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ABSTRACT

In this study empirical orthogonal functions (EOFs) are computed separately
from the zonally-averaged and the eddy components of 500 mb height fields in
the Northern Hemisphere extratropics. The data sample includes 1152
5-day-mean fields covering 32 cold seasons (October-March) and is derived from
NMC and ECMWF analyses. The variance of the coefficients of the most relevant
EOFs are analysed, separating the contributions of seasonal cycle and

interannual variability.

The first eddy EOF is representative of the wintertime stationary eddies, the
following ones show many similarities with teleconnection patterns already
revealed in previous observational studies of the low-fregquency variability of
the atmosphere. The 2nd and the 4th eddy EOF also resemble barotropically
unstable linear modes of the wintertime circulation, and a significant

proportion of their variance is due to interannual variability.

The first 3 zonal EOFs are representative of the mean westerly flow, of the
latitudinal position of the jet maximum and of the split of the jet,
respectively. The zonal coefficients 1 and 2 are also significantly
influenced by the interannual variability and show the greatest anomaly
autocorrelation among all the zonal and eddy EOF coefficients at lags of 10-15

days.
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1. INTRODUCTION

Empirical orthogonal function (EOF) analysis has been widely used in
observational studies to determine the spatial patterns associated with the
most important modes of variation of meteorological and climatological
variables. EOFs are usually determined as eigenvectors of a dispersion
matrix, whose elements are the covariances (sometimes the correlations)
between the time series of a variable observed in a number of contiguous
locations. The time series of the EOF coefficients (that is, the projections
of each instantaneous field onto the EOFs) have the property that, for each
possible truncation of the EOF series, the subspace generated by the first n
coefficients explains the greatest proportion of variance of the observed data

set among all the linear subspaces of the same dimension.

The physical significance of the EOFs has often been questioned; Buell (1975,
1979) demonstrated that, if the covariance structure of the analyzed field is
uniform and isotropic, the spatial features of the EOFs are strongly
determined by the shape of the boundaries of the spatial domain. So, a
realistic correspondence between the EOF patterns and the actual modes of
variation exists only if the spatial boundaries are located in areas with low
variability in the observed field, and the EOF patterns differ from obvious
wave-like structures only if significant anisotropies occur in the
variance—-covariance distribution. Of course, even if these conditions are
satisfied, the identification of the physical processes that are responsible

for these modes of variation remains an open problem.

The field of geopotential height at 500 mb over the northern extratropics is
ideal for an EOF analysis for a number of reasons. First of all, records of
this field are now available for at least three decades with reasonable
accuracy and resolution; the border of this area, i.e. the northern
subtropical band, is in fact a region of low variability for the geopotential
field; in addition, we know from a number of observational studies that the
covariance structure characteristic of low=frequency variability of the
atmosphere is far from isotropic, as can be seen, for example, from the

teleconnection patterns identified by Wallace and Gutzler (1981).

EOF analyses of the 500 mb height in the northern extratropics were performed,
among others, by Rinne and Karhila (1979) using a very large set of

instantaneous fields covering all the seasons of the year, and by Wallace and



Gutzler (1981; hereafter referred to as WG) using monthly means in the winter
season. In general, the subtraction of a mean value from each data series
implies that the EOFs are representative of the anomalies of the field with
respect to a time—-averaged state. On the other hand, in many theoretical or
diagnostic works on the large-scale circulation the dynamical fields have been
decomposed into a zonally-symmetric and an eddy component, and this different
approach has prevented an easy comparison between these studies and results of

EOF analyses.

In this study, which is limited to the 'cold' season from October to March and
uses a data sample including 32 years of analyses, EOFs have been computed
separately from the zonally-averaged and the eddy fields of 500 mb height from
20°N to 90°N, without subtracting a time-mean field. The aim of this
procedure is to give evidence to some modes of atmospheric variability, such
as the variations in the mean zonal gradient or in the amplitude of the
stationary waves, that have received plenty of attention in theoretical
studies but are difficult to isolate when the traditional, anomaly-based EOF

approach is adopted.



