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ABSTRACT: The interannual variability of the annual maximum ice cover (AMIC) of the Great Lakes is strongly influ-
enced by large-scale atmospheric circulations that drive regional weather patterns. Based on statistical analyses from 1980
to 2020, we identify a reduced number of accumulated freezing degree days across the winter months in recent decades, a
step-change decrease of AMIC after the winter of 1997/98, and an increased interannual variability of AMIC since 1993.
Our analysis shows that AMIC is significantly correlated with El Nifio—-Southern Oscillation (ENSO), the North Atlantic
Oscillation (NAO), and the Pacific-North American pattern (PNA) before the winter of 1997/98. After that, the AMIC is
significantly correlated with the tropical-Northern Hemisphere pattern (TNH) and eastern Pacific oscillation (EPO). Singular
value decomposition of the 500-hPa geopotential height and surface air temperature shows a dipole pattern over the north-
east Pacific and North America, demonstrating the ridge—trough system. This dipole pattern shifts northward to the northern
Rocky Mountains, placing the Great Lakes region in the trough after 1997/98. This shift coincides with the increased interan-
nual variability of the EPO index, as well as the change in the sea surface temperature (SST) over the northeast Pacific, where
the second mode of the empirical orthogonal function (EOF) on SST shows a warm blob-like feature manifested over the
Gulf of Alaska. The regression of wave activity flux onto the SST EOF shows that the source of upward and eastward propa-
gation of a stationary Rossby wave shifts to the west coast of North America, likely moving the ridge-trough system eastward
after the winter of 1997/98.

SIGNIFICANCE STATEMENT: We found that the Great Lakes annual maximum ice cover decreased after one of
the strongest El Nifio—Southern Oscillation events in 1997/98 and that its year-to-year fluctuations increased in the recent
20 years. After the winter of 1997/98, the Great Lakes annual maximum ice cover started to correlate with the warm sea
surface temperature anomaly in the northeast Pacific, which appears to disrupt the polar vortex far up in the stratosphere,
and the polar vortex ultimately shifts eastward the ridge—trough system over North America. When the shifted system de-
velops enough, it can encase the Great Lakes region in the Arctic air and thereby cause larger year-to-year fluctuations.
This connection was found to be characteristic in the recent few decades, after the winter of 1997/98.

KEYWORDS: North America; Atmospheric circulation; ENSO; Indices; Pacific-North American pattern/oscillation;
Teleconnections

1. Introduction

The North American Great Lakes (hereafter simply the
Great Lakes) account for ~20% of the world’s freshwater.
The Great Lakes are partially frozen each year with large
year-to-year fluctuations. Annual maximum ice cover (AMIC)
is defined as the measured maximum daily ice cover of the
Great Lakes in an ice season (winter). Extremely cold winters
with high AMIC have substantial impacts on the surrounding
population (Assel et al. 1996, 2000), the economy (Niimi 1982),
under-ice ecosystems (Vanderploeg et al. 1992; Magnuson et al.
1995), and winter limnology in general (Ozersky et al. 2021).
Studies have shown that the ice cover of all five lakes has
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decreased in recent decades in response to global warming
(Magnuson 2000; Wang et al. 2012; Titze and Austin 2014).
Recent studies have shown evidence of Arctic-midlatitude
interactions that influence winter weather conditions over
Eurasia and North America (Honda et al. 2009; Liu et al.
2012; Cohen et al. 2014; Ogi et al. 2015; Francis et al. 2009;
Wang et al. 2018). Arctic surface air temperature in winter
rose significantly after 1998, where the trends have been stron-
ger over the Barents—Kara Seas and East Siberian—-Chukchi
Seas, and the warm Arctic surface air temperature has often
been observed to follow a reduction of autumn sea ice (Kug
et al. 2015). Honda et al. (2009) proposed that such a connec-
tion was caused by the stationary Rossby waves, providing a
“warm Arctic—cold continent” pattern (Overland et al. 2011).
Recent studies have shown that such a warm Arctic—cold con-
tinent pattern over North America was partly (~50%) driven
by the sea surface temperature (SST) pattern in the North
Pacific (Guan et al. 2021). Moreover, the combination of sea
ice loss in the Bering Sea and the SST over the western
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tropical Pacific strongly affected the winter of 2013/14 (Lee
et al. 2015), which coincided with one of the largest AMICs
in recent years, also suggesting the important roles of Pacific
SST on the variation of Great Lakes ice cover. On the other
hand, the direct connections between Arctic amplification
and the midlatitude extreme weather were found to be in-
significant (Barnes 2013; Barnes and Polvani 2015). Further-
more, the contributions from Arctic sea ice loss, especially
over the Bering and Chukchi Seas, to the midlatitudes
through blocking planetary waves, jet stream waviness, and
weakening the polar vortex were reported to be minor or in-
significant (Cohen et al. 2014; Blackport and Screen 2020).

The variations of the AMIC have been mostly in response to
the combinations of regional and Northern Hemisphere climate
patterns. In the past decades, studies were conducted to investi-
gate the relationships between Great Lakes AMIC and telecon-
nections, including El Nifio—Southern Oscillation (ENSO), the
Pacific-North American teleconnection pattern (PNA), the
Pacific decadal oscillation (PDO), the tropical-Northern
Hemisphere pattern (TNH), the North Atlantic Oscillation
(NAO), and the Arctic Oscillation (AO), through their influ-
ences on the weather conditions over North America (Smith
1991; Hanson et al. 1992; Assel and Robertson 1995; Assel
1998; Rodionov and Assel 2000, 2001; Assel et al. 2003; Wang
et al. 2010, 2012, 2018; Budikova et al. 2021). Almost half of
the low AMIC events were associated with strong positive
ENSO events (Assel 1998; Assel and Rodionov 1998) and had
high positive correlations with the PNA and TNH (Assel 1992;
Assel and Rodionov 1998). Budikova et al. (2021) found simi-
lar effects of the PNA and the TNH on the winter in North
America by conducting analyses on a half-century-long winter
severity index, which was calculated from daily records of
snowfall, snow depth, and air temperature difference. The
NAO/AO was found to partially contribute to ice cover in
some areas of the Great Lakes (Assel et al. 1985, 2000; Rodionov
and Assel 2001). Recent studies have also shown that the vari-
ability of AMIC is correlated linearly to the NAO and nonli-
nearly to ENSO at the same time (Bai et al. 2012), which
complicates the diagnosis of the weather circulations related to
Great Lakes ice cover. At longer time scales, studies have shown
that the AMIC is weakly and positively related to the PDO
(Wang et al. 2018). These works suggest the complexity between
the teleconnection patterns related to climate indices and the
winter surface air temperature as well as the subsequent AMIC
of the Great Lakes.

