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ABSTRACT

The sea~level pressure (SLP), 500 hPa height, zonal-mean 500 hPa height {Z o, D), stationary wave ed-
dy component of the 500 hPa height (Zy } and zonal-mean 500 hPa geostrophic wind [U/, ] fields poleward
of 20°N are examined for the period 1958—1997, with emphasis on the winter season, The relationships be-
tween the Arctic Oscillation (AQ)index and algebraic difference of the zonal-mean wind in 55°N and
35°N (Ut) index were investigated, making use the Monte Carlo procedure, Singular Value Decomposition
(§VD), Empirical orthogonal function (EOF) and regression method, The leading modes of empirical
orthogonal function (EOF’s) of SLP are more robust than the 500 hPa height EOF's, not only in the ratio of
the two largest eigenvalues, but in more zonally symmetric. Comparing the meridional profiles of
zonal-mean wind amplitude associated with the AO and Ut index, the profikes for the two indexes are very
similar, both with respect to amplitude and the placement of the maximum and minimum. Comparing the
station wave component of 500 hPa height field regressed upon the AQ and Ut index, there is one—to—ons
correspondence between all the major centers of action in the two maps, especially in the North Atlantic and
Eurasian continent, The pattern is unlike the prominent teleconnection patterns, they have hemispheric ex-
tent and cannot be interpreted in term of the individual wavetrains.

Key words: Meridional profile, Station wave, Eddy component, Zonal-mean geostrophic wind, Arctic
Oscillation

1. Introduction

The empirical orthogonal function (EOF) method is applied widely in analyzing the at-
mospheric pattern in 500 hPa height field and sea level pressure field, In the Northern Hemi-
sphere wintertime monthly mean 500 hPa height field, the ratio of the two largest eigenvalues
is 1.4 (Cheng, et al. 1995). In contrast, the ratio of the two leading eigenvalues of the sea level
pressure (SLP) field is 2 (Thompson and Wallace, 1998, 2000). The corresponding EOF1 pat-
tern of SLP is highly reproducible than 500 hPa, They have labeled the leading pattern of the
monthly mean sea level pressure anomaly field as “ the Arctic Oscillation ",

Ting et al. (1996) had documented that the three—dimensional structures of the stationa-
ry wave respond to a distinctive mode of variability of the zonally averaged basic state. A
meridional seasaw in zonal momentum was represented by the algebraic difference of the
zonal-mean wind between 55°N and 35°N, hereafter referred to as * index of Ting * or “ Ut".
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in 2000 and the National Science Foundation of U.S.A. under Grant No. 9805886,



No. 5 Fang Zhifang, John M. Wallace and David W. J. Thompson 693

This particular choice of index was motivated by statistics derived from a suite of experiments
with a linear baroclinic stationary wave model and prior analyses of observational data by
Branstator (1984) and Kidson (1985).

The purpose of this paper is to show that the EOF’s of SLP are more robust than the 500
hPa height EOF’s, not only in the ratio of the two largest eigenvalues, but in more zonally
symmetric, [n order to more clearly elucidate the relationships between the AO and Ut index,
we compare the meridional profiles of zonal-mean wind amplitude associated with the AQ
and Ut index, and the station wave component of 500 hPa height field regressed upon the AQ
and Ut index, We investigaled a new pattern in the Northern Hemisphere, To identify the
pattern, we make use of the SVD, EOF and regression method. The analysis is restricted to
the winter season, when the relationships are the strongest.

2. Dataset and methods

The analysis described in this paper is based on the data set: Monthly mean atmospheric
500 hPa height and sea—level pressure anomaly fields poleward of 20°N, derived from the
NCEP / NCAR reanalyses data for the winter months (DJF), beginning with Jan, 1958 and
ending with Feb, 1997, The 2.5°x 2,5° lat—long grid data were weighted by the square root of
cosine of latitude,

Based on the work of Thompson and Wallace (1998, 2000}, the leading principal compo-
nent (PC1) of the sea—level pressure anomaly field was defined as the Arctic Oscillation index,
hereafter referred to as AQ index. The leading pattern of the sea—level pressure was defined as
“the Arctic Oscillation ” or AO mode.

