDO index and be-
comes significant at the 95 % level for positive values of
the index. To check whether this variation in the corre-
lation coefficient is statistically significant or just a sam-
pling variability of the overall correlation coefficient of
0.25 between these 2 indices, we calculated the stan-
dard deviation of the running correlation coefficients,
which in this case was 0.22. The corresponding number
from Table 1 in Gershunov et al. (2001) is 0.27, which
did not allow us to reject the null hypothesis that the
variability of the correlation coefficient is simply noise.
Still, the almost monotonous increase in the strength of
the correlation with the values of the PDO (Fig. 6) did
not appear to be completely random and required fur-
ther examination. Therefore we repeated the analysis
of Gershunov et al. (2001), but instead of the standard
deviation we calculated the autocorrelation atlag 1 (r1),
which characterizes the strength of a trend in the run-
ning cross-correlation coefficients. Given the 0.25 pop-
ulation correlation coefficient between 2 randomly
generated time series and 21 yr running window, the
95th percentile for r1 turned out to be 0.96, which was
equal to rl for the observed time series of the N3.4 and
WSI. It means that the observed behavior of the run-
ning cross-correlation coefficients between these 2 in-
dices is likely to be more than just noise.
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Fig. 6. Correlation coefficient between the WSI and N3.4
index as a function of the PDO index
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We also calculated correlation coefficients between
the N3.4 index and WSI separately for negative (r =
0.08; 48 pairs of data) and positive (r = 0.41; 52 pairs of
data) values of the PDO index and tested the null
hypothesis that the two are statistically indistinguish-
able. The test based on the z-score (Cohen & Cohen
1983) showed that this null hypothesis can be rejected
at p = 0.07. In other words, the PDO appears to modu-
late the ENSO effect on winter severity in the Great
Lakes region.

A possible interpretation of this modulation is that
warm phases of the PDO enhance the effect of ENSO
on winter severity in the Great Lakes by increasing the
probability of strong El Nino events. In fact, out of the
10 strongest El Nifo events,? only 1 (1973) occurred
during a cold PDO phase. If we call the temperature
pattern in Fig. 5a a ‘canonical’ response (rather than
that in Fig. 5b), then our results are consistent with the
findings of Gershunov & Barnett (1998a) regarding the
‘constructive’ and ‘destructive’ ENSO-PDO interfer-
ences.

4. PDO EFFECT

The importance of SST anomalies in the North
Pacific as a source of climate variability over North
America was highlighted in the pioneering works of
Jerome Namias (1959, 1963, 1969, 1978). He empha-
sized that persistent extratropical SST anomaly
patterns are often associated with persistent atmos-
pheric teleconnection patterns. He paid particular
attention to a region in the east-central North Pacific,
centered near 35°N, 165°W. Cold waters in this
region are generally associated with warm waters
along the west North American coast. A typical
atmospheric response to this distribution of SST
anomalies (which corresponds to a warm PDO phase)
consists of an upper atmospheric ridge over the
western US and a trough over the eastern US. Alter-
natively, when waters in the east-central North
Pacific are warm (which corresponds to a cold PDO
phase), the climatological ridge-trough system over
North America is damped or there is a trough over
the western US and a ridge over the eastern US
(Namias et al. 1988). In a more recent study, Wallace
& Jiang (1987) found that SST anomalies at 35°N,
165°W are more important for specifying wintertime
500 hPa height over the North American sector than
equatorial Pacific SST anomalies.

