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Abstract: In this paper, the relationship among large scale patterns of the atmos-
pheric variability, sea-ice concentration and SST over the North-Pacific sector in
winter is investigated, making use of the Singular Value Decomposition (SVD) of
the temporal covariance matrix. The conclusions are as follows: the main sea-ice
pattern over the Pacific sector is comprised of a dipole with opposing centers of
action in the Bering Sea and the Sea of Okhotsk. Its temporal variability is strong-
ly related to the atmospheric West Pacific (WP) Pattern, and to the pattern formed
in the atmosphere one month earlier than in the sea ice. The WP pattern also atfects
the SST in the Kuroshio one month later. When the 500 hPa height anomalies are
negative over 60°N, 150°E, and positive over 30°N, 150°E, the north part of the
East Asian trough is stronger than normal, and the storm track is shifted to the north
of its climatic mean position. In the SLP field, the Siberian high and the Aleutian
low are weaker than normal, and it is a weak winter monsoon situation in the East
Asia. The northerly wind replaces the normal easterly wind over the Sea of Okhotsk,
which would be conducive to the advance of the ice edge. The southeasterly wind
covers the Bering Sea, which is probably the result of reduced southward transport
of sea ice. The northerly wind to the east of Japan in the Pacific is weaker than
normal, which would cause positive SST anomalies in the Kuroshio, and vice versa.

1. Introduction

The interaction among sea-ice, SST and atmospheric circulation in the climate
system is very complicated. Condensation, melting and motion of sea ice cause vari-
ability of sea ice concentration, which is obviously related to SST and air tempera-
ture. WALSH and SATER (1981) indicated that positive anomalies of SST in the Bering
Sea is related to simultaneous negative anomalies of sea ice concentration. The sur-
face wind and the ocean current influence the movement of the ice. As discussed by
THORNDIKE and CoLONY (1982) and CoLONY and THORNDIKE (1984), in the Northern
Hemisphere, sea ice tends to drift to the right of the geostrophic wind vector at angles
ranging from near 10° to 45°, and its speed and direction are determined by the wind
stress.

During winter, atmospheric circulation is stronger both in geostrophic wind and
thermal advection. Due to existence of a polar night period in high latitudes, the effect
of sea ice on the radiative equilibrium is weaker, and atmospheric circulation forcing
on sea ice could play a dominant role. FANG and WALLACE (1993, 1994) indicated
that in the North-Atlantic sector the Greenland Blocking affects the sea ice distribu-
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tion in the Barents Sea, Greenland Sea and Davis Channel during winter. OVERLAND
and PEASE (1982) pointed out that when the cyclone center is located in the southern
Bering Sea in winter, then there often exist positive anomalies for sea ice.

There exists a close relationship between SST and atmospheric circulation in the
extratropics. LAu (1988) indicated that the WA and WP patterns are accompanied by
fluctuations in high frequency baroclinic wave activity, which should influence the
oceanic mixed layer. WALLACE et al. (1990) have shown that the atmospheric forcing
leads the SST response by one month in winter.

CAvALIERI and PARKINSON (1987) noted an out of phase relationship between sea
ice cover in the Bering Sea and the Sea of Okhotsk based on a four-winter record of
3-day mean satellite data. Their analysis of a number of specific episodes in which
the ice edge advanced in one region and retreated in an other serves to link sea ice
anomalies in both regions with the North Pacific Oscillation (NPO), and to demon-
strate that sea ice is capable of responding to fluctuations in the atmospherlc circula-
tion with time scales on the order of just a few days.

In order to more clearly elucidate the lead-lag relationship among anomalies in
sea-ice concentration, SST and related atmospheric fields, we will analyze a data set
consisting of monthly sea-ice concentration based on satellite imagery, together with
monthly atmospheric and SST data sets. The analysis is restricted to the winter sea-
son, when the observed relationships are the strongest.

