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ABSTRACT

Sea ice variability in the North Pacific and its associations with the east Asia—North Pacific winter climate
were investigated using observational data. Two dominant modes of sea ice variability in the North Pacific
were identified. The first mode features a dipole pattern between the Sea of Okhotsk and the Bering Sea.
The second mode is characterized by more uniform ice changes throughout the North Pacific.

Using the principal components of the two dominant modes as the indices (PC1 and PC2), analyses show
that the positive phases of PC1 feature a local warming (cooling) in the Sea of Okhotsk (the Bering Sea),
which is associated with the formation of the anomalous anticyclone extending from the northern Pacific to
Siberia, accompanied by a weakening of the east Asian jet stream and trough. The associated anomalous
southeasterlies/easterlies reduce the climatological northwesterlies/westerlies, leading to warm and wet
conditions in northeast China and central Siberia. The positive phases of PC2 are characterized by a strong
local warming in the northern Pacific that coincides with the anomalous cyclone occupying the entire North
Pacific, accompanied by a strengthening of the east Asia jet stream and trough. The associated anomalous
northerlies intensify the east Asian winter monsoon (EAWM), leading to cold and dry conditions in the east
coast of Asia. The intensified EAWM also strengthens the local Hadley cell, which in turn strengthens the
east Asian jet stream and leads to a precipitation deficit over subtropical east Asia. The linkages between
PC1 and PC2 and large-scale modes of climate variability were also discussed. It is found that PC1 is a better
indicator than the Arctic Oscillation of the recent Siberian warming, whereas PC2 may be a valuable
predictor of EAWM.

1. Introduction

Sea ice is a critical component of the climate system,
influenced by both the atmosphere and the ocean.
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Many studies have found that fluctuations in sea ice
primarily result from a combination of the variations
in wind stress (dynamic) and the perturbations in the
surface energy balance induced by the temperature
anomalies (thermodynamic) (e.g., Agnew 1993; Fang
and Wallace 1994; Deser et al. 2000). In addition to a
large seasonal cycle, sea ice in the North Pacific exhibits
large variability on interannual and decadal time scales
as well (e.g., Fang and Wallace 1994; Parkinson et al.
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1999; Liu et al. 2004). Parkinson (1990) demonstrated
that changes in sea ice cover in the Sea of Okhotsk are
associated with the anomalous positions and/or inten-
sities of the Siberia high and the Aleutian low. Over-
land and Pease (1982) showed that shifts of storm track
influence the sea ice edge in the Bering Sea. Wind and
heat flux anomalies associated with a wave train over
the Pacific, which bears some resemblance to the North
Pacific Oscillation (Rogers 1981), lead to anomalies of
opposite sign in the Sea of Okhotsk and the Bering Sea
(Cavalieri and Parkinson 1987; Fang and Wallace
1994).

Variations in sea ice in turn modulate climate by in-
fluencing surface albedo, and exchanges of surface tur-
bulent fluxes between the atmosphere and the ocean.
Observational analyses and atmospheric general circu-
lation model simulations have indicated that sea ice
anomalies can affect the overlying atmosphere, which
may cause feedback to large-scale atmospheric circula-
tion. Herman and Johnson (1978) found a significant
response in the simulated sea level pressure, 700-mb
temperature, and 300-mb geopotential height to the
ideal ice edge difference (maximum — minimum) in the
Arctic. They also noted that the full atmospheric re-
sponse could not be explained by local thermodynam-
ics, suggesting that dynamical processes are important
for the far-field anomalies. Murray and Simmonds
(1995) examined the simulated atmospheric response to
idealized specifications of sea ice concentrations in the
Arctic. They found that reduced ice cover leads to a
local monotonic but nonlinear increase in surface air
temperature and a weakening of the midlatitude west-
erlies. Less ice also results in a significant decrease in
the speeds and intensities of storms poleward of 45°N.
In the North Pacific, Honda et al. (1999) examined the
atmospheric response to maximum and minimum sea
ice extent in the Sea of Okhotsk, where the difference
between the two ice states was specified to be approxi-
mately twice as large as what has been observed. The
model produced significant responses both locally and
downstream over the Bering Sea, Alaska, and North
America in the form of a stationary wave train in the
troposphere, which was excited thermally by the
anomalous surface turbulent heat fluxes.