2. DATA SET AND ANALYSIS PROCEDURES

In this study we consider 500 mb geopotential heights over the Northern
hemisphere starting from October 1952 to March 1984. From the beginning of
our sample to December 1979 the data are derived from a wider data set
(beginning in January 1946 and covering all the seasons of the year) available
at the European Centre for Medium Range Weather Forecast (ECMWF). This set is
based on operational analyses of the U.S. National Meteorological Center
(NMC), and it was prepared under a WMO project that resulted in the
publication of a four-volume report in the WMO long-range forecasting research
publication series (Wallace, et al., 1983). In our study, we avoided the use
of the first six years available in the original catalog, since a preliminary
investigation showed that the guality of these first analyses was not adequate
for our purposes. We added data from January 1980 to March 1984 derived from

operational ECMWF analyses.

The NMC data were originally available over an octagonal, polar sterographic
grid with a 381 km grid mesh, covering the whole Northern extratropics north
of 20°N. The ECMWF analyses, archived as spherical harmonic coefficients,
were retrieved on a 5° regular latitude-longitude grid (LLG). Neither of
these two grids were suitable for our study; the former does not allow an easy
computation of the zonal means and the latter has the disadvantage that the
area represented by each grid point decreases proporticnally to the cosine of
latitude: an EOF analysis using this second grid would give an excessive
weight to the variability in the polar area. Hence, all the data were
interpolated onto a new LLG for which the number of points in each constant
latitude line is proportional to the cosine of latitude. The parameters of
the new grid were chosen in a way to obtain the same resolution as in a

regular 5° LLG at the equator.

More precisely, if X and ¢ indicate longitude and latitude, respectively, our
grid can be defined as the ensemble of the points

_)_i_k = ()\ir q’])
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Finally, due to data availability and to avoid excessive computational burden,
we consider only mean pentads (i.e., five-day, non-overlapping means) in the
periods October through March. Over all we have consideréd 1152 pentads.

Each cold season {(i.e., October through March) includes 36 pentads, and the
data set contains 32 cold seasons. The first pentad of eéch season is defined
as the interval from 3 to 7 October (inclusive) of each year, the last one as
the period from 27 to 31 March. In the following, wevshall_refer to October
as to the period including the first six pentads, to November as to the
pentads 7 to 12, etc.; we shall also use the term "year 1953" to indicate the

cold season October 1952 through March 1253, and so on.

Let zp(li,¢j) be the value of 500-mb height over the poinf’zk, in pentad p,
{p=1, ...1152). For each pentad field, we computed the following quantities:

° The northern extratropical mean:
15 3
1
= = 1
z Ngjgizp(xi,cpj) (1a)
[ The zonal means:
N,
- ;7
z, (05) = 121 2 (A 0) (1b)
3
° The zonal mean departures from 2t
z (¢,) =z_ (¢,) -z (1c)
p ¢J p ¢J o



] The eddy field:
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An NxN cross product matrix H* for the eddy component was defined as follows:

1152

* = —— * *
Hee T 1152 Lp 2p(E) =px,)

(2)
and the EOFs for the eddies were computed as the eigenvectors EE.Of H*,
m=1, ..., N. These EOFs were scaled so that their root mean square (rms)
value over the grid was 1; if Gnm is Kronecker's delta, we can write
1 N .
<* Y = — =
ek e*> = ) x © ) = § (3)
1

where the operator <> defines the expectation value over our grid. This

slightly non-standard normalisation has the advantage that the elements of the

eigenvectors have order of magnitude 1 rather than 1//§.

The time coefficients representing the projections of each eddy field on the

EOFs are defined by
) (4)
They are orthogonal in time, and their mean square value is proportional to

the eigenvalue associated with the corresponding EOF:

1152 oL

1 :
—— * * = 6 * = —_— C
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where
H* e* = L* e¥*. (6)

The EOFs of the zonal means were computed in a way that assures coherence with
”~

the analysis of the eddy part. The zonal departures Ep were used for the



analysis: in this way, the zonal EOFs are representative of zonal gradients of
geopotential height, and the associated coefficients give indications on the

intensity and the latitudinal distribution of the mean zonal wind.