’These El Nifio events (in order from highest to lowest N3.4
index) are 1983, 1998, 1992, 1973, 1931, 1926, 1919, 1941,
1987, and 1958

An excellent analysis of large-scale ocean-atmosphere
interaction in the North Pacific was provided by
Namias (1978) in his search for the causes of the severe
North American winter of 1977, when extreme cold
dominated the eastern US. This winter of a moderate
El Nino event marked the beginning of a new multi-
decadal regime of warm PDO phase. A persistently
strong Aleutian Low (which, following Bjerknes’ [1969]
hypothesis, was associated with the El Nifio event)
generated a pool of anomalously cold waters in the east-
central North Pacific. These cold waters were accompa-
nied by warm waters along the North American coast.
The atmospheric baroclinicity from the strong sea-
surface gradient near 140° W strengthened fronts and
cyclones. The gradient increased the upper-level
southerly flow and steered storms far north of their usual
path. Vorticity redistribution from this wind system re-
inforced the West Coast ridge and the Eastern trough,
with recurrent outbreaks of Arctic air to the eastern US.
The PNA index during the winter of 1977 was the high-
est during the entire period of its direct calculations
(1949-2000) and for the reconstructed data since 1895
(Yin 1994).

As shown in Fig. 2c¢, a typical response of North
American winter temperature to PDO resembles the
PNA pattern (Fig. 2b). The spatial correlation coeffi-
cient between the distributions in Fig. 2b and cisr =
0.86, which is even slightly higher that that between
Fig. 2a and b (r = 0.80).

Since the ENSO effect on North American tempera-
ture is nonlinear, it was interesting to determine
whether there is a difference in the correlation pat-
terns for warm and cold PDO phases. These patterns
(not shown) turned out to be similar to each other and
to the overall pattern in Fig. 2c in terms of geographic
position of the correlation centers. The absolute values
of the correlation coefficients, however, are higher for
the cold phase than for the warm phase. This is consis-
tent with the result of Barlow et al. (2001) for precipita-
tion. They found that, although the strength of the
PDO-precipitation relationship varies from warm
phase to cold phase, the overall patterns remain simi-
lar, maintaining the same centers of action.

Fig. 4c shows how the PDO-WSI correlation changes
depending on the N3.4 index. While the overall corre-
lation coefficient between these 2 indices is close to
zero, for the range of weak and moderate El Nino
events, it becomes significant at the 95 % level, reach-
ing the value of —0.64. As shown in the next section,
both the PDO and moderate El Nino events tend to
amplify the ridge-trough system over North America
so that an advection of cold Arctic air to the Great
Lakes region increases. Therefore, when the two act
together, the weather in the Great Lakes can be really
cold, as happened during the winter of 1977.
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Fig. 7. 3D surface plot of the WSI as a function of the N3.4 and
PDO indices smoothed by a cubic spline

5. SIMILARITIES AND DIFFERENCES BETWEEN
ENSO AND PDO

Let us now emphasize the similarities and differ-
ences between the 2 oscillations that will help us better
understand their combined effect on North American
temperature. As noted earlier, the spatial patterns of
ocean-wide Pacific SST anomalies associated with
ENSO and PDO are very similar. In addition, the reac-
tion of large-scale atmospheric circulation to these
oscillations also appears to be similar. It has long been
known (Bjerknes 1969, Angell & Korshover 1984) that
the Aleutian Low tends to intensify during El Nino
events. Alternatively, during La Nina events the Aleut-
ian Low weakens and often splits into 2 centers: one in
the northwest Pacific and one in the Gulf of Alaska
(Niebauer 1998). Renwick & Wallace (1996) found that
the occurrence of blocking in the Bering Strait region
is sensitive to the polarity of the PNA pattern, but it is
even more sensitive to the phase of the ENSO cycle. In
total, 69 % more days of blocking are observed during
La Nina winters, compared with those occurring
during El Nino winters.

Likewise, the PDO is closely linked with SLP fluctua-
tions in the Aleutian Low, with low (high) SLP corre-
sponding to the warm (cold) phase of PDO (Mantua et al.
1997). Bond & Harrison (2000) examined how the state of
PDO affects the atmospheric flow (troughs and ridges)
over the central Pacific. They found troughs (ridges) are
favored during warm (cold) phases of PDO slightly in
terms of duration and strongly in terms of frequency.