2. Data and Techniques

The monthly sea-ice concentration anomalies data over the North-Pacific sector
based on satellite images were obtained from the US National Snow and Ice Data
Center (NSIDC). The data are archived on 2°X2° grid and cover the Northern
Hemisphere poleward of 45°. The record encompasses the period January 1972 through
December 1989.

The monthly atmospheric anomalies data for same period as the sea ice data are
obtained from the US National Meteorological Center. The data are archived on 445-
point Gaussian grid covering the Northern Hemisphere poleward of 20°N.

The monthly SST anomaly data in the North Pacific sector are archived on 4°X
6° grid (latitude interval 4° and longitude interval 6°) in the area 2°-58°N and
120°E-180°-90°W which covers most of the North-Pacific. The data compiled by
NCAR, are called the Comprehensive Ocean-Atmosphere Data Set (COADS) data.
The period is the same as that coveredly the sea ice data.

The primary analysis tools used in the study are Empirical Orthogonal Function
(EOF) and Singular Value Decomposition (SVD) techniques. BRETHERTON et al. (1992)
introduced the SVD method. WALLACE et al. (1992) have discussed the two leading
SVD modes of the hemispheric 500 hPa height field and the SST fields over the North
Pacific and North Atlantic.

We computed the temporal covariance matrix between normalized sea-ice con-
centrations at each grid points and SST (or atmosphere data) at each grid points. The
output consists of two matrices, the “left” matrix for sea ice and the “right” for SST
(or atmosphere data), together with the same number of singular values.
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The singular values provide a measure of the squared covariance fraction SCF
accounted for by the various singular value vectors. The fraction of the total squared
covariance between the two fields accounted for by any mode is proportional to the
square of its singular value.

For temporally normalized fields, the singular vectors can be scaled in an analo-
gous manner by multiplying them by the corresponding singular values and dividing
by the temporal standard deviation of the expansion coefficient. The maps involve cor-
relations between the expansion coefficients of one field and the grid point values of
the other field, as heterogeneous correlation maps.

The correlation coefficient r between the expansion coefficients provides a mea-
sure of how strongly the left and right fields are related to one another. The statisti-
cal significance of the results can be assessed by comparing the SCF and r values.

3. Climatic Scenario for Sea Ice and SST and Their Interrelationship

FANG and WALLACE (1994) showed that during winter the sea-ice concentration
in the Sea of Okhotsk increases from south-east to north-west with the maximum value
near the East-Asian coast, while in the Bering Sea it increases from south to north
with the maximum value near the Bering Strait; both values are more than 80%. The
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Fig. 1. Horizontal structure of the leading EOFs of the temporal covariance matrix of (a) normalized
sea-ice concentration at monthly interval during the winter season for the Pacific sector, and
(b) normalized Pacific SST based on data for 39 winter season [1946-1985. The contours show
the temporal correlation between the time series of the expansion coefficient of EOF1 and sea
ice or SST at each grid point, contour interval is 0.2; negative contours are dashed.
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temporal standard deviation of sea ice concentration tends to be large within the Sea
of Okhotsk and Bering Sea, exceeding 20% of the climatological mean value in some
areas (not shown). Therefore there exist obviously heavy or light sea ice years in the
two seas.

Using the EOF method, we analyze the sea-ice variability in the North Pacific
sector during winter (January, February and March) based on the data from 1972 to
1989. Figure 1a shows the first EOF mode of normalized sea ice over the North Pacific
at monthly intervals, scaled such that the value at each grid point is the correlation
coefficient between the time series of the expansion coefficients of the EOFI and the
normalized sea-ice concentration at that point. The horizontal structure of the leading
EOF, which accounts for 27% of the total variance, exhibits an out-of-phase relation-
ship between sea ice anomalies in the Bering Sea and the Sea of Okhotsk. The neg-
ative correlation extreme value (i.e.,—0.69) is located in the Sea of Okhotsk, and the
positive extreme value (i.e., 0.74) is located in the Bering Sea. The positions of the
correlation center are close to the temporal standard-deviation centers of sea-ice con-
centration. It is evident that the centers of sea-ice concentration distribution appear-
ing as out-of-phase often occur in areas of obvious sea-ice variability.