In this study, we attempt to address some issues that
are related to sea ice variability in the North Pacific and
its associations with the east Asia—North Pacific climate
with a focus on winter season and interannual time
scales: What are the temporal and spatial patterns of
sea ice variability in the North Pacific? Are sea ice
anomalies of opposite sign between the Sea of Okhotsk
and the Bering Sea found in Cavalieri and Parkinson
(1987) and Fang and Wallace (1994) a robust and dom-
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inant feature? Are other processes or patterns of simi-
lar importance? What is the nature of the associations
between 1) anomalies in local and large-scale atmo-
spheric circulation and 2) anomalies in the east Asia—
North Pacific climate, and the most dominant patterns
of sea ice variability in the North Pacific? What are
possible linkages between sea ice variability in the
North Pacific and some of the most prominent large-
scale modes of climate variability?

2. Data and analysis procedure

Datasets used in this study include 1) the Arctic sea
ice concentrations (SICs) retrieved from the Scanning
Multichannel Microwave Radiometer on the Nimbus 7
satellite and the Special Sensor Microwave/Imager on
several defense meteorological satellites (based on a
bootstrap algorithm; see Comiso et al. 1997 for details),
which provide the longest quality-controlled record for
studying interannual and decadal sea ice variability; 2)
the surface turbulent heat flux (latent heat + sensible
heat), air temperature at 17 pressure levels (from 1000-
to 10-mb), 200- and 850-mb winds, 500-mb geopotential
height, and sea level pressure from the National Cen-
ters for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) reanalysis
(Kalnay et al. 1996); 3) the surface air temperature
from the National Aeronautics and Space Administra-
tion (NASA) Goddard Institute for Space Studies
(GISS; the input data for this analysis are collected by
many national meteorological services around the
world; see Hansen et al. 1999 for details); and 4) the
precipitation from the Climate Prediction Center
(CPC) Merged Analysis of Precipitation (CMAP;
based on estimates from gauge measurements and sat-
ellite retrievals; see Xie and Arkin 1997 for details).
The common time period for all datasets is from Octo-
ber 1978 to September 2002, except for the precipita-
tion data, which is from October 1979 to September
2002.

For each year, we generated winter (December—
February) averages for the aforementioned datasets.
Anomalies were then computed by subtracting the cli-
matology from each individual winter. The empirical
orthogonal function (EOF) analysis (including statisti-
cal significance) was performed on the winter sea ice
concentration anomalies to identify the most dominant
patterns of sea ice variability in the North Pacific. The
indices were defined using the standardized principal
components (PCs) of the most dominant modes of
North Pacific sea ice variability. Regression and corre-
lation analyses (including statistical significance) were
then carried out to determine the anomalies in the sur-
face turbulent heat flux, atmospheric circulation, sur-



15 May 2007 LIU ET AL. 1993
70N — e = ice edges, but is in the northwest portion of the Sea of
B5N - 5 12__72;,;‘,;?5:6 Okhotsk and the northeast portion of the Bering Sea.
T wEmQ& ‘ Similar results are also shown in Deser et al. (2000)

RERA ~ 1‘53" i /f‘*% L= based on a different sea ice dataset.
55N - ‘3\&12 ;@‘ ' ‘ & The time series of the total sea ice extent (the cumu-
50N A X lative area of grid boxes covering at least 5% SIC)
anomalies in the Sea of Okhotsk and Bering Sea are
45N1 # shown in Fig. 2a. Here the Sea of Okhotsk (the Bering
Sea) is defined as the area of 42°-63°N and 131°-161°E

40N — . : : . .
130E 140E 150E 160E 170E 180 170W 160W
FiG. 1. Std devs (%) of the winter sea ice concentration
anomalies.
face air temperature, and precipitation during winter

associated with the sea ice indices.