During warm ENSO events in the tropical Pacific the
PNA index has a tendency to be positive, and negative
during cold events (Horel & Wallace 1981, Hamilton
1988, Renwick & Wallace 1996, Renshaw et al. 1998).
The Aleutian Low is also highly correlated with vari-
ability in the PNA teleconnection pattern (Trenberth &
Hurrell 1994). It is not surprising, therefore, that when
all the data are pulled together the North American
winter temperature exhibits a similar PNA-like
response to both ENSO and PDO (Fig. 2). This re-
sponse represents a dipole pattern with the Great
Lakes region being in between the 2 anomalies. Due to
its position, this region does not experience much of
the effects of the 2 oscillations, when they are
expressed in the form of overall correlation patterns
with no partitioning, that is, in a linear manner. The
Great Lakes, however, are positioned to pick up the
nonlinear effects, the analysis of which allows us to
suggest that the physical mechanisms through which
ENSO and PDO operate on North American tempera-
ture are principally different.

Fig. 7 shows a 3D surface plot that illustrates the
nonlinearity of the combined effect of ENSO and PDO
on winter severity in the Great Lakes region. As seen,
the winters in the Great Lakes are getting milder as the
N3.4 index increases. The slope of the surface, charac-
terizing the rate of the change, is particularly steep for
high values of the PDO index. Both the coldest and
warmest winters in the Great Lakes occurred when the
PDO index was >1. The sign of the relationship be-
tween the WSI and PDO depends on the range of the
N3.4 index. For the range of strong El Nino events, the
higher the PDO index, the milder the winter in the
Great Lakes. The opposite is true for the range of mod-
erate El Nino events. We hypothesize that the genuine
effect of the PDO exhibits itself through an amplifica-
tion of the ridge-trough system over North America
during the warm phase of the oscillation. The effect of
strong El Nino events, however, overcomes the effect
of the PDO, which results in the non-PNA distribution
pattern of winter temperature anomalies shown in
Fig. 5a.

A more detailed analysis of the reaction of the Aleut-
ian Low to ENSO and PDO also reveals substantial
differences. Table 1 shows central pressure and geo-
graphical position of mean winter Aleutian Low for the
entire set of data (1901-2000) and 2 subsets character-
izing strong El Nino events and warm PDO winters
when the El Nino effect is eliminated. The first subset
contains 19 winters of strong El Nifo events
(N3.4 > 1.1). To obtain the second subset, we arranged
the winters according to the PDO index and took 19
winters with the highest PDO indices that are not coin-
cident with strong El Nifo winters in the first subset.
The winters in these 2 subsets are:
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Table 1. Mean values of the parameters of the Aleutian Low
for the entire period of 1901-2000 and subsets of strong El
Nino and warm PDO winters. LTM: long-term mean

Parameter LT™ Strong Warm
El Nino PDO
Pressure 997.8 994.3? 995.7
Latitude (°N) 51.4 52.6° 50.6°
Longitude (°W) 179.0 168.9% 179.6"

“Difference between mean values for strong El Nino or
warm PDO winters and long-term mean are significant at
p (2-tail) < 0.05

"Difference between mean values for strong El Nifio and
warm PDO winters are significant at p (2-tail) < 0.05

e strong El Nino events: 1903, 1906, 1912, 1919, 1926,
1931, 1940, 1941, 1942, 1958, 1966, 1969, 1973, 1983,
1987, 1988, 1992, 1995, and 1998;

e warm PDO winters: 1901, 1902, 1908, 1909, 1927,
1928, 1929, 1935, 1936, 1939, 1961, 1970, 1977, 1981,
1982, 1984, 1985, 1986, and 1994.

Both subsets are characterized by a deeper than nor-
mal Aleutian Low. The difference is that during warm
PDO winters the Aleutian Low remains near its long-
term position, whereas during strong El Nino winters
it moves northeastward to the Gulf of Alaska. A com-
mon perception of a southeastward excursion of the
Aleutian Low as a reaction to El Nino events stems
from analyses of SLP composites for El Nino
and La Nina winters and their differences
(e.g. see Niebauer 1998). A negative anomaly

regime shift, below-normal ice cover was typically
associated with El Nino conditions, which caused the
Aleutian Low to move eastward of normal, carrying
warm Pacific air over the Bering Sea. Conversely,
above-normal ice cover was associated with La Nina
conditions, which caused the Aleutian Low to move
westward, allowing higher pressure to move over the
Bering Sea. Since the regime shift, during El Nino
events the Aleutian Low has been moving even farther
east, causing winds to blow from the east and north off
Alaska and resulting in above-normal ice levels in the
Bering Sea.