The technique described in Appendix 1 allowed the definition of a set of zonal

EOFs e and time coefficients CmP with the following properties:

1
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So, even though orthogonality in time is guaranteed only within the two
separate sets of zonal and eddy coefficients, zonal and eddy EOFs together
form a set of spatial functions that are orthogonal with respect to the same
definition of inner product. One must note that only 14 zonal EOFs and 562
eddy EOFs eventually exist, since due to definitions (1b) and (14) only 14 and
562 independent values are needed to determine a zonal field EP or an eddy
field E;' respectively. In addition, all these EOFs are orthogonal to the

normalized constant function:

e (A,,9.) =1 for each i,j (11)
o i" 73



So we can write

z =C e + 2 cC e + 2 c* e* (12)
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Both the zonal and the eddy EOFs are ordered, as usual, according to the

decreasing amplitude of the associated eigenvalues.

The eddy EOFs 1 to 6 and the zonal EOFs 1 to 3 are presented and discussed in
Sections 4 and 5 respectively. 1In addition, Appendix 2 contains the maps of
the first 17 eddy EOFs, whose coefficients have an RMS value exceeding 10
metres, and of the first 5 zonal EOFs, whose coefficients have an RMS value

exceeding 5 metres.



3. EVALUATION OF THE SEASONAL CYCLE AND THE INTERANNUAL VARIABILITY
OF THE EOF COEFFICIENTS ‘

Since our analysis covers a six-month period of the year, and no time mean
field is subtracted from the input values, we may expect to find a relevant
variation in both the mean and the rms value of the EOF coefficients from

October to March.

Let us write the coefficient of the m-th EOF (either eddy or zonal) as Cmpq,
where p(=1,;...,36) now denotes the pentad number within a given year, and
g(=1,...,32) is the index of the year (g=1 represents the period October 1952
through March 1953, and so on). In order to have a smoothed estimate of the
seasonal cycle, we computed a "climatological" value of the EOF coefficients

for each pentad as:

N 1 32
= — + +
Cmp 96 1Zq (Cmp'q Cmpq Cmp"q) (14)
where
p' = max (1, p-1) (15a)
p'' = min (36,p+1) (15b)

An rms value of the coefficients for each pentad was also computed in an

analogous way.

We can then define the "anomaly" of an EOF coefficient as its deviation from
c .
mp

c' =C - C (16)

mpgq mpg mp
If, for sake of simplicity, we use the term “variance" as synonymous with
"mean square value," we can say that the variance of each coefficient is the
sum of the variance accounted for by the seasonal cycle and the variance of

the anomaly:

v = \'}'m + v (17a)



where

v o= —— C(c ) (17b)

N . 32

vm=§2—§p (Cmp) - (17¢)
, 32 36 )

V' = —— z z (ct ) (174)

In order to evaluate the relative contributions of the inter-annual and the
intra-annual variability to the variance of the anomalies, we also computed
bimonthly means of the anomalies for each year in October-November,

December~January, and February-March;

1 12
e - — [l

c mlqg 12 % jo) c mpq (18a)
1 24

c'! = c! (18Db)

m2q 12 23 p  mpg

1 36

Cll — —2 C' (18C)

m3g 12 55 jo) mpg

and the standard deviations of the 12 pentad values about these means. So the
contribution of the interannual variability of long-term means during

October-November, for example, can be estimated from the ratio:

g 32 , 32 12 5
(G = 12 ) (crr N7/ ) (c' ) (19)
mi 1 q q 1 q 1 P pgq



The ratios Vm/Vt (where Vt is the total variance of the eddy or zonal field),
G /V_ , V' /v, V'' /V' for October-November, December—Janﬁary, and

m m m m m m
February-March, respectively, are listed in Table 1 for the first 17 EOF
coefficients of the eddies and the first 5 coefficients of the zonal part.
The table also shows the rms values of the coefficients and of their
anomalies, and the autocorrelation of each coefficient computed with a lag of
1,2, and 3 pentads. The results listed in Table 1 will be discussed in the

following sections.