3. Results

a. North Pacific sea ice variability

Figure 1 shows the spatial pattern of the standard
deviations of the winter SIC anomalies in the North
Pacific. Large sea ice variability is not confined to sea

(53°-66°N and 161°E-158°W). The magnitude of the
total ice extent anomalies in the Sea of Okhotsk is com-
parable to that of the Bering Sea. The correlation be-
tween the two time series is —0.26, which partially sup-
ports the idea that the ice anomalies in the Sea of
Okhotsk tend to be out of phase with those of the Ber-
ing Sea (Cavalieri and Parkinson 1987; Fang and Wal-
lace 1994). However, the negative correlation is not
statistically significant, only accounting for ~9% shared
variance. In fact, the total ice extent anomalies of the
two seas were in phase in 1979, 1983, 1985, 1992, 1993,
1994, 1995, 1996, 1998, and 2001 (10 of the total 24 yr),

e Bering Sea
o Sea of Okhotsk

s PC1
o PC2

(b)
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FIG. 2. (a) Time series of the total winter sea ice extent anomalies (X10° km?) in the Sea of
Okhotsk and Bering Sea. (b) Standardized principal components corresponding to the two

dominant EOF modes in Fig. 3.
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suggesting that another process may exert strong influ-
ence on sea ice across the two seas (Fig. 2a). Given that
the negative correlation is low, and another process
seems to produce an in-phase relationship between the
two seas at times, it is instructive to quantify sea ice
variability in the North Pacific in terms of different
processes (using the EOF approach), rather than to
generate one variability index for sea ice in the North
Pacific using the total sea ice extent in the two seas
individually or collectively.

To test the idea that two processes, one causing op-
posing effects in the two seas and the other leading to
similar effects in the two seas, are at play, we performed
the EOF analysis on the winter SIC anomalies in the
North Pacific. The explained variance of the first two
EOFs (40% for EOF1 and 22% for EOF2) is much
larger than other EOFs (i.e., 8% for EOF3 and 6% for
EOF4). The first two EOFs are statistically significant,
and distinct from each other and the other EOFs, based
on the method proposed by North et al. (1982). The
first EOF mode features a dipole pattern between the
Sea of Okhotsk (with the largest variability in the cen-
tral-north Sea of Okhotsk) and the Bering Sea (with the
largest variability in the eastern Bering Sea; Fig. 3a).
The second EOF mode is characterized by less or more
ice over in the entire North Pacific, with the largest
variability in the northwest Sea of Okhotsk and Bering
Sea (Fig. 3b). As shown in Fig. 3c and discussed later,
the first EOF mode has a strong association with the
Arctic Oscillation (AO; Thompson and Wallace 2000).
To further insure that the second EOF mode (more
uniform ice changes in the two seas) is not an artifact of
the EOF approach, we conducted another EOF analy-
sis on the residual winter SIC anomalies after removing
the regressed impacts of the AO as shown in Fig. 3c.
The resulting new first EOF mode (not shown) shows
similar and more uniform ice changes to that of Fig. 3b.

The principal components of the first two EOF
modes seem to exhibit low-frequency behavior, though
the relatively short period of record (24 yr) limits our
ability to analyze this behavior. A significant increasing
trend is found for PC1 (0.59 per decade), while no ob-
vious trend exists for PC2 (Fig. 2b). To explore how
much variance is explained by the trend in EOF1, we
repeated the EOF analysis on the residual winter ice
concentration anomalies after removing the linear
trends. The first two EOF modes are extremely similar
to those that are not detrended (not shown), though
their explained variance is changed slightly.

b. Local responses associated with EOF1 and EOF2

As mentioned earlier, ice changes are primarily a
reflection of atmospheric circulation and temperature
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FiG. 3. First two dominant EOF spatial patterns of the winter
sea ice concentration anomalies: (a) EOF1, (b) EOF2, and (c)
regression of the sea ice concentration anomalies on the standard-
ized AO.