The eastward shift of the Aleutian Low during
El Nino events reflects a profound change in the struc-
ture of tropospheric long waves in the Northern Hemi-
sphere extratropics. Fig. 8a shows meridional wind
anomalies at the 700 hPa level for strong El Nino
events since 1950. For comparison we also calculated
wind anomalies for warm PDO winters without strong
El Nino events (Fig. 8b). Those winters were chosen
using the same procedure we used to calculate the
characteristics of the Aleutian Low. Since that dataset
contained just 9 such winters for the second half of the
20th century, we added 1 more winter (1996) to make
the samples equal.

Winters of strong El Nino events (Fig. 8a) are charac-
terized by northerly winds over the east central North
Pacific (from the dateline to about 140° W) associated
with an upper atmospheric trough, and strong

center on a typical El Nino minus La Nina 70N ]
composite map is located to the southeast of 60N -
the normal position of the Aleutian Low. This 1
is not, however, a shift of the center of the ]
Aleutian Low, but rather an indication that 40N -
over the eastern North Pacific cyclones move
at more southern latitudes and farther east-

50N -~

30N 1
\

ward before they turn north to the Gulf of
Alaska during El Nino winters (Chang et al.
2002).

Changes in the geographical position of the 70N
Aleutian Low appear to have a more profound
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strength. Niebauer (1998) has examined the
variability in the Bering Sea ice cover as
affected by a regime shift in the North Pacific 30N
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Fig. 8. Meridional wind (m s™') composite anomalies at 700 hPa for (a) 10
winters of strong El Nino events and (b) 10 winters of positive PDO
index that do not coincide with strong El Nino events. See text for a list

of the winters
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Fig. 9. Mean winter (DJF) position of the 2925 contour at the

700 hPa surface for (a) 10 winters of strong El Nino events,

(b) 10 winters of strong warm PDO phase that do not coincide

with strong El Nino event, and (c) 10 winters of moderate

El Nino events. Thin line: mean position of the 2925 contour

for 1949-2000. Vertical lines: significant (at the 95% level)
deviations from the mean position

southerly winds along the ridge over the west coast of
North America. Strong gradients of wind speed along
140°W are an indication of enhanced cyclonic activity
in this region. Airflow over North America has a pro-
nounced southerly component almost all over the con-
tinent except its eastern seaboard and the southern tier
US.

During warm PDO winters (Fig. 8b) the structure of
long waves is much more symmetric than during El
Nino winters, with an approximately equal distance
between the areas of northerly and southerly winds.
This is a classical PNA circulation pattern, with anom-
alous southerly winds over the eastern North Pacific,
northerly wind over much of North America, and again

southerly wind over the eastern North Atlantic. A com-
parison of Fig. 8a and b shows that the only areas in
North America where one can expect a similar temper-
ature response to strong warm ENSO and PDO events
is a narrow strip along the western seaboard and the
southern tier US. Everywhere else the direction of
anomalous meridional wind component, and hence
temperature anomalies, is opposite for these 2 cases.