AMIC has experienced extremely high and low conditions
in recent years (Fig. 1a), especially after the late 1990s (Van
Cleave et al. 2014). The extreme cold winter in 2013/14, one
of the most notable events, was characterized by numerous
cold air outbreaks (Huntingford et al. 2015) and was impacted
by the SST anomaly over the central tropical and North Pacific
(Hartmann 2015; Lee et al. 2015; Wang et al. 2015; Guan et al.
2021). Such extreme winter conditions over the Great Lakes in
recent years, particularly in terms of how they relate to the
larger atmospheric circulations, have not yet been discussed and
are not fully understood. In this study, we examine the time se-
ries of AMIC over the past few decades, how it correlates with
select climate indices and larger-scale atmospheric circulations,
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and the mechanisms that could impact the winter surface
air temperature and the accumulated freezing degree days
(AFDDs) over the Great Lakes region.

2. Data and methods

AMIC is defined as the maximum daily ice cover (percent-
age of lake surface area) in the Great Lakes each winter. We
obtained the AMIC data from 1980 to 2020 from the National
Oceanic and Atmospheric Administration/Great Lakes Envi-
ronmental Research Laboratory (NOAA/GLERL) Ice Atlas
database (Wang et al. 2017; Yang et al. 2020). We obtained
the monthly gridded Arctic sea ice concentration from the
HadISST1.1 (Met Office Hadley Center), which showed a
spatial resolution of 1° X 1° (Rayner et al. 2003). We obtained
monthly atmospheric data from 1979 to 2020, including geopo-
tential height at 500 hPa (®500) and surface air temperature at
2-m height (75y,), from the National Centers for Environmental
Prediction—Department of Energy Atmospheric Model Inter-
comparison Project II (NCEP Reanalysis II; Kanamitsu et al.
2002), which has a spatial resolution of 2.5° X 2.5°. AFDDs,
which are defined as the summation of averaged daily tempera-
ture below freezing degrees (0°C) for a specified period, around
the Great Lakes region were chosen to represent the winter se-
verity from November to February (Assel et al. 2004; Wang
et al. 2020). The AFDDs around the Great Lakes are linked
with AMIC (Rogers 1976; Wang et al. 2020) and can improve
30-day forecast of the Great Lakes ice cover (Assel et al. 2004).

We selected the monthly climate indices of ENSO (Barnston
et al. 1997), PDO (Mantua et al. 1997), NAO (Hurrell 1995),
AO (Thompson and Wallace 1998), PNA (Barnston and Livezey
1987), and TNH (Mo and Livezey 1986) to examine the connec-
tions with AMIC as they were found to influence the weather
in the Northern Hemisphere. The eastern Pacific oscillation
(EPO; Barnston and Livezey 1987) was also included in this
study. The EPO index is defined based on the difference
of ®500 between the regions 55°-65°N, 125°-160°W and
20°-35°N, 125°-160°W. The daily data of the EPO index were
obtained from NOAA/Earth System Research Laboratory
(https://psl.noaa.gov/data/timeseries/daily/EPO/) and were
averaged to monthly values. We obtained all the other cli-
mate indices used here from the NOAA Climate Predic-
tion Center (CPC).

We applied empirical orthogonal function (EOF) and sin-
gular value decomposition (SVD) analyses to the yearly 2-m
air temperature (75,) and geopotential height at 500 hPa
(®500), averaged from December to the following February.
In the EOF and SVD analyses, we ensured that correlations
between different modes were low and insignificant and that
these modes were well separated. We calculated the quasi-
geostrophic (QG) streamfunction and the wave activity flux
(WAF) following Takaya and Nakamura (2001) based on
the NCEP Reanalysis II dataset. To ensure the robustness,
we repeated the EOF and SVD analyses for two additional
atmospheric reanalysis datasets: the fifth generation of at-
mospheric reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ERAS; Hersbach et al.
2020) and the Modern-Era Retrospective Analysis for Research
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FIG. 1. (a) Annual maximum ice cover (AMIC; %) from 1980 to 2020 (red line with black
dots). The blue line with black dots indicates the sea ice concentration (SIC) averaged within
November-December over the Bering Sea (black-dashed box in Fig. 1b). Gray solid lines and
gray dashed lines indicate the means and standard deviations of AMIC in earlier (1980-97) and
later (1998-2020) periods. The green line indicates the r-test p value of the separation year for
periods before and after. Dotted and dotted—dashed lines indicate the 95% and 90% confidence
levels, respectively, for determining the step change of AMIC based on the Wilcoxon rank sum
test. (b) Sea ice concentration difference between the two periods (later minus earlier period).
Dots indicate that the difference between the two periods reaches the 95% confidence level
based on the ¢ test. The black dashed box indicates the region for calculating the SIC that is
shown as a blue line in Fig. 1a. The red box indicates the Great Lakes area for accumulated

freezing degree days.

and Applications, version 2 (MERRA-2; Gelaro et al. 2017).
The analysis indicated that the spatial resolutions for ERA-5
and MERRA-2 were 0.25° X 0.25° and 0.625° X 0.5°, respec-
tively. Due to computational limitation, we resampled these data-
sets at 1° X 1° for the SVD analysis.

We applied the two-tailed ¢ test, the F test, and the Wilcoxon
rank sum test (hereafter simply Wilcoxon test; Wilcoxon 1945)
here to determine the significant changes in the mean, standard
deviation, and step change, respectively, of AMIC and the cli-
mate indices. We applied both the ¢ test and the Wilcoxon test
to identify the significant difference in mean values between the
two groups. The Wilcoxon test is a nonparametric test and is
more appropriate for data that are not necessarily normally dis-
tributed, such as AMIC data (Fig. 1a). The standard for deter-
mining the significance in this study is when the p value is smaller
than 0.05.
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3. Decreased AMIC and the increased interannual
variability after the winter of 1997/98

a. AMIC trend and interannual variability

The AMIC time series presents notable and large year-to-
year fluctuations with a standard deviation of 23% from 1980
to 2020 (Fig. 1a). In this period, the highest AMIC is 93% in
2013/14, and the lowest AMIC is 12% in 2001/02. The trend
of AMIC is significantly negative (—4.7% decade ™, p < 0.05)
in 1980-2020.