anomalies. However, changes in sea ice can influence
the overlying atmosphere by changing the surface al-
bedo and air-sea turbulent fluxes. In winter, the albedo
effect is suppressed due to the low insolation. The ex-
changes of surface turbulent heat fluxes by contrast are
more important due to strong winds and temperature
gradients. The regression patterns of the surface turbu-
lent heat flux (latent + sensible) anomalies upon the
standardized PC1 and PC2 are shown in Fig. 4. Positive
values indicate above-normal heat transfer from the
ocean to the atmosphere. As expected, where the ice is
reduced (enhanced), there are above-normal (below-
normal) heat flux anomalies. The largest heat flux
change can be ~20 W m~? (~—40 W m™~?) in the Sea of
Okhotsk (Bering Sea) for PC1, and ~50 W m~? (~30
W m?) in the Sea of Okhotsk (Bering Sea) for PC2.
The large surface heat flux perturbations associated
with the ice changes suggest that the overlying atmo-
sphere might be sensitive to the identified sea ice varia-
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FIG. 4. Regression of the surface turbulent heat flux (W m™2) on
the standardized (a) PC1 and (b) PC2. (The light shading indicates
the 90% confidence level.)
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tions in the North Pacific. Figure 5 shows the longitude—
height cross section of the regression patterns of the
NCEP air temperature on the standardized PC1 and
PC2. For PC1 (Fig. 5a), the reduced ice cover in the Sea
of Okhotsk is associated with a positive tropospheric
temperature anomaly that decays from the surface
(~1.6°C) to the tropopause, with an anomaly of oppo-
site sign in the stratosphere, indicating the possible
presence of deep vertical modes. The positive tempera-
ture anomaly in the troposphere tilts westward with
height, and seems to be connected to a strong warm
anomaly in Siberia (as shown later). By contrast, the
enhanced ice cover in the Bering Sea is associated with
a negative temperature anomaly that extends almost
uninterrupted from the surface (~—1.8°C) to the top of
the atmosphere. The exception is a narrow band of
weak warm anomaly in the tropopause. For PC2 (Fig.
5b), the widespread reduced ice cover in the North Pa-
cific is associated with a positive temperature anomaly,
which dominates the entire atmospheric column, with
two maximum centers: one is at the surface over the Sea
of Okhotsk (~1°C), and the other, in the stratosphere,
is centered over the western Sea of Okhotsk (~1.4°C).

For both PCs, there is little longitudinal displacement
of the temperature anomalies from the surface to ~700
mb; the temperature anomalies are located near the
source of the ice anomalies at those heights. Above
700-mb, the longitudinal displacement emerges and in-
creases with additional ascent. Also, a good correspon-

LIU ET AL.

1995

100
2009
300-
400-
500
600 -
7001
800 -
900 {/

1000

100 4=
200 1
300 1
400 1

500{ o
0.6

600 1
7001
800

2.,
9001 ™ 5 . o
1000 +— s

130E 140E 150E 160E 170E 180 170W 160W

Fi1G. 5. Lon-height cross section of regression of the NCEP air
temperature (°C) on the standardized (a) PC1 and (b) PC2. (For
the grid points west of 162.5°E, the average of 50°-60°N is used
for the Sea of Okhotsk, whereas for the grid points east of
162.5°E, the average of 57°—66°N is used for the Bering Sea; the
light shading indicates the 95% confidence level.)

dence between the warm (cold) anomalies in Figs. 5a,b
and high (low) 500-mb geopotential height anomalies is
found in Figs. 6¢,d, indicating that there are vertically
extended hydrostatic anomalies. It is noted that the sea
ice, surface heat flux, and air temperature anomalies
are nearly collocated for both the PC1 and PC2 cases,
suggesting that the surface heat flux perturbations that
result from the ice changes are very important for the
local thermal response. The model study of Alexander
et al. (2004) also indicated that the surface heat flux
plays a more important role in determining the local
thermal response than the advective process.

c. Large-scale atmospheric circulation associated
with EOFI and EOF2

To further investigate changes in large-scale atmo-
spheric circulation associated with the two dominant
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FIG. 6. Regression of the NCEP (a), (b) 200-mb zonal wind (m s~'), (c), (d) 500-mb geopotential height (m), and
(e), (f) 850-mb zonal and meridional winds (m s~ ') on the standardized (a), (c), (¢) PC1 and (b), (d), (f) PC2. (The
topography above 2000 m is shaded dark, the area above 95% confidence level is shaded light, and the thick vectors
denote that either the zonal or meridional component is above the 95% confidence level.)

