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Abstract

Walsh (1994) reported that the surface vorticity in the Central Arctic has changed its sign from negative
to positive since 1988. This study is devoted to confirm the recent abrupt change in the Arctic documented
by Walsh. The analysis is extended not only to the surface but also to the upper air circulation to find the

vertical structure in the vorticity change.

As a result, the decreasing trend in geopotential height since 1988 is confirmed for the polar vortex
throughout the troposphere. The vorticity change is thus regarded as barotropic in its structure. The
surface Beaufort high has weakened associated with the strengthened upper air vortex. It is anticipated
from the result that the wind-driven Beaufort gyre might undergo significant deformation, which would
lead to a drastic impact on the export of sea ice to the North Atlantic Ocean through Fram Strait.

1. Introduction

The Arctic is one of the most sensitive regions
on the earth to the global climate change due both
to the natural variability and the anthropogenic cli-
mate forcing. The polar climate system is in a
delicate balance among its subsystems of the at-
mospheric circulation, oceanic circulation, and sea
ice motions. Therefore, the global warming, if it
is real, would be detected first in the Arctic, as
predicted by a series of climate model predictions
(IPCC, 1990). The latest observational reports on
the Arctic climate change are summarized by Walsh
et al. (1996b), based on various sources of instru-
mental observations.

In the central Arctic, the annual-mean motion of
the sea ice is characterized by the Beaufort gyre as
seen in Fig. 1. The sea-ice motion is clockwise, and
one branch of the ice drift pushes the sea ice out to
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the North Atlantic Ocean through Fram Strait. At
the subpolar North Atlantic Ocean, the mixing of
water mass leads to the deep-water formation that
drives the global conveyor belt of thermohaline cir-
culation. Hence, variations of sea-ice export have
been the subject of considerable attention recently
in the context of possible changes in the rates of
North Atlantic Deep Water formation (e.g., Aagaard
and Carmack, 1989; Mysak et al., 1990). Since the
anticyclonic Beaufort gyre is driven mostly by the
wind stress due to the low-level anticyclonic circula-
tion, the so-called Beaufort high (see Fig. 1), long-
term variations of the Beaufort high as the atmo-
spheric subsystem draw some attention to the issues
in the global change.

Recently, Walsh (1994) and Walsh et al. (1996a)
reported significant decadal-scale changes in sea-
level pressure over the Arctic, based on buoy ob-
servations for the period of the International Arc-
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Fig. 1. Mean annual ice drift and mean annual surface pressure (courtesy by R. Colony). The Beaufort

high is marked by H.

tic Buoy Program (1979-1994). They showed that
sea-level pressure over the central Arctic (70°-90°N)
has decreased noticeably since 1988. Correspond-
ingly, the mean anticyclone over the Arctic Ocean
has weakened, and vorticity at sea level in the Cen-
tral Arctic has changed its sign from negative (an-
ticyclonic) to positive (cyclonic) since the winter
1988/89. If this trend continues, the oceanic Beau-
fort gyre might change its direction of circulation
to counter-clockwise, and then the sea-ice supply
through Fram Strait to the North Atlantic Ocean
would change significantly, possibly causing a con-
siderable impact on the global climate.

Walsh et al. presented the pressure patterns only
at the sea level. Changes in the upper-air circula-
tion, if any in association with the changes in the
sea level, are of significant importance, but no in-
formation has been provided thus far. Walsh et al.
computed the mean vorticity based on the gradi-
ent wind over the central Arctic Ocean estimated
from the surface pressure data. In Walsh (1994),
the mean vorticity is computed over the polar cap of
80°-90°N by means of the finite-differenced numer-

ator of the Laplacian. The computation is repeated
in Walsh et al. (1996a) over an area of similar size
centerd at (84°N, 125°E). Since the computation is
a rather rough approximation to vorticity, further
analysis is desired for confirmation using a direct
computation of vorticity from the wind field.

The purpose of this study is to confirm the re-
cent abrupt intensification of vorticity over the Arc-
tic Ocean after 1988 as documented by Walsh (1994)
and Walsh et al. (1996a). Their simplified vorticity
index is compared with the direct computation of
vorticity based on the wind field. In this study, the
analysis is extended not only to the surface but also
to the upper-air circulation in order to identify the
vertical structure in the vorticity change.

2. Data and computational method

The global analysis data obtained from the U.S.
National Meteorological Center (NMC) have been
edited for monthly means during a period from Jan-
uary 1981 to December 1994 over the region for 50°
—90°N. The analysis data comprise meteorological
variables of horizontal wind v = (u, v), temperature
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T, and geopotential height Z on the 2.5° x 2.5° (lon.
x lat.) grids at the standard pressure levels of 1000,
850, 700, 500, 400, 300, 250, 200, 150, 100, 70, and
50 hPa.