3. Results
3.1 Comparison berween the leading mode of SLP and 500 hPa height

The leading modes of 500 hPa height and SLP field based on 119 months are shown in
Fig. 1. The ratios of the two largest eigenvalues in 500 hPa and SLP are 1.33 and 1.94, they
are similar to the results by Cheng et al (1995) and Thompson and Wallace (1998), In
accordance with the definition, the leading SLP mode (Fig. 1a) is corresponding to the AQ
mode. It bears a resemblance to the NAQ pattern, but its primary center was covered on the
Arctic Ocean, giving it a more zonally symmetric appearance than 500 hPa, It can be inter-
preted as the surface signature of modulations in the strength of the polar vortex aloft, pub-
lished by Thomson and Wallace (1998). Though its 500 hPa counterpart (Fig, 1b) is some-
what different from SLP mode in structure, but there exists a strong correlation coefficient
(0.88) between their respective PCI time series. It strongly resembles the pattern that was ob-
tained by regressing the 500 hPa height field upon the AQ index by Thomson and Wallace
(1998). In both 500 hPa height and the SLP fields, the second mode was dominated by the Pa.
cific sector which exhibits the familiar signature of the PNA pattern by Wallace and Gutzler
“(1981) (figure omitted),

The correlation coefficient field map between the SLF and 500 hPa is shown in Fig. 2,
Because of barotropic conditions over the ocean, the higher correlation coefficients areas ap-
peared in the Pacific and the Atlantic, the values are more than 0.90 in large extent, and prac-
tically all correlation coefficients are positive values. But there exist two lower correlation
coefficient areas in the Eurasian and North American continent, which was influenced by the

land.
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Fig, 1. The mades of two lending BOF's regressing {a) Lhe SLP field nnd (b} the 300 hPa height
field upon the standardized time series of ihe leading PC's, Contour interval is 20 m; negative cof-
tours are dashed,

Fig. 2. The eorrelation coelficients fickd berween the SLP and 300 hPa, Contour Interval is 0.1

negative contours are dushed,

Despite the familiarity of these patterns and the strong correlation between their
respective PC time series, the EOIs of the 500 hPa height are much less robust than their SLP
counterparts, Using the Monte Carlo procedure, Fig, 3 illustrates the distinction between the
FOF’s of the 500 hPa height and SLP. The Monte Carlo procedure can be described as fol-
lows: The two leading principal componant time series based on the entire 119 months record
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(hereafter denoted PC1 and PC2) are used as reference time series, EOF analysis is performed
on a large number of randomly selected subsets derived from the 119—month dataset. In this
case, 60 months were randomly chosen by the 119 months, and 50 times were done, so we
have 50 sixty—month subsamples as subsets, The PC’s for each subsample are correlated with
the counterpart in reference PC1 and PC2, and the resulting pairs of the values are plotted in
a Cartesian format: subsample PC1 with reference PC1 as the abscissa, and subsample PCI
with reference PC2 as the ordinate, the point as the asterisk. In all cases, the signs of
subsample PC time series are chosen so as to make them positively correlated with the corre-
sponding reference PC’ time series, ‘

At 500 hPa, the asterisk points for the individual subsamples tend to be stretched out in
thin arcs (Fig. 3a), but in the SLP, the asterisks close (o the abscissa equal 1 (Fig, 3%), The re-
sults show the concerning robustness of the PC1 in SLP {i.e., AO index), It is evident that the
EOF’s in the SLP are much more reproducible than the EOF’s at 500 hPa height,

3.2 Comparison between the meridional structure and stationary wave of Ut and AQ index

In this section, the meridional structure and stationary wave signature of the mode of va-
riability described by Ting et al. (1996) and counterpart for the AQ index were compared.