10



No.

a)

N N O bW N -

o]

10
11
12
13
14
15
16

17

b)

U b W N -

Table 1

V/V %  RMS V/v% V'/V%  RMS' RARWA LS r, o,
oc-no de-ja fe-ma
E.O.F. eddies (total RMS value = 102.0 m)
35.7 61.0 91.5 8.5 17.8 24.7 26.4 23.9 .52 .18

7.3 27.5 6.3 93.7 26.6 16.7 27.2 29.9 .61 .26
6.3 25.7 11.3 88.7 24.2 23.1 21.1 26.0 .51 .15
6.1 25.2 6.0 94.0 24.4 28.3 34.7 22.7 61 .23
4.9 22.5 3.9 96.1 22.1 18.7 22.7 22.1 .62 .26
4.2 21.0 1.4 98.6 20.9 24.7 22.9 17.4 .52 .12
3.5 19.1 2.2 97.8 18.9 16.6 19.6 23.2 .50 .15
3.2 18.4 3.2 96.8 18.1 13.7 20.9 17.0 .41 .09
2.8 17.1 5.2 94.8 16.7 25.8 20.3 18.8 .48 .12
2.4 15.7 2.4 97.6 15.5 18.1 12.5 23.1 .44 .14
1.9 14.1 7.0 93.0 13.6 15.5 13.6 8.9 .31 -.02
1.8 13.8 3.4 96.6 13.6 11.1 10.6 13.5 22 .01
1.6 12.9 5.0 95.0 12.5 15.2 6.6 20.1 «25 -.03
1.5 12.3 2.1 97.9 12.2 12.5 14.4 13.4 27 .06
1.4 12.3 9.6 90.4 11.7 13.6 19.2 17.4 .28 .02
1.3 “11.4 1.2 298.8 11.4 20.0 10.9 16.9 .33 .08
1.0 10.0 2.4 97.6 9.9 16.8 12.8 11.7 .23 .09

E.O.F. zonal means (total RMS value = 243.5 m)

98.22 241.4 99.5 0.5 17.3 18.6 28.5 28.7 .65 .35
1.08 25.4 50.5 49.5 17.8 29.4 31.9 31.1 .61 .33
0.47 16.8 9.4 90.6 16.0 18.4 20.4 21.1 .52 .19
0.15 2.5 10.0 90.0 9.1 25.1 19.8 24.1 .44 .19
0.04 5.1 7.9 92.1 4.9 19.5 15.5 12.4 .31 .17

= variance of the E.O0.F. coefficient

= total variance of the eddy/zonal field
= variance éxplained by the seasonal cycle
= variance explainéd by‘the anomély

= variance explained by the interannual variations of 2-month means

RMS = r.m.s. value of the E.O0.F. coefficient (m)

RMS' = r.m.s. value of the anomaly (m)

= autocorrelation of the anomaly at 1-pehtad lag
= autocorrelation of the anbmaly at 2-pentad lag

= autocorrelation of the anomaly at 3-pentad lag

11
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4. THE EOFs OF THE EDDIES

The first six EOFs of the eddies are shown in Fig. 1, while Fig. 2 shows the
mean and the r.m.s. climatological values of the associated coefficients for

each pentad of our six-month cold season.

The first EOF is clearly representative of the pattern of 500-mb stationary
eddies in winter. The associated time coefficient remains positive in the
whole sample of 1152 pentads; as can be seen from Fig. 2 and Table 1a, it
explains over 35% of the total eddy variance, but its variability is dominated
by the seasonal cycle. Only 8.5% of its variance is explained by the anomaly,
whose amplitude is lower than that of the anomalies of other 7 EOF

coefficients.

The relative importance of the seasonal cycle and the anomaly is reversed in
all the other EOF coefficients of the eddy field. Apart from the slightly

lower percentage of the third coefficient, the anomaly explains more than 90
percent of the variance in all of them. We may conclude that the EOFs from

number 2 onwards describe transient eddies.

The pattern of EOF 2 is reminiscent of the Pacific North American (PNA)
teleconnection pattern as defined by WG. In our analysis, as well as in other
observational studies (see Blackmon, et al., 1984), the PNA pattern emerges as
the most important component of nonseasonal variability in the winter
amtosphere of the northern extratropics. Regarding its seasonal cycle, weak
but still statistically significant, we notice that positive values of the
coefficient tend to occur more frequently from January to March, negative

values from October to December.

EOF 3 is dominated by a zonal wavenumber 1 with maxima at about 60°N over
Finland and Alaska. Apart from EOF 1, it has the strongest seasonal cycle in
the associated coefficient: the climatological value reaches 15 m in October

and ~-15 m in December, explaining about 10 percent of the variance.