The outcomes of both the ¢ test and Wilcoxon test reveal
significant changes (p < 0.05) of the AMIC in the winter of
1997/98. That winter coincides with one of the largest ENSO
events of the twentieth century. The mean * standard devia-
tion for AMIC is 59% = 18% and 43% = 25% before and af-
ter the winter of 1997/98, respectively. This decrease in the
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FIG. 2. Scatterplot of dates of AMIC vs AMIC from 1980 to
2020. Crosses indicate the mean and error bars are the standard
deviation for dates of AMIC (horizontal) and AMIC (vertical) of
earlier (gray) and later (black) periods.

mean AMIC is consistent with the previous study on the
evaporation rate, the summer water temperature, and the ice
cover of Lake Superior (Van Cleave et al. 2014), which ac-
counts for the largest portion of the Great Lakes. In addition,
the step change in the winter 1997/98 matches with the turning
points of the winter conditions over the midlatitude in the
Northern Hemisphere reported by Cohen et al. (2014). The
increased standard deviation after the 1997/98 winter represents
the increased interannual variability. The extremely high/low
AMIC:s that occurred after the late 1990s, including the highest
(2013/14) and the lowest (2001/02) AMIC events (Fig. 1a), also
reflect this higher variability. In the following analyses, the
AMIC and the related dominating factors are separated into
periods of 1980-97 and 1998-2020 based on this step change in
the winter of 1997/98. The results are compared between the
two periods, as well as with those over the entire period of the
dataset (1980-2020).

The dates of AMIC occurrence between 1980 and 2020 are
primarily spread between February and early March (Fig. 2).
The average date of AMIC occurrence from 1980 to 2020 is
on February 24 with a standard deviation of 15 days. After
the winter of 1997/98, the date of AMIC occurrence and
AMIC itself show a larger spread (Fig. 2). The standard devi-
ation of the date of AMIC occurrence is 12 days in 1980-97,
and it jump to 17 days in 1998-2020. In addition to the signifi-
cant difference of mean AMIC between the two periods, the
frequency of larger AMICs (AMIC > 50%) also decreased
greatly from nearly three-quarters in 1980-97 to about one-
quarter in 1998-2020. Even so, some of the AMICs remained
high in the later period (e.g., 2013/14, 2014/15), which is the
cause for the higher standard deviation shown in 1998-2020.
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FIG. 3. (a) Accumulated freezing degree days (AFDDs) in
November-December, December—January, and January—February
of the periods before (1980-97; orange) and after (1998-2020;
green) the winter of 1997/98 over the area of the Great Lakes
(red box in Fig. 1b). Standard deviations are marked as black bars.
(b) Correlations between the AFDDs in November-December,
December—January, and January-February and AMIC of the
periods before (1980-97; orange) and after (1998-2020; green) the
winter of 1997/98. Circle and cross symbols indicate the p values
of the correlation coefficient.

Interestingly, this separation in the winter of 1997/98 is also
observed in sea ice concentration (SIC) over the Bering and
Chukchi Seas. SIC in November-December (SICxp) decreased
by average of 25% after the winter of 1997/98 (Fig. 1b). The
negative trend of SICyp is accelerated from an insignificant
rate of —1.7% per decade in 1980-97 to a significant rate of
—3.7% (p < 0.05) per decade in 1998-2020 (Fig. 1a; Cai et al.
2021). In general, the SICyp in the Bering—Chukchi Seas re-
vealed an opposite fluctuation to AMIC during 1998-2020.
Direct correlation between AMIC and SICyp is increased
from 0.12 in 1980-97 to 0.33 in 1998-2020, although both are
insignificant. These changes in AMIC and SICyp indicate al-
ternatives in large-scale atmospheric patterns after the winter of
1997/98, which impacted ice cover in the two distant locations.

b. Changes in the winter severity represented in AFDD

Figure 3 shows the AFDDs in the two-month periods
(November-December, December—January, and January—
February) prior to the AMIC occurrence over the Great
Lakes area (red box of Fig. 1b). From 1980-97 to 1998-2020,
the two-month AFDDs decreased by 18%, 11%, and 8% in
November-December, December—-January, and January—
February, respectively. On the other hand, the analysis
shows that the standard deviations were similar in the two
periods with a difference less than 10% (Fig. 3a). The difference
of AFDDs in November-December between 1980-97 and
1998-2020 reaches the 90% confidence level based on a ¢ test.
No significant change of variation (F test) and step changes
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FIG. 4. Spatial patterns of SVD modes 1 for Ty, (color) and ®500 (contour) averaged over December to February
of (a) 1980-2020, (b) 1980-97, and (c) 1998-2020. Expansion coefficients of 75, (EClrom; black) and ®500 (EC1dsy;
blue) of (d) 19802020 and (e) 1980-97 (years before vertical dashed line) and 19982020 (years after vertical dashed
line). All expansion coefficients are normalized by their respective standard deviations. The vertical dashed line in
(e) indicates the year of 1997 for separation. SCF is the square covariance fraction, and r is the correlation coefficient
between the two expansion coefficients. The red line in (d) is the AMIC, the green line in (e) is the PNA,, and the or-
ange line in (e) is the EPO,, where the subscript r indicates the reversed index. Both AMIC and EPO are normalized
by their standard deviations, except for PNA. Corr(A, B) denotes the correlation coefficient between A and B. All

Corr(A, B) listed here reach the 95% confidence level.

(Wilcoxon test) was found in the other two-month periods
(December-January or January-February).

Figure 3b shows the correlations between the two-month
AFDDs and the corresponding AMIC during 1980-97 and
1998-2020. In both periods, AMIC and AFDDs are signifi-
cantly correlated with high values in December—January and
January-February. The highest correlation is changed from
December—January (r = 0.81) in 1980-97 to January-February
(r = 0.94) in 1998-2020. This may indicate that Great Lakes ice
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cover is more sensitive to cold episodes later in the season
(January and February) in 1998-2020.

4. Atmospheric circulation patterns related with AMIC
and their changes after the winter of 1997/98
a. Covarying mode of @500 and T»,,,

Figure 4 shows the SVD mode 1 of ®500 and 75, in
1980-2020, 1980-97, and 1998-2020. The SVD mode 1 in
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TABLE 1. Correlation coefficient between AMIC and monthly climate indices averaged over DJF in the earlier (1980-97) and
later (1998-2020) periods and in the entire period (1980-2020). Numbers in bold indicate the correlation coefficients reached the

95% confidence level.