The analysis region for the computation of vor-
ticity in this study is a polar cap over 80°-90°N, as
in Walsh (1994). The area-mean vorticity ¢ com-
puted over the polar cap is evaluated from the u-
component of wind vector based on Stokes’ theorem.

c 1 N
V.dl= — " 1
v Angu (1)

(=—==
where C is circulation, A is the area of the polar cap,
[ is the length of the periphery. The upper-air po-
lar vortex is associated with the westerlies (u > 0).
Therefore, the circumpolar vorticity is in general
positive: i.e., cyclonic. In the Arctic, the zonal
mean easterlies (u < 0) are occasionally observed
near the surface. It is these easterlies that are asso-
ciated with the anticyclonic circumpolar vorticity.

The results in this study will be compared with
the vorticity index evaluated by Walsh (1994) by
means of the finite-differenced numerator of the
Laplacian: i.e., the center pressure at the North Pole
minus the mean pressures at four points surround-
ing the center point. The analysis data in this study
contain basic meteorological variables at all verti-
cal levels. Thus vorticity computed in this study is
straightforward in theory, although the wind data
are the products of a data-assimilation cycle with
sparse observing stations surrounding the Arctic
Ocean. In contrast, Walsh’s vorticity index is eval-
uated from the direct buoy observations, although
the vorticity computation contains rough approxi-
mations as mentioned above. The comparison of
these two types of vorticity may allow us further
analysis of the upper-air circulation if those two rea-
sonably agree with each other.

3. Variations in height field

First, variations in geopotential height before and
after the abrupt change around 1988 are analyzed.
Figure 2a illustrates 1000-hPa height for the 5-year
average from 1981 to 1985 representing the pres-
sure field near the surface before the abrupt change
around 1988. The prominent features of the mean
field are the two distinct low-pressure centers over
the oceans associated with the Aleutian low in the
Northern Pacific Ocean and the Icelandic low in the
Northern Atlantic Ocean. The Beaufort high is lo-
cated just over the Beaufort Sea extending from East
Siberia to Northern Canada between these two low-
pressure centers. A closed contour (140 m) around
the high is detectable over the Beaufort Sea within
the high-pressure belt connecting the two conti-
nents. The Siberian high is evident at the western
end of the high-pressure belt, but there is no appar-
ent high-pressure center at the other end in North
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America. The 1000-hPa pattern is almost identical
with the sea-level pressure analyzed by Walsh for
1979-1986.

Figure 2b illustrates the same height pattern, but
for the 5-year average from 1989 to 1993 after the
abrupt change around 1988. The closed contour of
140 m as evident in Fig. 2a is missing over the Beau-
fort Sea, although the high-pressure belt still ex-
ists with a weak high-pressure center near Macken-
zie river. The intensities of the Aleutian low and
Siberian high are unchanged, but the Icelandic low
has strengthened to some extent.

The difference between Fig. 2a and 2b is illus-
trated in Fig. 2c, subtracting the former from the
latter. A decreasing trend is evident over the entire
Arctic except over Greenland. The center of the de-
creasing trend (see the —40-m contour) is located
over the middle of the Arctic Ocean. The overall
pattern of the decreasing trend is almost identical
with Fig. 2 of Walsh et al. (1996a). The 99 % signifi-
cance level based on their ¢-test roughly corresponds
to the 30-m contour in Fig. 2c of this study. As
they discussed, the increasing trend over Greenland
may be an artifact of changes in analysis procedures
and /or the extrapolation to sea level. Similarly, the
large difference over the Tibetan Plateau may be
an artifact of changes in the extrapolation. Com-
pared with the results by Walsh et al. (1996a), we
confirm that the present study based on the NMC
global analyses reproduces the overall characteris-
tics of the sea-level pressure changes based on the
buoy observations. Hence, we now have a basis to
pursue further the long-term trend of the upper-air
circulation field using the NMC global analyses. We
note that the analysis regions of the polar cap and
its shifted version in Walsh et al. (1996a) are chosen
for the area of the largest difference before and af-
ter 1988. Therefore, the region does not necessarily
coincide with the location of the Beaufort High, as
may be compared for Figs. 2a and 2c.

Figure 3 illustrates the same patterns as Fig. 2,
but for the 500-hPa height before and after the
abrupt change around 1988 and the difference be-
tween the two. The minimum of the 5-year mean
height over the Arctic is about 5250 m before
1988, whereas the corresponding minimum is about
5200 m after 1988. The decreasing trend of the 500-
hPa height is most evident over the Arctic Ocean in
Fig. 3c, as indicated by the —60-m contour around
the North Pole. The center of the decreasing trend
at the 500-hPa level approximately coincides with
that at the 1000-hPa level, which implies that the
polar vortex over the Arctic Ocean is intensified
throughout the troposphere.