The significance of the difference between the
effects of ENSO and PDO on the mid-tropospheric
circulation over North America is emphasized in Fig. 9.
During strong El Nino events (Fig. 9a), the upper
atmospheric ridge over the Rockies is near its normal
position. The upper atmospheric trough over the east-
ern half of the continent, however, is not developed,
with the maximum northward deviation from normal
in the Great Lakes area. As a result, winters in this
area are significantly milder than normal. In the
absence of strong El Niho events, strong warm PDO
winters are associated with an amplified ridge-trough
system over North America (Fig. 9b), increased advec-
tion of cold air along the western periphery of the
trough, and, hence, colder than normal winters in the
Great Lakes. The response of the ridge-trough system
to moderate El Nino events (Fig. 9¢) also features a
deeper than normal eastern trough. A comparison of
Fig. 9b and c suggests that the PDO and moderate El
Nino events have a similar effect over the eastern US,
which may explain a significantly strong negative cor-
relation between the PDO index and WSI for a range of
moderate El Nino events (Fig. 4c). The amount of data
available for this study, however, does not allow for a
complete separation of the effects of PDO and moder-
ate El Nino events. In fact, 2 years (1970 and 1977)
went to both the PDO and moderate El Nifo data sets.
One of these years (1977) is characterized by an
extremely amplified ridge-trough system over North
America. Removing this year from the PDO set did not
change the configuration of the 2925 m contour in
Fig. 9b and only slightly changed the significance of
the western ridge. The eastern trough, however, was
affected to a larger degree: its significance level was
reduced to about 80 %.

6. SUMMARY

Our analysis has shown that the relationship be-
tween ENSO and severity of winters in the Great
Lakes is highly nonlinear. Strong El Nino events are
associated with warmth in the Great Lakes region, and
the stronger the event, the milder the winter. For mod-
erate El Nino events, the correlation between the N3.4
index and North American temperature represents a
dipole pattern similar to that for the PNA teleconnec-
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tion: there is a center of positive SAT correlations in the
NW part of North America and a center of negative
SAT correlations in the SE, with the Great Lakes being
between these 2 centers.

The ENSO-WSI relationship can be modulated by
decadal climatic variability in the North Pacific. The
correlation between ENSO and WSI is weak during
cold PDO phases but significantly stronger during
warm PDO phases. This can be explained through an
increase in frequency of strong El Nino events during
warm phases of the PDO.

The effect of PDO on the distribution of SAT anom-
alies over North America is more symmetric relative to
the phase of PDO than that of ENSO. During both
warm and cold phases of the PDO, the correlation pat-
tern resembles the one characteristic of the PNA type
of circulation, although the absolute values of the cor-
relation coefficients are higher for cold phases of PDO.
The PDO-WSI correlation becomes significantly nega-
tive for a subset of PDO winters with moderate El Nino
events. These events (unlike strong El Nino events)
seem to favor a deeper than normal upper atmospheric
trough over eastern North America, and thus act in
synchrony with PDO itself. In this situation, with the
increase in the PDO index, the trough deepens and
cold air outbreaks to the Great Lakes region become
more frequent.

Strong El Nino events and warm phases of the PDO
are both associated with a stronger than normal Aleut-
ian Low. The difference between the effects of these 2
oscillations is due to the geographic position of the
Aleutian Low. During strong El Nino events, the Aleut-
ian Low shifts eastward, to the Gulf of Alaska, while
during warm PDO phases (not coincident with strong
El Nino events!), the Aleutian Low remains near its
normal position near the dateline. This eastward shift
of the Aleutian Low is a manifestation of the phase shift
of the tropospheric planetary waves that redirects the
advection of cold and warm air. As a result, winters of
strong El Nifio events are characterized by an anom-
alous southerly flow over much of North America, par-
ticularly over the western and central regions. In con-
trast, in the absence of strong El Nino events, warm
phases of PDO are conducive to the type of atmos-
pheric circulation with predominantly northerly flow
over the continent.

The nonlinear response of North American atmo-
spheric circulation and temperature patterns to the
combined ENSO-PDO forcing described in this paper
can also explain the decadal variability in severity of
winters over the Great Lakes in recent decades. After
the shift in the Pacific climate that occurred in 1977,
the first phase of a new warm PDO regime until 1982
coincided with warmer-than-normal background tem-
perature conditions in the tropical Pacific, but with no

major El Nino events. As we saw above, this situation
is conducive to an amplification of the ridge/trough
system over North America that is responsible for a
series of very cold winters in the Great Lakes. Begin-
ning with the winter of 1983, El Nino events became
stronger and more frequent. The effect of these strong
El Nino events, which appears to overcome that of the
PDO, is the likely cause of abnormally mild winters in
the Great Lakes region.
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