patterns of sea ice variability in the North Pacific, we
examined the regression patterns of the NCEP 200-mb
zonal wind, 500-mb geopotential height, 850-mb zonal
and meridional winds, and sea level pressure with re-
spect to the standardized PC1 and PC2 (Fig. 6).
Corresponding to one positive standard deviation
change in PCl1, the reduced ice cover in the Sea of
Okhotsk and the enhanced ice cover in the Bering Sea
are associated with a weakening of the east Asian jet
stream (upper-level westerly flow) near 30°-50°N, and
a strengthening of the westerly flow to the north (Fig.
6a). As the east Asian jet stream weakens, the east
Asian trough, which is climatologically anchored along
the coast of east Asia, extending from northeast China,
through Japan to the Sea of Okhotsk (not shown), be-
comes shallower, as shown by an increase in 500-mb
geopotential height in the upstream portion of the
trough (Fig. 6¢). At low levels, a zonally oriented

anomalous anticyclonic circulation occupies the regions
north of 40°N, which is also consistent with above-
normal sea level pressure there (not shown). The
anomalous easterlies in the southern flank of the
anomalous anticyclone impinge on north China across
Japan and Korea. The anomalous easterlies seem also
to be coupled to an anomalous cyclonic circulation over
the subtropical central North Pacific (Fig. 6e).
Associated with one positive standard deviation
changes in PC2, the reduced ice cover throughout the
North Pacific is accompanied by a strengthening of the
east Asia jet stream (~25°-45°N) and the westerly flow
in the subtropical North Pacific (~20°-40°N), and a
weakening of the westerly flow in the North Pacific
(~40°-60°N; Fig. 6b). This deepens the east Asian
trough, as shown by a decrease in 500-mb geopotential
height in the central and downstream portion of the
trough, and an increase in 500-mb geopotential height
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TaBLE 1. Correlations between PC1 and PC2, and various cli-
mate indexes. (Correlations exceeding the 95% confidence level
are in bold type.)

EAWM AO PDO PNA ENSO
PC1 -0.17 0.69 —0.42 0.00 —0.04
PC2 —0.48 -0.22 0.20 0.17 -0.19

at the ridge location (the Sea of Okhotsk; Fig. 6d).
Concomitant with the changes in the upper-level circu-
lation, the most pronounced feature at low levels is a
broad anomalous cyclonic circulation over the entire
North Pacific, which is also consistent with below-
normal sea level pressure there (Fig. 10), linking east
Asia at one end and western North America at the
other end. The anomalous northerlies in the western
flank of the anomalous cyclone control the coast of east
Asia. The anomalous cyclonic circulation seems also
related to the weakened trade winds over the subtropi-
cal central North Pacific (Fig. 6f).

d. East Asia—North Pacific climate associated with
EOFI and EOF2

What are the associations between the aforemen-
tioned changes in large-scale atmospheric circulation
and the east Asia—North Pacific winter climate? The
east Asian winter monsoon (EAWM) is one of the most
important systems that controls the east Asia—North
Pacific winter climate. The associated dramatic shift of
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the northwesterlies and the outbreak of cold surges
dominate the winter weather and climate in the east
Asian region (e.g., Zhang et al. 1997, Jhun and Lee,
2004). The EAWM can also exert strong impacts
through the midlatitudes and on tropical planetary-
scale circulation, and even influence sea surface tem-
perature in the tropical western Pacific (e.g., Chang et
al. 1979; Chang and Lau 1982; Lau and Li 1984; Compo
et al. 1999; Trenberth et al. 2000). Many studies have
shown that the intensity of the EAWM is closely tied to
low-level meridional winds (e.g., Zhang et al. 1997). In
this study, we defined an index, that is, the average of
the NCEP 850-mb meridional wind over the region of
25°-55°N, 110°~150°E (see the boxed area in Figs. 6e,f),
representing the intensity of EAWM over the coast of
east Asia. As shown in Table 1, the EAWM is signifi-
cantly correlated with PC2 (—0.48), suggesting that the
reduced ice cover throughout the North Pacific is asso-
ciated with the intensified EAWM, and vice versa. By
contrast, the relationship between EAWM and PCl1 is
much weaker (—0.17).