ENSO PDO NAO AO PNA TNH EPO
AMIC (1980-97) —0.65 0.03 —0.55 —0.35 —0.48 0.28 —0.38
AMIC (1998-2020) 0.01 0.22 0.06 0.06 —0.17 0.60 —0.63
AMIC (1980-2020) —0.17 0.26 —0.18 —0.09 —0.25 0.43 —0.58

19802020 has a squared covariance fraction (SCF) of 50%,
which accounts for about half of the total variance (Fig. 4a).
Spatial pattern 1 (spl) of 75, reveals a negative center over
North America, including the region west of the Great Lakes,
and had positive anomalies over Alaska, the southwest coast
of the United States, and the Canadian Arctic Archipelago
(CAA), which coincides with the features of warm Arctic and
cold continents (Overland et al. 2011; Cohen et al. 2014; Kug
et al. 2015; Blackport et al. 2019; Guan et al. 2021). The sp1 of
®500 shows a dipole structure, with the negative center over
central North America and the positive center over the Bering
and Chukchi Seas (contours in Fig. 4a). The expansion coeffi-
cients (ecl) of T, and ®500 are highly correlated with each
other (r = 0.85). They both also have a significant correlation
with AMIC (red line in Fig. 4d), where the r = 0.7 (p < 0.05)
for Thy, and r = 0.6 (p < 0.05) for the d500. This is expected
given that the dipole pattern in the SVD analysis represents the
ridge—trough dipole pattern over North America, which is
known to steer cold air masses from the Arctic into central
North America (Bai and Wang 2012; Wang et al. 2015). This
anomalous circulation is reversed during low AMIC years.

The SVD modes 1 in 1980-97 and 1998-2020 account for
55.5% and 52.6% of their total variances, respectively. Similar
to the entire period (1980-2020), the spl of T, in both peri-
ods have a minimum west of the Great Lakes, and the spl of
®500 shows a dipole structure over the North Pacific and
North America. After the winter of 1997/98, however, the
SVD modes 1 of 75, and ®500 present a notable change. The
spl of T, in 1998-2020 has a weakened negative center over
the area west of the Great Lakes compared to the earlier pe-
riod (Figs. 4b,c). Most notably, the dipole structure of the spl
of ®500 shifts its center northeastward to Alaska, and the
Chukchi Sea with a boundary along the Rocky Mountains
(Figs. 4b,c).

This shift in the spatial pattern of SVD mode 1 of $500 and
Tom in 1998-2020 coincides with the changes in the telecon-
nection patterns that have high correlations with the expan-
sion coefficients. The spl of ®500 in the earlier period shows
a negative PNA-like pattern with positive values over the
North Pacific and negative in North America (Fig. 4b). The
ecl of ®500 in 1980-98 has significant correlation coefficients
(r=0.67, p < 0.05) with the inverted (i.e., multiplied by —1)
PNA index (Fig. 4¢). The inverted climate indices here mean
“multiplied by —1.” As the dipole structure is shifted north-
eastward during 1998-2020, the ecl of ®500 becomes highly
correlated to the EPO index (r = 0.82, p < 0.05; Fig. 4e), but
is insignificantly correlated with the PNA index. Similar
results are found in the SVD analyses using a few other
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reanalysis products of ERAS5 and MERRA-2 (Fig. Al in
the appendix).

b. Correlations with climate indices

Table 1 shows the correlations between AMIC and multiple
climate indices averaged in December—February. During
1980-97, the AMIC is significantly correlated (p < 0.05) with
the climate indices of ENSO, NAO, and PNA with correla-
tion coefficients r = —0.65, —0.55, and —0.48, respectively.
This is somewhat consistent with Bai et al. (2012) and Wang
et al. (2018), who suggested there were combination effects
from multiple teleconnection patterns on the Great Lakes re-
gional weather. None of these climate indices correlated with
AMIC in 1998-2020, after the winter of 1997/98. We also ex-
amine the regression of ®500 onto the ENSO, as well as the
NAO and the PNA in both periods (not shown); the patterns
are similar in the two periods. It is unlikely that these telecon-
nection patterns had rapidly changed to alter the large changes
of correlations between AMIC and ENSO, NAO, and PNA in
the two periods (Table 1).

During 1998-2020, AMIC shows high and significant corre-
lations with the TNH (r = 0.60, p < 0.05) and EPO indices
(r = —0.63, p < 0.05). The positive TNH pattern consists of
above-average geopotential heights over the Gulf of Alaska
and eastern Gulf of Mexico and below-average height cover-
ing northeastern North America. The EPO pattern represents
the variability of geopotential height over the Gulf of Alaska
and the southeastern subtropical Pacific. The positive phase of
the TNH and the negative phase of the EPO result in the ridge
of geopotential heights over the Gulf of Alaska because of
their centers of action. Given that the ridge steers cold air
mass from the Arctic into the Great Lakes region, the correla-
tions of the TNH and EPO indices with AMIC are reasonable.
Smith and Sheridan (2021) found that the EPO played a cru-
cial role in the cold air outbreaks over North America, and
Marinaro et al. (2015) also found a similar conclusion that the
combination of positive TNH and negative EPO affected the
severe cold winter of 2013/14 over North America, leading to
the second-highest ice cover of the Great Lakes since 1973.
However, it is unclear yet why the correlations with the TNH
and EPO indices became significant only after the winter of
1997/98.

Figure 5 shows the statistical confidence levels of the ¢ test,
the F test, and the Wilcoxon test for climate indices of ENSO,
NAO, AO, PDO, PNA, EPO, and TNH, averaged over
December—February, as well as AMIC, to determine the
significances of separation years. We tested the separation
years from 1990 to 2005. In these three tests, most of the
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FI1G. 5. Confidence levels (%) of the (a) ¢ test, (b) F test, and (c) Wilcoxon rank sum test on
AMIC and multiple climate indices, including ENSO, NAO, AO, PDO, PNA, EPO, and TNH,
for determining the significant year of separation between 1990 and 2005. Gray dash-dotted lines
indicate the 95% and 90% confidence levels, respectively.

climate indices are not significantly separated from 1990 to
2005 except the PDO and the EPO. The confidence level in
the ¢ test and Wilcoxon rank sum test is greater than 95%
for the PDO index, mainly in 1997-99 in response to its phase
change from positive to negative around the late 1990s to earlier
2000s. For the EPO index, the confidence level in the F test
reached 95% in 1995, gradually increased in the following years,
and reached the maximum in 1997/98 (Fig. 5b). The standard
deviations of the EPO index are 28.0 in 1980-97 and 52.2 in
1998-2020, suggesting an increasing interannual variability of
the EPO index after the winter of 1997/98. This is likely related
to the fact that AMIC started to significantly correlate with the
EPO index at the same time. Next, we examine the relations of
AMIC with large-scale atmospheric patterns.
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c¢. Correlation of AMIC with 500-hPa geopotential height
and surface air temperature