4. Variations in vorticity field

Figure 4 illustrates the time series of 24-month
running mean vorticity averaged over the polar cap,
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Fig. 2. Annual mean 1000-hPa height (a) averaged for 5 years (1981-1985) before the abrupt change
around 1988, (b) averaged for 5 years (1989-1993) after 1988, and (c) the difference between the two

mean heights, (b)—(a).

80°-90°N, during 1981 through 1994 for the 1000-,
850-, 500-, and 200-hPa levels. The 95 % confi-
dence interval of the mean, evaluated from the un-
smoothed time series over the entire analysis period,
is hatched in the figure. The result for 1000 hPa in-
dicates a remarkable increase in the mean vorticity
from near-zero to positive about 2x1076(s™!) after
1988. This implies that within the polar cap the low-
level anticyclonic circulation is disappearing in the

annual mean. The result is consistent with the re-
cent tendency documented by Walsh (1994) for the
sea-level pressure, although his result shows signif-
icantly negative vorticity before 1988. In Walsh et
al. (1996a) the computation of circumpolar vortic-
ity is repeated for a slightly shifted area centered
at (84°N, 125°E). The basic features are not al-
tered, though the abrupt change of vorticity around
1988 from negative to positive values becomes even
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Fig. 3. As in Fig. 2, but for the mean 500-hPa height.

clearer.

A tendency similar to that at the 1000-hPa level
is seen at the upper levels of 850, 500, and even
200 hPa. Since the westerlies are stronger at the up-
per levels, the running-mean vorticity is increasingly
positive, i.e., cyclonic, throughout the analysis pe-
riod. The abrupt increase in vorticity around 1988 is
detectable throughout the troposphere. The result
suggests that the cyclonic polar vortex has been in-
tensified throughout the troposphere from 1988.

5. Concluding remarks

This study is devoted to confirming the recent
abrupt change in surface pressure in the Arctic be-
fore and after 1988, as documented by Walsh (1994)
and Walsh et al. (1996a). We have analyzed the
time series not only near the surface but also for the
upper circulation.

First, the 5-year averages of 1000-hPa height are
compared before and after the abrupt change. The
result shows a significant decrease in height (about
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Fig. 4. Time series of 24-month running mean of vorticity over the polar cap, 80°-90°N during 1981
through 1994 for pressure levels at 1000, 850, 500, and 200 hPa. The 95 % confidence interval of the
mean during the analysis period is hatched in the figure.

—40 m) over the central Arctic Ocean. The overall
pattern of the decreasing trend is almost identical
with the result by Walsh et al. (1996a) analyzed
from the buoy observations. Therefore, we have a
basis to pursue further analysis of the abrupt change
in the upper levels using the NMC global analyses.
The result for the 500-hPa level indicates a simi-
lar decreasing trend over the Arctic Ocean, reaching
nearly —70 m around the North Pole.

The intensified polar vortex after 1988 is further
confirmed by the time series of vorticity over the po-
lar cap (80°-90°N). In this study, similar tendencies
of increasing vorticity are analyzed at 850-, 500-,
and even 200-hPa levels. The vertical structure of
the vorticity change is thus regarded as barotropic.

It may be concluded that the weakening surface
Beaufort high is associated with the intensifying po-
lar vortex in the upper air. It is anticipated from the
result that the wind-driven Beaufort gyre might un-
dergo significant deformation due to the weakening
Beaufort high. The consequence would be a pro-
found impact on the export of sea ice to the North
Atlantic Ocean through Fram Strait.

According to previous studies, similar discontinu-
ous change occurred in the intensity of the Aleutian
low before and after 1977. The Aleutian low inten-
sified after 1977, but was weakened after 1988 (see,
Kashiwabara, 1988; Chen et al., 1992; Trenberth
and Hurrell, 1994). Likewise, an interesting discon-
tinuous shift was reported for the sea-ice area within
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the Sea of Okhotsk by Tachibana et al. (1996a).
The sea-ice area increased abruptly after 1977 in the
southern part of the Sea of Okhotsk and decreased
after 1988.

It may be interesting to note that these abrupt
changes at high latitudes occurred simultaneously
with the outbreak of extreme weather. During Jan-
uary 1977, the polar vortex over the North Pole was
replaced by an abnormaly persistent anticyclone (see
Miyakoda et al., 1983). A remarkable warming oc-
curred in Alaska during the following decade (see
Jones, 1988), linked with the weakened polar vor-
tex after 1977. Another extreme event was reported
in 1989, showing a record breaking cold spell in
January followed by a record breaking warm spell
in February in Alaska (see Tanaka and Milkovich,
1990; Tan and Curry, 1993). The cold spell in Jan-
uary at Barter Island, Alaska indicated a temper-
ature anomaly of two times the negative standard
deviation, and that of the warm spell in February
reached four times the positive standard deviation
(see Walsh and Chapman, 1990). Those extreme
events are both associated with formations of ex-
traordinary blocking high.

Further analysis is necessary to understand the
régime shift between different climate states and its
relation to the outbreak of the extreme events.
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