Figure 7 further shows the correlation patterns be-
tween the GISS surface air temperature and CMAP
precipitation, and PC1 and PC2. During the positive
phase of PC1, as expected, the local thermal responses
are a warming over the Sea of Okhotsk and a cooling
over the Bering Sea. In addition, the warming extends
westward from the Sea of Okhotsk/Japan, through
northeast China, and into Siberia (Fig. 7a). The positive
phase of PC1 is also associated with above-normal pre-
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Fi1G. 7. Correlation between the (a), (b) GISS surface air temperature and (c), (d) CMAP precipitation, and
(a), (c) PCI and (b), (d) PC2. (The light shading indicates the 95% confidence level.)
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cipitation over much of China and Siberia, with the
exception of a narrow band of below-normal precipita-
tion centered roughly at 50°N. The warm and wet
anomalies in northeast China and central Siberia are
associated with the anomalous low-level southeaster-
lies/easterlies (Fig. 6¢). The anomalous southeasterly/
easterly flows tend to block off the climatological
northwesterly/westerly flows, which deprive cold and
dry air from northeast China and central Siberia, lead-
ing to warming and above-normal precipitation there.
The above-normal precipitation to the east of the
boundary of the Tibetan Plateau might be due to the
anomalous advection and ascent of warm and moist air
from the east, extending from the North Pacific across
Japan and Korea to northern China.

During the positive phase of PC2, a strong local
warming occurs over the North Pacific north of 40°N
(including the two seas). By contrast, a widespread
cooling dominates much of continental east Asia and
extends eastward to the central North Pacific (Fig. 7b).
In addition, an anomalous warming is observed in the
subtropical central North Pacific. The positive phase of
PC2 is also associated with below-normal precipitation
over much of continental east Asia but extends north-
eastward to the North Pacific (Fig. 7d). The cold and
dry conditions over east Asia are coincident with the
anomalous low-level northerlies (Fig. 6f), extending
from eastern Siberia to the subtropical western North
Pacific. The anomalous northerlies enhance the clima-
tological low-level northwesterly flow, thereby intensi-
fying the EAWM, which brings cold and dry air from
the high latitudes and suppresses precipitation over east
Asia. Furthermore, the intensified EAWM strengthens
the local Hadley cell, which in turn strengthens the east
Asian jet stream. As shown in Fig. 8, associated with
the positive phase of PC2, there is a strong anomalous
rising between 0° and 15°N and a pronounced anoma-
lous sinking between 20° and 40°N, indicating the in-
tensification of the local Hadley cell. The anomalous
strong subsidence between 20° and 40°N, in addition to
the aforementioned cold and dry air advection, dries
the troposphere and clears clouds, causing a precipita-
tion deficit over subtropical east Asia.

e. Teleconnections

As a first step to investigate the possible linkages
between sea ice variability in the North Pacific and
some of the most prominent large-scale modes of cli-
mate variability, we calculated the correlations between
PC1 and PC2, and various climate indices (Table 1),
including the AO, Pacific decadal oscillation (PDO),
Pacific-North America pattern (PNA), and El Nifo-
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Southern Oscillation (ENSO: Nifio-3; http://www.cdc.
noaa.gov/ClimateIndices/Analysis).

PC1 has significant positive correlation with the AO
(0.69) and negative correlation with the PDO (—0.42),
but has little correlation with other indices (PNA and
ENSO). Figure 9 shows the regression patterns of the
GISS surface air temperature on the standardized PC1
and AOQO, respectively. Here we multiplied the regres-
sion coefficients by 0.59 and 0.31, which, respectively,
are the values of the 10-yr linear trend in PC1 and the
AO. Thus, the resulting regression patterns are repre-
sentative of the surface air temperature associated with
the 10-yr trend in PC1 and AO. The similarity of the
temperature patterns associated with PC1 and the AO
is rather striking, indicating that PC1 has a strong as-
sociation with the AO. However, the magnitude of the
temperature anomalies associated with the 10-yr trend
in PC1 is 2 times larger than that of the AO. By con-
trast, PC2 has no significant relationship with any indi-
ces (except EAWM).

4. Discussion and summary

In this study, we investigated sea ice variability in the
North Pacific and its associations with the east Asia—
North Pacific climate with a focus on wintertime and
interannual time scales.