Figures 6 and 7 show the correlation fields of AMIC with
the ®500, Ty, and SST in December—February and the two-
month periods (November-December, December—January,
and January-February) prior to the AMIC. The correlation
map in December-February before the winter of 1997/98
shows a dipole structure of ®500, with positive anomalies
over Alaska southward toward Texas and northern Mexico
and negative anomalies centered over the Great Lakes, show-
ing a negative PN A-like pattern across the North Pacific and
North America (Fig. 6a). The AMIC-correlated T, shows a
positive anomaly over the East Siberian Sea, Chukchi Sea,
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FIG. 6. Correlation maps between AMIC and (left) 500, (center) surface air temperature, and (right) sea surface temperature in
(a)-(c) December-February (DJF), (d)-(f) November-December (ND), (g)-(i) December—January (DJ), and (j)—(1) January-February
(JF) of the period before the step change (1980-97). Dots indicate the correlation reached the 95% confidence level.

and Beaufort Sea and a negative anomaly covering North
America before the winter of 1997/98 (Fig. 6b). The distribu-
tions of ®500 and T>,, are similar to the SVD results shown in
Fig. 4a (i.e., the warm Arctic—cold continent feature). The
dipole pattern of AMIC-correlated ®500 is insignificant in
November-December (Fig. 6d) but becomes significant in
December—January (Fig. 6g). This dipole pattern moves south-
ward in January—February (Fig. 6j). The AMIC-correlated 75,
reflects the negative center over the Great Lakes region
(Figs. 6e,h.,k), and the correlation map of AMIC and 7>, is
significant in December—January (Fig. 6h) and January-February
(Fig. 6k).

The series of correlation maps from 1998 to 2020 shows a
moving dipole pattern (Fig. 7). The correlation map from
December to February between AMIC and ®500 shows a
positive anomaly covering Alaska and the northeastern Pacific
and a negative anomaly over the eastern North America
(Fig. 7a). Notably, the dipole pattern is more condensed
over the over the continent of North America in 1998-2020
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(Fig. 7a) compared with the 1980-97 result (Fig. 6a), where the
positive portion is located at the Alaskan Peninsula. This con-
densed dipole indicates an eastward movement of the dominant
weather pattern, leading to extreme cold or warm winters.
Furthermore, the dipole structure developed in November
and December, which is earlier than in the period of 1980-97
(Fig. 7d), with positive correlation coefficients over Alaska
(r=0.65, p < 0.05 at the positive center) and negative corre-
lation over the northern part of the Great Lakes (Fig. 7d).
This dipole feature of ®500 over North America in 1998-2020
persists from November to February (Figs. 7a,d,g.j), and the
contrast of the dipole in January and February shown in Fig. 7j
is more evident than in 1980-97 (Fig. 6j). This persistent dipole
feature in the AMIC-®500 correlation map during 1998-2020
indicates that AMIC is likely more sensitive to the ridge—
trough system, implying a connection to the jet stream. This
conjecture is consistent with the previous studies showing that
the frequency of high-amplitude jet stream days has increased
since the late 1990s (Francis and Vavrus 2012; Chen et al.
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FI1G. 7. As in Fig. 6, but for the period after the step change (1998-2020).

2015; Cattiaux et al. 2016; Rothlisberger et al. 2016; Vavrus
et al. 2017). One notable feature is that the correlation pat-
terns of both AMIC-®500 (Figs. 7a,d,g,j) and AMIC-T>,,,
(Figs. 7b,e,h,k) show no significant correlation over the Arctic
Ocean.

The positive anomaly of the dipole pattern in the AMIC-®500
correlation maps covering 1998-2020 is located in a similar region
to the positive center of TNH and the negative center of EPO in
their positive phases (Figs. 7a,d,g,j). The pattern is also consis-
tent with a single ®500 anomaly of TNH, identified by Liang
et al. (2017), which dominated the Gulf of Alaska in the winter
season. This amplified atmospheric ridging of positive geopo-
tential height over the greater Alaska area could explain the re-
duced sea ice in the Chukchi Sea in early winter after the winter
of 1997/98 (Overland et al. 2021), in addition to the warming of
surface air temperature around the Chukchi Sea (Kug et al.
2015).

Similar to 1980-97, the correlation maps of AMIC-T5,, in
1998-2020 show a negative center over the Great Lakes re-
gion from November to February (Figs. 7b,e,h,k); however,
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the strongest correlation appears in January-February (Fig. 7k),
after the winter of 1997/98.

d. Warm blob signal in AMIC-SST correlation in the
1998-2020 period

The AMIC-SST correlation maps for 1980-97 (Figs. 6¢,f.i,1)
show a negative anomaly over the northwest Pacific with
a small fraction of positive anomaly to the northeast Pa-
cific, weakly following the AMIC-T5,, correlation pattern
(Figs. 6b,e,h,k). On the other hand, in 1998-2020, data
show that a significantly positive anomaly occupied the
entire Gulf of Alaska, which corresponds to the “Pacific
warm blob” (Bond et al. 2015) throughout November to
February (Figs. 7c,f,i,]). The highest correlation between
AMIC and SST is r = 0.72 in January-February off the
coast of North America. Previous studies have suggested
that this Pacific warm blob was formed due to the stron-
ger wind induced by the higher-than-normal atmospheric
pressure over the Gulf of Alaska (Bond et al. 2015) and
was linked to the teleconnection index TNH with a one-month
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FiG. 8. EOF (a),(c),(e) mode 1 and (b),(d),(f) mode 2 for sea surface temperature (SST) averaged over December-February of
(a),(b) 1980-2020, (c),(d) 1980-97, and (e),(f) 1998-2020. Colored maps are eigenvectors (°C). The black solid line indicates the contour at
0. (g),(h) The principal components of modes 1 and 2, respectively. Principal components of EOF in periods of 1980-2020, 1980-97, and
1998-2020 are shown in black, green, and blue in (g) and (h). The red time series with black dots represents the normalized AMIC for
comparison with PCs. The pcl in 1980-97 is significantly correlated with AMIC (r = 0.63), and the others are not. The correlations be-

tween the pc2 in 1980-2020 and in 1998-2020 and AMIC are 0.62 and 0.66, respectively.

lag time (Liang et al. 2017). In general, the locations of AMIC-
correlated patterns of 500 and SST are consistent with the
Pacific warm blob and TNH presented by Liang et al. (2017). In
addition, the positive anomalies of AMIC-correlated 75, and
SST in earlier winter (November—December) covers the entire
Bering Sea and reached the Chukchi Sea, likely contributing to
the reduction of SIC in November-December in 1998-2020 and
the delay of sea ice formation (Fig. 1).