The algebraic difference of the zonal-mean geostrophic wind between 55°N and
35°N was defined as Ut index by Ting et al, (1996). The temporal correlation coefficient be-
tween Ut and AO index is 0.85 based on 119—month data, and 0.88 based on 40—season data.
The zonal-mean value of 500 hPa and zonal-mean geostrophic wind at 500 hPa are labeled
as [Z 550 1and [I/, ], which are functions of latitude.

The meridional profiles of zonal-mean wind amplitude associated with the AO and Ut
index were shown in Fig. 4. They were obtained by regressing the zonal-mean geostrophic
wind [U ] for each month upon the standardized time series of the two indices. The profile for
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Fig. 3. Projection of two leading perturbed EOF’s based on randomly seiected 50 sixty month
subsamples derived from the 119 original dataset of (a) 500 hPa height, (b) SLP. The correlation
coefficients between subsample PC] and reference PCI as the abscissz, the subsample PCI with
reference PC2 as the ordinate. The resulting pairs are plotted by asterisks.
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latitude

Fig. 4. Zonal-mean wind at 500 hPa level regressed upon Dec—Feb monthly mean values of the
AQ index (solid line) and Ut index (dashed line).

the Ut index is identical with profile of the Fig, 3 of Ting et al. (1996), the maximum and min-
imum are located near 35°N and 55°N. The two profiles are very similar; both with respect to
amplitude, but the placement of the maximum and minimum for the AQ index is shifted

northward by 3°—4° latitude.
In order to compare the patterns of stationary wave induced by the Ut and AQ index, we

use the station wave compenent of 500 hPa height field, labeled as Z 400 - The Z 5o is that total

minus the zonal mean of 500 hPa, it is Zjp =Zsop1Zs00 }
The corresponding distributions for the Z o Tepressed on AQ and Ut index were shown

in Fig. 5. There is a one—to—one correspondence between all the major centers of action in the
two maps, especially in the North Atlantic and Eurasian continent. The only discernible dif-
ference in two maps is that the features over the Atlantic are slightly stronger in the AO pat-
tern, whereas the futures over the Pacific are stronger in the pattern derived from the Ut

mdex.
In order to determine the relationship between the meridional profiles of zonal—-mean

wind amplitude identified by Ting et al. (1996) and the eddy component at the Z g, we per-

formed singular value decomposition (SVD) analysis upon the Z g, field paired with the
meridional profile of zonal-mean geostrophic wind at 500 hPa (U, ]), both for the region
poleward of 20°N and both weighted by the square root of cosine of latitude, Figure 6 shows
the [U ] regressed upon the standardized expansion coefficient of the Z sy, field (Fig, 6b) and
the Z,,, field regressed upon the standardized expansion coefficient of the [t/ ] (Fig. 6a) for

the leading mode in this expansion, which accounts for 68% of the squared covariance frac-
tion (SCF1), compared to 22% for the second mode. The expansion coefficient time series are
correlated with one another at a level of 0.69. Based on season data, the SCF1 accounts for
71%\and the correlation coefficient is 0.84. In Fig, 6a, the pattern is similar to the pattern in
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Fig. 5. The eddy companent of the 300 hPa beygh fiekd at the £ ou tegresssd upon () DJF month-
ly mean valucs of the AD index, and (b) upoen the inverted Ut index. Contournierval: 10 m,

(b)

8

g

latitude
3 8

3 8 &

SVD1 of [Ug]

Fig. & Heterogencous regression mups of the leading coupled mode in the Z° field aud [£7, ] Tield
us determined from SV analysis, (a) The 7, held, (b} the I, ] fiehl, Contour interval 5 1000 m,

Figs, Sa and 5h, The major centers of action in the three maps are one—{o—one correspon-
dence, especially in the Eurasian continent and North Atlantic. The center values over the
area are similar to the pattern derived from AO (Fig. 5a); the prominent patterns of planetary
wave variability like the PNA and NAO patiern did not appear. In Fig, 6b, the profile 15 re-
markably similar to the pattern of Ut index in Fig. 4, the AO signature is recognizable in it,
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but the relevant features in the zonal wind field are shifted southward by 3%=47 latitude,
3.3 An important pattern — the Z g for PC2

It remains 1o be considered whether there are other important modes of coupling be-
tween the zonally averaged flow profile ({7 ]} and the stationary waves in the wintertime 500

hPa height field (2., ). The inherent orthoponality constraints in the $VD analysis render the
question why the Z 4, pattern was corresponded to mutually orthogonal meridional profiles
of [/, ). Here we choose orthogonal 2.0 pattern and examine the corresponding (U7, | pro-
files, irrespective of whether they are mutually orthogonal from SVD.