By conducting the EOF analysis on the satellite-
based sea ice concentrations, we identified that two
processes, one causing opposing ice changes in the Sea
of Okhotsk and the Bering Sea, and the other leading to
more uniform ice changes in the aforementioned two
seas, are at play and together explain ~62% of the
interannual variance. Additionally, a significant in-
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F1G. 9. Regression of the GISS surface air temperature (°C) on

the standardized (a) PC1 and (b) AO (multiplied by the 10-yr
linear trend in PC1 and AO, respectively).

creasing trend is found for the principal component of
the first process (PC1; 0.59 per decade), while no obvi-
ous trend exists for the principal component of the sec-
ond process (PC2).

The changes in the surface heat flux associated with
the two dominant patterns of sea ice variability in the
North Pacific are very important for the local atmo-
spheric thermal response, since the ice, surface heat
flux, and air temperature anomalies are nearly collo-
cated. That is, sea ice reduction (enhancement) is asso-
ciated with above-normal (below-normal) heat transfer
from the ocean to the atmosphere, and warming (cool-
ing) for the overlying atmosphere. The local atmo-
spheric thermal response identified here is also sup-
ported by the direct linear response to sea ice anoma-
lies as demonstrated in previous model studies (e.g.,
Honda et al. 1999; Alexander et al. 2004).

Results from regression and correlation analyses
show that corresponding to the positive polarity of PC1,
at 200-mb, the east Asian jet stream weakens signifi-
cantly near 30°-50°N, and the westerly flow strengthens
significantly to the north, leading to a significant weak-
ening of the east Asian trough at 500 mb. At 850 mb,
the zonally oriented anomalous anticyclonic circula-
tion extends from the North Pacific to Siberia. The as-
sociated anomalous southeasterlies/easterlies deprive
northeast China and central Siberia of cold and dry air,
leading to warming and above-normal precipitation
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there. The advection and ascent of warm and moist air
associated with the anomalous easterlies in the south-
ern flank of the anomalous cyclone might be respon-
sible for the above-normal precipitation to the east of
boundary of the Tibetan Plateau, but further study is
required to understand this relationship. It is interest-
ing that changes in the surface air temperature associ-
ated with the positive polarity of PC1 resembles the
Cold Ocean—-Warm Land pattern (COWL; Wallace et
al. 1995) that is also associated with the positive phases
of the AO.

The positive polarity of PC2 shows that, at 200 mb,
the east Asia jet stream intensifies significantly (~25°-
45°N) and the westerly flow weakens significantly in the
North Pacific (~40°-60°N), leading to a significant
deepening of the east Asian trough at 500 mb. At 850
mb, the strong anomalous cyclonic circulation forms
over the North Pacific, which intensifies the EAWM,
thereby bringing cold and dry air from the high lati-
tudes to the entire east Asian coast. In fact, the cold and
dry conditions extend from the eastern half of the
Asian continent to the central North Pacific. The inten-
sified EAWM also strengthens the local Hadley cell,
which in turn strengthens the east Asian jet steam and
leads to the precipitation deficit over subtropical east
Asia through the enhanced subsidence. A tripole of
temperature anomalies over the ocean is somewhat
reminiscent of the positive polarity of the Pacific dec-
adal oscillation.

Additionally, the wind anomalies (i.e., due to the
variations of atmospheric circulation) associated with
the two dominant modes help reinforce the ice changes
(Figs. 6e,f). For example, the Sea of Okhotsk experi-
ences anomalous easterly flow under the positive phase
of both PC1 and PC2. These anomalous easterly flows
lessen impacts of cold continental air from Siberia and
help explain the ice reduction in the Sea of Okhotsk. In
the Bering Sea, which experiences more ice with the
positive phases of PC1 and less ice with the positive
phases of PC2, an anomalous northwesterly flow helps
explain the former, while the aforementioned anoma-
lous easterly flow helps explain the latter.