5. SST variability over the North Pacific and the
stationary Rossby wave propagation

a. SST variability over the North Pacific

Figure 8 shows the EOF of SST over the North Pacific from
10°S to 65°N during 1980-2020, 1980-97, and 1998-2020. Mode
1 of 1980-2020, 198097, and 1998-2020 accounts for 40%, 38%,
and 48% of their total variances (Figs. 8a,c.e), respectively. The
eigenvector of mode 1 (evl) in 1980-2020 reveals a La Nifia-like
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pattern (or negative ENSO) in which the strong negative
anomaly extends from the eastern equatorial Pacific with the
opposite sign in the central Pacific (Fig. 8a). The evl of SST in
1980-2020 and 1998-2020 show larger positive-negative con-
trast over the central Pacific and eastern equatorial Pacific, but
the positive anomaly in 1980-97 is more evident over the west-
ern North Pacific (Fig. 8c). The principal component of mode
1 (pcl) in 1980-2020 shows a high correlation with the
ENSO index (Fig. 8g), where r = —0.97. In addition to
ENSO, pcl in 1980-2020 also shows a significant correlation
with PNA (r = —0.63, p < 0.05), PDO (r = —0.58, p < 0.05),
and TNH (r = 0.48, p < 0.05) (see Table 2). The pcl of SST
in 1980-97 also has significant correlations with these climate in-
dices, except for PDO. On the other hand, in 1998-2020, the
pcl of SST presents a significant correlation with PDO
(r=-0.78, p <0.05), instead of TNH (Table 2).

Mode 2 of SST in 1980-2020, 1980-97, and 1998-2020 accounts
for 12%, 15%, and 12% of their total variances (Figs. 8b,d.f),
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TABLE 2. Correlation coefficient between the principal components of SST EOF modes 1 and 2 (pcl and pc2; see Fig. 8) and the
monthly climate indices averaged over DJF in the earlier (1980-97), the later (1998-2020), and entire (1980-2020) periods. Numbers
in bold indicate the correlation coefficients reached the 95% confidence level.

ENSO PDO NAO AO PNA TNH EPO
pcl (1980-97) -0.98 —0.02 —0.22 0.06 —0.58 0.62 —0.38
pel (1998-2020) -0.98 —-0.78 0.04 0.22 —-0.62 0.37 0.26
pel (1980-2020) -0.97 —0.58 —0.01 0.20 —0.63 0.48 —0.13
pc2 (1980-97) 0.04 —0.68 0.03 0.22 —0.24 0.05 —0.38
pc2 (1998-2020) —0.09 —0.03 0.07 0.10 —0.35 0.53 —0.58
pc2 (1980-2020) —0.14 0.28 —0.23 —0.12 —0.09 0.24 —0.62

respectively. The ev2 in 1980-2020 shows a positive temperature
anomaly inside the Gulf of Alaska, and this positive anomaly ex-
tends northward into the Bering Sea and southwestward into the
subtropical North Pacific (Fig. 8b), which is recognized as the
North Pacific mode (Deser and Blackmon 1995; Park et al. 2012;
Hartmann 2015). Similar spatial distributions of evl and ev2 of
the EOF SST were found by Guan et al. (2021) from 1979 to
2013, where the latter was suggested to contribute to the warm
Arctic—old continents pattern over North America. The pc2 of
SST EOF in 1980-2020 shows significant correlation only with
EPO (r = 0.62, p < 0.05). The ev2 of SST in 1980-97 reveals a
PDO-like structure with negative anomalies extending from east
of Japan to the center of the Pacific (Fig. 8d). This is also re-
flected in the correlation between pc2 in 1980-97 and the PDO
(r=—0.68, p < 0.05). The ev2 of SST in 1998-2020 (Fig. 8f) dis-
plays a pattern that is similar to ev2 of 1980-2020 (Fig. 8b), but
the contrast of evl is enhanced, especially over the Gulf of
Alaska in 1998-2020. This positive SST anomaly (ev2) over the
Gulf of Alaska is similar to the Pacific warm blob (Bond et al.
2015), which is identified as the major phenomenon influencing
the atmospheric circulation above the Alaska area (Liang et al.
2017). The pc2 in 1998-2020 is negative and reveals low variabil-
ity in the late 1990s and early 2000s, and its fluctuation became
large in the late 2010s, coinciding with the recent increase in the
interannual variability of AMIC. The pc2 in 1998-2020 shows sig-
nificant correlations with EPO (r = —0.58, p < 0.05) and TNH
(r=0.53, p < 0.05) and is not correlated with other climate in-
dices, also indicating the dominant teleconnection patterns of
the Alaska area that is associated with the SST variability over
the northeastern Pacific.

The winter of 1997/98 coincided with the shift in PDO from
the positive phase to the negative phase. The interdecadal
variability of SST over the tropical and North Pacific has been
extensively studied since the initial descriptions by Zhang et al.
(1997), Mantua et al. (1997), Gershunov and Barnett (1998),
and Power et al. (1998). Although the leading mode resem-
bles the sign reversal PDO feature throughout the periods
(Figs. 8a,c,e), the change in the second mode of SST EOF
after the 1997/98 winter is possibly associated with this PDO
phase change (Zhang et al. 1997; Ding et al. 2013). Di
Lorenzo et al. (2008) reported that the second mode of
EOF of the sea level anomaly over the North Pacific, which
was defined as the North Pacific Gyre Oscillation (NPGO),
was frequently positive and peaked around the year 2000 af-
ter this PDO phase change. Both the positive PDO and
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NPGO were found to be tied separately to the atmospheric
cyclonic circulations mainly located in the Gulf of Alaska
(Chhak et al. 2009), where the former is linked to the over-
lying Aleutian low and the latter is forced by the North
Pacific Oscillation (NPO). Their suggested mechanism is
similar to the findings of atmospheric controls on northeast
Pacific SST (Johnstone and Mantua 2014; Bond et al. 2015).
The interaction of these two atmospheric circulations could
lead to increased chances of meandering airflow (e.g., the
ridge—trough system; Linkin and Nigam 2008). This appears
to be consistent with the sign change in our pc2 after the
1997/98 winter [black line in Fig. 8h; note that the sign is re-
versed from that in Di Lorenzo et al. (2008)]; however, this
is not always the case, and exceptions occur in 2004-05,
2014-15, and 2018. The correlations of pc2 with EPO and
TNH after the winter of 1997/98 are likely associated with
the phase change in NPGO, and the amplitude is also in-
creased visually after the 1990s compared to the period in
the 1980s (see Fig. 3d of Di Lorenzo et al. 2008). Given the
spatial pattern of mode 2 (Fig. 8f), pc2 is indeed correlated
with the TNH and EPO indices (Table 2), as the positive
anomaly over the Gulf of Alaska in mode 2 (Fig. 8f) over-
laps with the anomaly areas of TNH and EPO patterns. It is
worth noting that the amplitude of EPO index increased af-
ter 1998, which might be related to the SST variability over
the Gulf of Alaska.