The relevant feature described by EOF 4 is the variable intensity of the
Atlantic jet stream. Positive coefficients, which correspond to an increased
jet, are more frequent in January and February. In the Atlantic area, this
EOF resembles the Western Atlantic (WA) teleconnection pattern as described in

WG L

12



Fig. 1 a) Pattern of eddy EOFs 1 and 2;
b) Pattern of eddy EOFs 3 and 4;
¢) Pattern of eddy EOFs 5 and 6.
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Fig. 1 Continued
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Fig. 2 Mean and r.m.s. climatological values of the coefficients of eddy
EOFs 1 through 6 during the cold season from October to March.
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The fifth EOF pattern shows a very régular zonal wavenumber 3 wiﬁh almost no
meridional dispersion. The wave maxima are, located between 50°N and 60°N; it
is interesting to note that simple theories of meridional dispersion of Rossby
waves predict the latitudinal confinement of zonal wavenumber 3 if the source
of the wave is within this latitude zone (Held, 1983). The amplitude of the
seasonal cycle of EOF 5 coefficient is below the. level of statistical

significance.

From EOF 6 onwards, the EOF patterns tend to include zonal wavenumbers greater
than 3, with substantial meridional dispersion and, in many cases, strong
localized peaks. These features can be seen in EOF 6, which is worthwhile
discussing because its strongest peak is located on the eastern border of the
Atlantic Ocean; i.e., a favourable area for the developments of blocking
centers. In the Atlantic and Eurasian sector, EOF 6 shows a similar pattern
to the Eastern Atlantic (EA) teleconnection (see WG). The seasonal cycle in

EOF 6 coefficient is insignificant.

The anomaly autocorrelation coefficients shown in Table 1a indicate EOFs 2, 4
and 5 as the most persistent patterns, with a very similar autocorrelation

decay (anomalies of EOFs 1 and 3 are about 10 percent less persistent after 5
and 10 days, and their autocorrelation trend is more similar to that of EOFs 6

and 7).

Regarding the interannual variability of long-term (2-month) means,‘it
generally explains from 20 to 30 percent of the anomaly variance of the
dominant EOF coefficients. EOF 4 has the coefficient with the highést
percentage of intérannual varian¢e in October-November and in ‘

December-January, while EOF 2 has-the maximum'value;in February-March.

Figure 3 shows the means and the standard derivation of the anomalies in
October—Novémber and in December—Janqary for each of the 32 cold ‘seasons
included in our samplé. Véfy high mean-Véiues were reaéhed byvthe EOF 2
coefficient in the winters 1956-57 and 1971-72, probably corresponding to the
onset of two major El-Nino’episodes as'documented by Rasmussonvahd Carpenter
(1982). However, no other peaks are éncountered correéponding toitwo other
strong El-Nino events, occurring in 1963-64 and 1982-83 (the 4th coefficient
had a strong positive mean value in the latter case). Moreover, according to

Horel and Wallace (1982), teleconnections with the northern extratropics are

17
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Fig. 3 Means and standard deviations of eddy EOF coefficients 1, 2, and 3(a)
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(right), for each of the 32 cold seasons in the data sample (from
1952-53 to 1983-94). '
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more likely to occur in the winter of the subsequent year, when SST and
rainfall have reached their maximum in the equatorial central Pacific.
Alternative explanations, in addition to tropical thermal forcing, can account
for the high interannual variability of EOF 2 and 4. Simmons, et al. (1983)
computed normal modes of barotropic equations linearized about the
climatological mean 300 mb streamfunction for January. We found relevant
similarities between the first and the second mode obtained in their study
(see their Fig. 14a, b) and our EOFs 2 and 4, respectively. The first
barotropic mode has an e~-folding time of 7.3-day, and a period of 40 days,
while the second has a 9.8-day e-folding time but an infinite period. 1In
other words, it exhibits a pure exponential growth with no change of phase.
These characteristics have a counterpart in the variance distribution of EOF 2
and 4 in December-January. The former explains a higher proportion of the
total variance, but the latter is more persistent on long time scales, as

shown by the percentage of variance explained by two-month means.

Simmons, et al. (1983) showed that patterns similar to these two modes can
also be obtained as the nonlinear response to a diabatic forcing in the
equatorial Pacific. Therefore, barotropic instability and thermal forcing can
be seen as a complementary, rather than mutually exclusive, explanation for

the high inter-annual variability of EOFs 2 and 4.