The SST variability over the North Pacific in winter has been analyzed by many
meteorologists. WALLACE et al. (1992) showed the structure of the leading EOF of
wintertime SST (Fig. 1b). The negative and positive centers are located in the east-
ern Pacific at 40°N,160°W and 35°N,130°W respectively, and in the northwestern
Pacific the correlations are rather weak. The leading mode accounts for 21% of total
SST variance.

Relations between fluctuations in wintertime sea ice concentration and SST over
the North Pacific were explored, making use of singular value decomposition (SVD),
as described in Section 2. In order to allow for the possibility that the strongest rela-
tionships might be observed, not in the simultaneous correlations, but in the correla-
tions with one field lagging by some time interval relative to the other, the analysis
was performed for a sequence of different lag intervals. The sea ice fields were fixed
in the three winter months (January, February and March, i.e., J.FE.M.), while the SST
time series were shifted from October, November and December (i.e., O.N.D.) in the
previous year to March, April and May (i.e., M.A.M.) for the current year. As a result,
the structures of the leading SVD modes for sea-ice and SST in all of the tests are
similar, the SCFls almost equal 60% and the correlation coefficients (rl) are near
0.65, which means that the coupled relationship between the sea ice and SST contin-
ues throughout the winter half year.

The SVD leading modes between the simultaneous sea ice and SST are shown
in Fig. 2. The heterogeneous correlation pattern for the normalized sea ice concen-
tration (Fig. 2a) is similar to the pattern of the leading EOF (Fig. 1a), which repre-
sents the most important mode of sea ice distribution in the North Pacific. The SST
pattern for the SVD leading mode (Fig. 2b) is very different from the EOF] mode for
the SST (Fig. 1b); there exists an obvious positive center to the east of Japan (i.e.,
over the Kuroshio area, its value is 0.61, and the positive correlation coefficient cen-
ter in the East Pacific is weaker than the leading EOF mode for the SST in Fig. 1b.
The result indicates that the larger sea-ice concentration over the Sea of Okhotsk often
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Fig. 2. Heterogeneous correlation patterns for the leading mode derived from SVD of the temporal
covariance matrix between wintertime (a) sea-ice concentration and (b) the SST over the North
Pacific sector. Contour interval is 0.1; negative contours are dashed. (c¢) time series of the expan-
sion coefficients for sea-ice and SST derived from the leading SVD mode, the vertical line rep-
resent breaks in the time series for vear.

has a close relationship with warmer SST in the Kuroshio area throughout the winter
half year. The time series of the expansion coefficients for the sea ice and SST are
shown in Fig. 2c. Both have a similar tendency, the correlation coefficient is 0.66.

Using the wintertime Kuroshio SST index (the averaged SST over 20°—45°N,
120°-170°E), the simultaneous correlation field between the Kuroshio SST index and
the sea-ice concentration in the Pacific sector is very similar to Fig. 2a (figure is omit-
ted).

It may be difficult to explain why large sea-ice concentration in the Sea of Okhotsk
1s associated with warmer Kuroshio SST to the south near the sea ice area, but they
might be relared through the atmospheric circulation. So we will discuss the atmo-
spheric forcing on sea ice and SST separately.

4. The Atmospheric Circulation Related to Sea Ice and SST

The analysis is similar to that in Section 3, but relations between fluctuations in
wintertime sea ice concentration and hemispheric 500-hPa height, sea level pressure,
and the 1000-500-hPa thickness field were explored, making use of singular value
decomposition (SVD). In order to obtain the strongest relationship, the analysis was
performed for a sequence of different lag intervals as in Section 3. The sea ice fields
were fixed in wintertime, while the atmospheric fields were shifted from October,
November and December (O.N.D.) in the previous year to March, April and May
(M.A.M.) for the current year. The statistics of the leading modes derived from these
calculations are summarized in Table 1.