b. Stationary Rossby wave propagation associated with
SST variability

Figure 9 shows the regressions of the horizontal QG
streamfunction and the WAF onto the EOF SST pcl and pc2
in the three periods. The values are averaged temporally over
the winter months (December, January, and February) and
vertically for 100-250 hPa. During 1980-2020, analysis of the
regression of QG streamfunction onto the SST pcl reveals a
dipole pattern over central North Pacific and northern North
America, indicating the long-term contribution of the La
Nina-like SST from the North Pacific (Fig. 9a). A small,
significant, and positive QG streamfunction anomaly lo-
cated in southern North America is weakly connected with
a major feature in the central North Pacific. A group of
WAF is located at the northern edge of the positive anom-
aly in the central North Pacific pointed northeastward
across Alaska into North America (Fig. 9a), indicating
propagation of stationary Rossby waves. The contrast of
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vector; black for 90% significant level) in December—February that regresses onto the principal component of the (left) first mode and
(right) second mode of SST EOF of (a),(b) 1980-2020, (c),(d) 1980-97, and (e),(f) 1998-2020. The values were averaged over 100-250 hPa.
The QG and WAF were calculated following Takaya and Nakamura (2001).

the QG streamfunction dipole and the northeastward WAF is
stronger in the regression map of SST pcl in 1980-97 (Fig. 9¢)
than in the regression map of SST pcl in 1998-2020 (Fig. 9e).
The regression of WAF onto the SST pcl in 1980-97 largely
covers Alaska and northeastern North America and the re-
gressed WAF arrows point to the downstream areas where the
QG streamfunction is negative, suggesting the impacts of SST
from the western tropical Pacific on the ridge-trough system
over North America before the winter of 1997/98. Such a pat-
tern does not exist in the WAF regression to pcl in 1998-2020
(Fig. 9¢). As shown in the eigenvectors of mode 1 in 1980-97
and 1998-2020 (Figs. 9c.e), the positive anomaly in 1998-2020
shifts southward to cover the central North Pacific whereas in
1980-97 it dominates a larger area over the North Pacific.

The regressions of QG streamfunction and WAF onto the SST
pc2 show notable differences in the three periods (Figs. 9b,d f).
Analysis of the regressed QG onto pc2 in 19802020 shows a di-
pole structure along 60°N covering from the western Bering
Sea toward the Hudson Bay of northeastern Canada (Fig. 9b).
The WATF is sourced from the subtropics points northeastward
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above the Gulf of Alaska and is connected downstream to
eastern North America (Fig. 9b), suggesting a stationary Rossby
wave train formed from the northeastern Pacific. The regressed
QG streamfunction onto pc2 in 1980-97 reveals a positive cen-
ter over the Sea of Okhotsk, and the regressed WAF is weaker
overall, with the southwestward signal in the south of the
Bering Sea (Fig. 9d). The regression of QG streamfunction
onto pc2 in 1998-2020 (Fig. 9f) reveals a similar dipole to
the period in 1980-2020 (Fig. 9b) but with stronger contrast
(Fig. 9f). The differences of the regressed WAF over the Gulf
of Alaska reveal that the dominating feature of the SST EOF
mode 2 (Fig. 8f) play an import role in forming the ridge-trough
system.

Figure 10 shows the pressure-longitude cross section of the
regressions of the geopotential height and the WAF onto pcl
and pc2 in 1980-97 (Figs. 10a,b) and in 1998-2020 (Figs. 10c,d).
The values were meridionally averaged along the northern edge
of the dipole structure (45°-60°N) in December, January, and
February. The regressed geopotential height in 1980-97 reveals a
positive anomaly centered in the upper troposphere (~200 hPa)
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FIG. 10. Pressure-longitude cross section of winter (December—February) geopotential height (m; shading; dotted

areas for the 95% confidence level) and wave activity flux (m? s~

2: vector; black for the 90% confidence level and gray

for the rest) that regresses onto the principal component of (a) the first mode of SST EOF in 1980-97, (b) the second
mode in 1980-97, (c) the first mode in 1998-2020, and (d) the second mode in 1998-2020. The values were meridionally
averaged between 45° and 60°N. The white dashed line indicates the longitude of west coast of North America.

between 130° and 180°W and a negative anomaly extended from
the upper stratosphere (~10 hPa) to the lower troposphere
(~700 hPa) east of 120°W (Fig. 10a). The regressed WAF in
1980-97 shows that a group of significant WAF is convergent
around 140°W and 200 hPa, to the east of the positive anomaly
of the regressed geopotential height, indicating stationary Rossby
wave propagation off the western coast of North America. Anal-
ysis of the regressed geopotential height onto pc2 in 1998-2020
shows that the positive anomaly expands to the west of the date
line and the positive center shifts eastward, with a negative
anomaly over the Great Lakes area. (Fig. 10d). These patterns
disappear in the regressed maps of geopotential height and
WAF based on pc2 in 1980-97 (Fig. 10b). Analysis of the re-
gressed WAF onto pc2 shows a clear and significant direction
toward downstream dominating the middle and upper tropo-
sphere (500 to 150 hPa in Fig. 10d) from 140° to 70°W, where
the Great Lakes are located. Moreover, the vertical component
of the regressed WAF reveals a downward direction above the
Great Lakes region and eastern North America.

¢. Dynamical connection between SST variability
and AMIC

The above analyses support that the SST variability over
the North Pacific is strongly connected to the ridge-trough
system as well as winter weather over North America, specifi-
cally the Great Lakes. As shown in the WAF field (Fig. 9),
the stationary Rossby wave propagates eastward across the
dipole structure of the regressed QG streamfunctions (and
that of geopotential heights) in the northeast Pacific. The
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notable changes in the SST EOF modes 1 and 2 after the win-
ter of 1997/98 (Figs. 8c,e,d,f) appear to alter the primary
source location of the WAF (Fig. 9), whose signal reached up
to the stratosphere (Fig. 10). Alongside the results presented
in sections 3 and 4, the connection between AMIC and the
positive SST anomaly over the northeast Pacific (or the Pacific
warm blob) in the 1998-2020 period (Fig. 7) can be explained
as follows: The stationary Rossby wave initiated from the
warm SST anomaly in the northeast Pacific reaches up to the
stratosphere and disrupts the polar vortex, which subsequently
altered the tropospheric jet stream. This pathway ultimately
shifts the ridge—trough system over North America eastward,
covering the Great Lakes region in the trough and impacting
AMIC. Considering the tropospheric pathway, this proposed
mechanism is consistent with the previous studies. For exam-
ple, the Pacific warm blob was reported to have positive feed-
back on the above geopotential height (Hartmann 2015; Liang
et al. 2017) and was used to explain the extremely cold winter
of North America in 2013/14 (Hartmann 2015; Wang et al.
2014; Lee et al. 2015). Not many studies have examined the
connection of the northeast Pacific SST variability with the
stratosphere, but Kretschmer et al. (2018) showed two domi-
nant patterns of increased polar cap heights in the lower strato-
sphere that could impact cold spells over northern Eurasia,
central Canada, and the Great Lakes region, which were associ-
ated with sudden stratospheric warmings classified by Kodera
et al. (2015). Meanwhile, Zhang et al. (2018) presented a strato-
spheric pathway that connected the cold Siberia pattern in the
winter following sea ice loss over the Barents—Kara Seas in late
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autumn. For a similar stratospheric pathway that connects the
blob-like feature over the northeast Pacific and the cold spell
over the Great Lakes, however, more numerical and analytical
studies are required.