Finally we can compare our EOFs with those obtained in previous similar
studies. In the EOF analysis performed by Rinne and Karhila, (1979; see also
Rinne et al., 1981), 11876 analyses of instantaneous 500-mb height fields were
used, covering a 20-year period up to 1970 with all the seasons included. The
area covered is the same as that used in our study. Since the authors
subtracted a single climatological mean field for the whole yeaf from their
data, at least the first 2 EOFs are needed to account for the seasonal
variations. Apart from those and from our first EOF, relevant similarities
can be found between the other EOFs, in particular between their 3rd and our
2nd, their 4th and our 4th, their 8th and our 6th. With regard to this last
pattern, their study also confirms the presence of a strong localized source

of variance in the eastern Atlantic.
The correspondence between our 2nd and 4th EOF and the dominant barotropically
unstable modes finds a strong confirmation in the statistical—-dynamical

approach of Schubert (1983). Despite the fact that he used streamfunction
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(rather than height) fields at 500 mb for his EOF analysis, a good
correspondence can be seen between his 2nd, 3rd, 5th and our 2nd, 4th and 3rd
EOF, respectively. There is also a strong similarity between his 9th and our
6th EOF over the Atlantic. Schubert's analysis confirms that the first two
EOFs are the most barotropically unstable, and the value that he obtained for
the e~folding time of his 3rd (our 4th) EOF using a 1-10 January mean field as
a basic state is nearly identical (9.9 days against 9.8) to that computed by
Simmons, et al. (1983) for their very similar second mode. However, positive

growth rates were found up to the 13th EOF.

Therefore, we can conclude that, apart from some differences due to sample
fluctuations and analysis procedures, the patterns represented in our EOFs of
500 mb height eddies are common to a number of other observational studies
concerning the low frequency variability of the atmosphere. Their relevance
is confirmed by the resemblance of some of them to the most barotropically
unstable linear modes of the northern extratropical atmosphere in winter.

In addition, estimates of the probability density functions of the eddy EOF
coefficients, discussed in Molteni et al. (1987), have revealed bimodal
distributions that provide observational support to the theories on the
existence of multiple equilibria states in the wintertime extratropical

circulation (e.g. Charney and De Vore, 1979, Benzi et al., 1986).
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5. THE EOFs OF THE ZONAL MEANS

The first 3 EOFs of the zonal means of 500 mb height and the seasonal
variations in the mean and r.m.s. values of their coefficients are shown in
Fig. 4 and Fig. 5 respectively. The variance data reported in table 1b reveal
that these 3 EOF are nearly equally important in deScribing the anomalous
variations of the zonal mean profile, while the mean seasonal variations

produce a strong dominance of the first EOF in the total variance.

In fact, the first EOF represents the latitudinal gradient of the height field
between the tropics and the pole, and its coefficient is an index of the
intensity of the latitudinally-averaged westerly flow. It reaches the
climatological maximum in December, after a steep increase in October and

November.

The pattern of zonal EOF 2 shows a positive gradient of height south of 45°N

and a negative gradient north of that latitude. So, positive coefficients of
this EOF are associated with aAnorthern position of the jet, negative values

with a southern location; the most southern position is reached at the end of
January. The seasonal cycle and the anomaly account for almost equal

proportions of the variance of the coefficient.

The structure of zonal EOF 3 is representative of a tendency towards a split
of the jet in two parts, with decreased westerlies between 40° and 60°N, when
the associated coefficient is positive; negative coefficients correspond to
the concentration of the jet around 50°N and to polar easterlies when a
sufficient amplitude (about 20 m in Jan and Feb) is reached. One might expect
to find an association between large positive values of EOF 3 coefficient and
globally=~blocked circulation patterns. The sign of the coefficient is, on
average, negative before the winter solstice, positive afterwards, but the

seasonal cycle accounts for only 10% of its variance.