The squared covariance fraction (SCF) and the correlation coefficient between the
time series of the expansion coefficients of the two fields (r) are all measures of the
strength of the relationship between the two fields. All three of these indicators reach
their peak values with sea ice lagging the atmospheric variables by one month. The
relationships are of comparable strength for all three atmospheric fields. For the sake
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Table 1. Statistics for the leading mode in the SVD expansion of wintertime sea ice concentrations over
the North-Pacific sector at 1-month intervals and the atmospheric 500-hPa height, sea level
pressure (SLP), and 1000-500-hPa thickness fields. Lag time is the number of 1-month time
steps by which the sea ice data lagged the atmospheric data. SCF is the squared covariance
fraction between the two fields explained by the leading mode; rl is the correlation coefficient
between the time series of the expansion coefficients for the leading mode.

500 hPa SLP Thickness
Lag months SCF (%) rl SCF (%) rl SCF (%) rl
-2 37 0.54 32 0.52 36 0.58
—1 39 0.59 47 0.56 45 0.66
0 42 0.62 43 0.61 50 0.73
1 49 0.73 51 0.73 51 0.76
2 40 0.56 43 0.59 38 0.59
3 38 0.56 34 0.54 37 0.65

of brevity, we will henceforth emphasize the results based on the 500-hPa height field,
and we will infer the relationships between sea ice concentration and the sea level
pressure and thickness fields indirectly.

The heterogeneous correlation pattern for sea ice, shown in Fig. 3a, is virtually
identical to the correlation pattern for the leading EOF of wintertime sea ice over the
North-Pacific shown in Fig. la, which represents the principal mode of the sea ice
field.

The heterogeneous correlation pattern of 500-hPa height are shown in Fig. 3b.
There exists a pair of negative and positive centers in the East Asian and Western
Pacific area. The negative center is located over eastern Siberia (60°N,150°E) and the
positive center is around Japan (38°N,145°E). The pattern resembles the western Pacific
pattern (WP), of which WALLACE and GutrzLER (1981) studied the statistical signifi-
cance of the height distributions at 500 hPa and SLP in the Northern Hemisphere in
winter. When this pattern exists, the polar vortex shifts to eastern Siberia, the north-
ern part of the East Asian trough is stronger than normal, and the northern Pacific
storm track tends to be shifted to the north of its climatological position, as indicat-
ed by LAu (1988). The atmospheric circulation should affect the sea ice distribution.
OVERLAND and PEASE (1982) showed that the sea ice anomalies over the Bering Sea
may be related to storm track action during winter. Our results agree with them, that
is when the cyclonic center was located over the northern Bering Sea, sea ice nega-
tive anomalies often appeared in the area.

In order to shed more light on the physical linkages between the sea ice and 500-
hPa height patterns, the corresponding SLP pattern in December, January and February
for the leading mode derived from SVD is shown in Fig. 3c. According to the pat-
tern of SLP anomalies, the negative center is located over eastern Siberia (65°N,160°E)
and the positive center is located east of Japan (42°N,I50°E). The pattern resembles
the West Pacific Pattern (WP) of SLP, defined by WALLACE and GuTzLER (1981). In
this situation, the Siberia High and the Aleutian Low are both weaker than normal,
so it is a weak east Asian winter monsoon situation. When this pattern exists, the
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Fig. 3. Heterogeneous correlation patterns for the leading mode derived from SVD of the temporal
covariance matrix between (a) wintertime (i.e., J.F.M.) sea ice concentration over the Pacific
sector and (b) the hemispheric 500-hPa height field, (¢) SLP and (d) 1000-500-hPa thickness.
The atmospheric fields are | month earlier than sea ice ( i.e., D.J.F.). (e) Time series of the
expansion coefficients for sea ice concentration and 500-hPa height derived from the leading
SVD mode: top is for sea ice and bottom for 500-hPa height.

meridional gradient in isocorrelation is stronger than normal over the Sea of Okhotsk,
which indicates that the geostrophic surface wind anomalies over the Sea of Okhotsk
should be westerly. The isocorrelations are from southwest to northeast over the Bering
Sea, which indicates that the geostrophic surface wind anomalies should be south-
westerly there. Our results suggest that sea ice distribution may be influenced by the
geostrophic surface wind. Due to sea ice concentration over the Sea of Okhotsk increas-
ing from southeast to northwest and its increase from south to north over the Bering
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Sea, as described in Section 3, the wind should advect the ice edge eastward over the
Sea of Okhotsk and push the ice edge back northeastward over the Bering Sea, as dis-
cussed by THORNDIKE and COLONY (1982) and CoLONY and THORNDIKE (1984).