Correlations between PC1 and PC2, and various cli-
mate indices support the idea that PC1 has a strong
association with the AO. As demonstrated in Fig. 3c,
the AO can also leads to similar spatial anomalies in sea
ice to those associated with PC1 in the North Pacific
through an advective process (ice advection and tem-
perature advection; Liu et al. 2004). However, our fur-
ther analysis suggests that the response of sea ice to the
AO is 2 times less than those associated with PC1 (not
shown). This raises the possibility that a positive feed-
back exists between the AO and sea ice in the North
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Pacific. Moreover, the magnitude of the COWL pattern
(the warm anomalies in Siberia and cold anomaly in the
North Pacific north of 45°N) associated with the 10-yr
trend in PC1 is much larger than that of the AO. Trend
analysis of the surface air temperature obtained from
the International Arctic Buoy Program (1979-97)
shows a significant warming of up to 2°C per decade
over central Siberia, extending north over the Laptev
Sea in winter (Fig. 9 of Rigor et al. 2000). Thus, as
shown in Fig. 9 PC1 better explains recent warming in
central Siberia than the AO, though PCl1 is locally de-
fined, while AO is hemispherically defined. The impli-
cation is that the atmospheric circulation change asso-
ciated with the AO variations might set up the ice
anomalies in the Sea of Okhotsk and the Bering Sea
through ice advection and temperature advection.
Thereafter, the ice anomalies in the two seas tend to
sustain and amplify the signals, and have a positive
feedback on the atmospheric circulation via the surface
turbulent heat flux.

PC2, which is significantly correlated with the
EAWM, has no significant relationship with other cli-
mate indices, though its signature in the surface air tem-
perature over the ocean resembles the PDO. Recent
studies have suggested that the interannual variability
of sea ice in the North Pacific, particularly in the Bering
Sea, is strongly tied to large-scale atmospheric circula-
tion associated with the Aleutian low and relatively lo-
cal atmospheric fluctuations related with pressure
anomalies over Alaska (e.g., Sasaki and Minobe 2005).
Figure 10 shows the composite difference of the sea
level pressure between PC2 greater and less than one
standard deviation. The positive phases of PC2 are as-
sociated with a broad below-normal sea level pressure
over the entire North Pacific, indicating the intensifica-
tion/expansion of the Aleutian low. It is well known
that EAWM depends strongly on the development of
the Aleutian low and Siberian high (e.g., Jhun and Lee
2004). The strengthening of the Aleutian low as shown
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in Fig. 10 leads to an increase in the pressure gradients
between the Aleutian low and Siberian High, which
results in the strengthening of EAWM.

The present study mainly focuses on the relationship
between sea ice variability in the North Pacific and win-
ter climate over east Asia—North Pacific. However, one
possible mechanism of the causal relationship that can
be inferred from this study is that changes in atmo-
spheric circulation (i.e., due to large-scale modes and
storm tracks) would affect sea ice in the Sea of Okhotsk
and Bering Sea dynamically (wind stress) and thermo-
dynamically (surface heat flux anomalies). The ice
changes can 1) sustain and amplify the signals, and have
the positive feedback on the large-scale atmospheric
circulation via the surface turbulent heat flux, and 2)
alter the meridional temperature gradient at the north-
ern edge of the Aleutian low and relative intensities/
positions between the Aleutian low and the Siberia
High, which would influence the baroclinicity of the
atmosphere, leading to the variations of EAWM.

Causality and/or mechanisms are being verified with
model experiments. For example, perpetual winter runs
forced with the observed two dominant patterns of sea
ice variability in the North Pacific are being conducted
to shed light on the following questions: By what dy-
namic and thermodynamic processes does sea ice vari-
ability in the North Pacific influence the remote atmo-
spheric circulation? What is the actual magnitude of the
remote atmospheric responses to sea ice variability in
the North Pacific? Experiments should also be designed
to further our understanding of the positive feedback
between the AO and PC1, and interactions among the
Aleutian low and PC2. These will be addressed in fu-
ture research. Given the identified relationships be-
tween sea ice variability in the North Pacific and tem-
perature and precipitation in east Asia, to the extent
that sea ice anomalies can be predicted, PC1 may be a
valuable indicator of temperature variability in Siberia
as climate warms, whereas PC2 may be a valuable pre-
dictor of the EAWM and associated temperature and
precipitation.
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