As a basis for defining these patterns, we perform empirical orthogonal functions (EOF)
analvsis on the unstandardized Z g, anomaly feld, The structure of Z ¢y field regressed up-
on the two leading standardized principal components PC1 and PC2 was shown in Fig.7, ac
count for 18% and 14% of the total variance of the Z 5, ficld in monthly data, 24% and 18%
for season,

The 2, pattern for PC1 contains elements of the familiar PNA pattern from the North
Pacific across the North American into the western Atlantic, together with a second wavetrain
extending from the North Atlantic across the northern Europe into the central Russia in Fig.
20 The results for PC2 resemble the patterns in Fig, § and Fig, 6a, It means that the eddy
component of 500 hPa height field in Fig. § is an intrinsic character in the Z g field.

The profiles of the zonal-mean wind at 500 hPa level l:[if: D) regressed upon the PCI and
PC2 of the Z,, are shown in Fig. & In Fig. 8b, the profile for PC2 of the Z¢, strongly re-

sembles the AQ profile in Fig. 4, with respect to both amplitude and placement of the maxi
mum and minimum, The profile for the PC1 is shown in Fig, 8a, the maximum and minimun

Fig. 7 The modes of the two leading EOF’s of wanlertune £ sy Ticld regressed upon siandardired
time series of leading PC'e (a) PC1and (1) PCL, Inierval is | km,
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Fig. 8. The profiles of the [/, ] regressed upon PCI and PC2 of wintertime Z g, field and AO, (a)
for PC1 and AQ, (b) for PC2 and AQ. The solid line is for AQ, and the dashed line for PC’s,

are located near 30°N and 48°N, While it is corresponding with the PNA pattern in Fig, 7a,
when the positive polarity Z, with negative 25'00 anomalies over the North Pacific, the
zonally averaged westerly wind tend to be stronger than normal along 30°N and weaker than
normal along 48°N, The corresponding profiles for PC3, PC4 and PC5 are much weaker (fig-
ure omitted).

Tn order to confirm that there is no other impottant mode of coupling between the Z 0
field and the [U ] profile, we examined maps of Z 4, regressed on standardized [U ] time se-

ties at 2.5° latitude increments rapging from 20°N to 87.5°N, Strong patterns that appear to
be linear combinations of the ones in Fig, 6a are evident throughout the band extending from

35°N to 70°N (figure omitted).

4. Discussion

From the foregoing analysis, it is apparent that a substantial fraction (14% for monthly
or 18% for season) of the variance of the Northerh Hemisphere wintertime siationary wave
field (Z 5, } can be specified on the basis of a knowledge of the zonally averaged zonal wind
profile [U, ]. Most of this coupled variability can be represented in terms of two linearly inde-
pendent coupled data from the (U, ]and Z5,. The coupled modes can be defined in such a
way that one closely resembles the mode described by Ting et al. (1996) with opposing peaks
in zonal wind profile near 35°N and 55°N, and the other has the eddy component of primary
peak at intermediate latitudes. The former mode can be interpreted as the * Arctic Oscillation”
discussed in the companion paper by Thompson and Wallace (1998, 2000). The corre-
sponding stationary wave patterns contain elements like the * teleconnection patterns” , dis-
cussed by Wallace and Gutzler (1981), Barnston and Livezey (1987) and others, but they are
unlike the prominent teleconnection patterns, they have a hemispheric extent and cannot be

In
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interpreled in terms of the individual wavetrains,
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