The corresponding 1000-500-hPa thickness pattern in December, January and
February for the leading mode derived from SVD is shown in Fig. 3d. The negative
and positive centers are located in the Sea of Okhotsk and the Bering Sea, which indi-
cates the consistency between sea ice decrease (increase) and positive (negative) tem-
perature anomalies.

The time series of the expansion coefficients of the sea ice and 500-hPa height
field for the leading SVD mode shown in Fig. 3e share a very similar long term ten-
dency. Their correlation coefficient reaches 0.73. The time series of sea ice is similar
to that shown in Fig. 2c, and the correlation coefficient between them is 0.91. This
shows that the sea ice distribution is closely related to the preceding atmospheric cir-
culation anomalies and simultaneous SST anomalies.

Using the Kuroshio SST index, as defined in Section 3, the relationships between
SST index and the hemispheric 500-hPa height, sea level pressure and 1000-500-hPa
thickness field are investigated. The Kuroshio SST indexes are fixed to January,
February and March, the atmospheric fields were shifted from O.N.D. in the previous
year to M.A.M. for the current year. For the atmospheric data from N.D.J. to EM.A,,
the correlation patterns are similar to the WP pattern with extreme value position locat-
ed as in Fig. 3 (not shown), but for O.N.D. and M.A.M., the pattern is not like the
WP pattern. The results are summarized in Table 2. All three of these correlation coef-
ficients reach their peak values with atmospheric variability leading the Kuroshio SST
by one month. This means that when the winter monsoon was weaker than normal,
the Kuroshio SST would have positive anomalies, but the SST anomalies would lag
the atmosphere by one month because of the thermodynamic and dynamic adjustment
of the ocean. Our results suggest that SST anomalies may be influenced by the
geostrophic surface wind. As HANAWA et al. (1989) discussed by mean of a compos-
ite method, in warm (cold) winter when remarkable positive (negative) SST anom-
alies appear in mid-latitudes of the western North Pacific, the axis of mid-latitude
westerlies moves northward (southward), correspondingly, the easterlies in low lati-

Table 2. The correlation coefficients between the Kuroshio SST index and WP pattern in 500-hPa
height, sea level pressure (SLP), and 1000-500-hPa thickness fields. Lag time is the number
of 1-month time steps that the SST data lagged relative to atmospheric data. “S.r” and “N.r”
mean the correlation coefficients at the grid points (30°N, 150°E) and (60°N, 150°E). ‘“no
WP means that there does not exist a WP pattern in the correlation field map.

500 hPa SLP Thickness
Lag months Sr N.r S N.r Sr N.r
—2 no WP no WP no WP
—1 0.38 —0.36 0.36 —0.41 no WP
0 0.50 —0.35 0.43 —0.36 0.58 —0.22
1 0.77 —0.46 0.69 —0.47 0.74 —0.38
2 0.57 —0.36 0.66 —0.26 0.60 —0.39
3 no WP no WP no WP
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tudes strengthen (weaken) and are associated with change of position of the convec-
tion region. With reduction (development) of the Siberian high in a warm (cold) win-
ter, the center of the Aleutian low moves northward (southward). These changes cause
those of the WSV (i.e., wind stress vector) fields.

As above, the WP pattern in the atmosphere influences the sea ice distribution in
the North Pacific and the SST in the Kuroshio during winter. Because of the thermo-
dynamic and dynamic character of sea ice and SST, so they both lag the atmosphere
by one month.
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