Why are the SST variability changes and the associated shifts
in the atmospheric patterns observed before and after the win-
ter of 1997/98? We did not find a clear answer to this. However,
it is very likely that this might involve climate variability in the
tropical Pacific. It has been shown that the SST variability over
the northeast Pacific is controlled by atmospheric forcing
(Johnstone and Mantua 2014; Chhak et al. 2009; Furtado et al.
2012), particularly the NPO, which points to the same pattern
as the EPO but has a slightly different definition. The NPO
was shown to be a possible mechanism linking the extratropical
atmospheric variability to El Nifio events in the tropical Pacific
(Furtado et al. 2012; Di Lorenzo et al. 2015). Di Lorenzo et al.
(2015) combined observational data analysis and coupled
ocean—atmosphere modeling experiments to examine the roles
of the Pacific meridional mode and ENSO on the low-frequency
pattern of the basin-scale SST over the Pacific.

The occurrence of the Pacific warm blob, which was first ob-
served in 2013 (Bond et al. 2015) and has been reported at irreg-
ular intervals, may be another manifestation of these changes.
However, the forcing mechanism of the blob occurrence is not
well understood, including how it interacts with the PDO, the
NPGO, or the tropical Pacific. Even though the cause of the
changes in the winter of 1997/98 (or possibly in the vicinity) is yet
to be investigated, we found a clear connection between AMIC
and the SST variability over the Gulf of Alaska after the winter
of 1997/98, as well as the suggested dynamical connection of the
upward and downstream WAF identified as an intermediary.

6. Summary

Based on the above investigations, we have drawn the fol-
lowing conclusions:

1) The Great Lakes ice cover experienced a significant step-
change decrease in its annual maximum ice cover (AMIC)
in the winter of 1997/98, which coincides with one of the
largest ENSO events in the twentieth century. Simulta-
neously, the interannual variability of AMIC has increased
in the recent two decades. After the winter of 1997/98, the
winter severity over the Great Lakes region represented by
accumulated freezing degree days (AFDDs) is reduced
throughout the winter months. The AMIC is significantly
correlated with ENSO, the NAO, and the PNA before the
winter of 1997/98, but after that none of these climate indices
presents a significant correlation with AMIC. Instead, the
TNH and the EPO indices reveal significant correlations with
AMIC after the winter of 1997/98, with the former positively
and the latter negatively correlated with AMIC.

2) The leading modes of SVD analysis of the 500 and the
T>m reveal major atmospheric dipole circulation related to
the surface air temperature anomalies over North America
including the Great Lakes region. Moreover, the results
show that the dipole shifts northward to Alaska after the
step change in the winter of 1997/98. The correlation map
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of AMIC with SST over the North Pacific reveals a positive
center over the Gulf of Alaska, which was similar to “the
Pacific warm blob” after the step change in the winter of
1997/98.

3) An EOF analysis of SST over the North Pacific reveals
notable changes between the two periods (1980-97 and
1998-2020), particularly in the second mode, where the
blob-like feature is evident in the 1998-2020 period over
the Gulf of Alaska, which likely contributed to the forma-
tion of “warm Arctic—cold continents” of North America
(Guan et al. 2021). The QG streamfunction and wave ac-
tivity fluxes (WAF), when regressed onto the principal
components of the SST EOFs, suggest that the warm SST
anomaly over the Gulf of Alaska initiates the upward and
downstream propagation of a stationary Rossby wave af-
ter the winter of 1997/98, which propagates across the
west coast of North America. The regressed WAF signal
reaches the upper troposphere and stratosphere, suggest-
ing that the stratosphere pathway whereby the polar vor-
tex is disrupted and is mirrored by the polar jet stream
underneath resulted in the amplified ridge—trough system
over North America and, therefore, the winter weather
over the Great Lakes region.

Although we found a clear connection between the SST vari-
ability over the Gulf of Alaska (i.e., the blob-like feature) and
AMIC after the winter of 1997/98, as well as the possible dynami-
cal intermediary of the WAF reaching up to the stratosphere, we
did not find the reason why the SST variability and associated at-
mospheric circulations changed after the winter of 1997/98. This
change is likely connected to the phase changes of the PDO and
the NPGO (the second mode of sea surface height anomaly over
the North Pacific), which are themselves driven by the Aleutian
low and the NPO, respectively. Previous studies showed that the
longer-scale variabilities of the NPGO and the NPO were associ-
ated with variability in central tropical Pacific SSTs (Furtado et al.
2012; Di Lorenzo et al. 2015). Thus, it is possible that the changes
of AMIC after the winter of 1997/98 may have origins in the
tropical Pacific. This warrants further numerical and analytical in-
vestigations to fully understand the climate variability over the
North Pacific and the Great Lakes region.

Finally, one of the most important topics for the Great
Lakes community is the seasonal forecasting of AMIC and
the winter severity over the region. Advanced understanding
of how the Great Lakes winter climate connects to the larger
atmospheric patterns, including the identified connection to the
SST anomaly over the Gulf of Alaska and the North Pacific,
will provide incremental improvements to the forecasting capa-
bility of AMIC in the future.
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Data availability statement. The annual maximum ice cover
(AMIC) of the Great Lakes is obtained from the NOAA Great
Lakes Environmental Research Laboratory (https:/www.glerl.
noaa.gov/data/ice/#historical). The monthly gridded Arctic sea
ice concentration can be accessed at the National Snow and Ice
Data Center (https:/nsidc.org/data/gl0010). The atmospheric
data can be accessed at NCEP Gridded Climate Datasets (https:/
psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html). The cli-
mate indices can be accessed at NOAA Climate Prediction
Center (https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.
shtml) and ESRL/PSL GEFS Reforecast 2 (https:/psl.noaa.gov/
data/climateindices/list/).

APPENDIX

Results from ERAS and MERRA-2

Figure A1l displays the SVD analyses of geopotential
height at 500 hPa and surface air temperature at 2-m height
obtained from ERAS and MERRA-2.
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