The interannual variations of bimonthly means and standard deviations of the
anomalies are shown in Fig. 6. This figure and the data of Table 1b show
that, among the zonal EOFs, the second one has the greatest proportion of
interannual variability in the whole cold season. The difference is more
relevant in Oct.-Nov., while in the other months the interannual variance of
the first EOF is only 10% lower. The proportions of variance explained by the

interannual variations for these two zonal EOFs are comparable (~ 30%) to
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Fig. 6 Means and standard deviations of zonal EOF coefficients 1, 2 and 3 in
October-November (left) and December-January (right), for each of the
32 cold seasons in the data sample (from 1952-53 to 1983-84).
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those found for the 2nd and the 4th EOFs of the eddies, even if the values of
the zonal EOF 2 show a distinctive and remarkable stability during the

six-month period.

The coefficients of the first two zonal EOFs have a similar behaviour also
with regard to the medium-term persistence of the anomaly, as shown by the
autocorrelation indices of table 1b. They are clearly more persistent than

the 2nd, 4th or 5th eddy coefficients after 2 or 3 pentads.
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6. SUMMARY AND CONCLUSIONS

In this work, the fields of geopotential height in the northern extratropics
were decomposed into a spatially constant, a zonally averaged and an eddy
component, and EOF analyses were performed separately on the 2ona1 and the
eddy-fields. This procedure allowed the evaluation of modes of variability of
the atmospheric circulation (principally, the variations in the intensity of
the mean zonal flow, in its latitudinal structure and in the amplitude of the
stationary waves) that cannot be easily studied using the traditional,

anomaly-based EOF approach.

An analysis of the variance distribution of the EOF coefficients showed that
the eddy patterns account for the greatest proportions of the low-frequency
variance in the northern hemisphere. There are significant similarities
between a number of eddy EOFs and teleconnection patterns identified in
previous observational studies. Some of them (namely, the 2nd and the 4th
eddy EOF) also resemble the most barotropically unstable linear modes of the
wintertime extratropical circulation, and a considerable proportion of their
variance is explained by interannual variability. The pattern of the 5th eddy
EOF resembles a zonal wavenumber 3 with a latitudinally confined amplitude,
and might be explained by resonance phenomena invoked by the theories on

multiple equilibria.

Interannual variations are also relevant for the first two zonal EOFs, whose
coefficients are indices of the mean intensity of the westerly flow and of the
position of its maximum, respectively. These coefficients show the greatest
autocorrelation after 10 and 15 days among all the eddy and zonal EOFs, even

when the seasonal cycle is subtracted.

The fact that the patterns of a number of EOFs obtained in this work have been
revealed in other studies on the low-frequency variability of the atmosphere
does not necessarily imply a particular physical meaning for each single EOF.
But undoubtedly, the most important EOFs determine, in an efficient way, a
subspace of limited dimension on which we can project the large scale
atmospheric fields retaining physically relevant modes of variability. This
synthetic representation can be a very useful starting point for diagnostic

studies or verifications of theories and numerical experiments.
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" APPENDIX 1

Spatially weighted EOF analysis

This appendix describes a simple technique allowing the computation of
empirical functions that are spatially'otthoﬁ@rmal.wifh respect to a weighted

inner product:

<£ > = (A1
£ £, Zk wix ) £L(x) £, (x), (A1)
where:
w(§k) #0 for k=1, ..., N
L iz = -
If zt(§k) is the value of the'field tha£ one wants to aﬁalysé, atAtimé t and

on the point X0 let us define:

zi(x) =z (%) . Yw(x) B " - (n2)
If one performs a normal EOF analysis on the z' fields, the result is a set of
eigenvectors gé (m =1, ..., N) and a corresponding set of time coefficients

C&t with the following properties:

L et etm) = 6, (33)
G = b epm 2Ll (a4)
L Che Che = Sun T (a5)

where Lm is the eigenvalue associated with Em'

If is sufficient to define:

e (x) =el(x) / l/w(g:_k) (n6)

at’1



in order to have the following properties verified:

<e r gn> = zk w(zk) em(gk) en(gk)A=
- lk em(zk) en(zk) B Gmn (A7)
Coe Tt 20> T L v o) = () =
= L enlm) 2lm) < O (8)

So, both the spatial orthogonality according to (A1) and the time

orthogonality (with the usual metrics) are satisfied. The total variance

the time coefficients will be equal to a weighted mean of the variance of 2,

in the individual points:

2 - 2
2m z1: Cmt zk wiz,) 2t z (%) (29)
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APPENDIX 2

Patterns of Eddy EOFs 1-17 and Zonal EOFs 1-5
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