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ABSTRACT

Low-frequency variability in the midlatitude winter circulation is investigated by computation
of power spectra from 16 winters of Northern Hemisphere (NH) NMC data and 4 winters of
Southern Hemisphere (SH) ECMWF data. Different techniques of partitioning the variance
are compared. The results for the two hemispheres are similar in that a substantial standing
variance with periods of 10 days and longer is found in both hemispheres. In the NH, this
strong standing variance spans wavenumbers 2 through 4, while in the SH, it is quite
prominent at wavenumber 3. The standing variance corresponds to wavenumbers exhibiting
bimodal probability density distributions. Interhemispheric differences center around much
stronger westward-traveling ultralong wave variance in the NH but stronger eastward
traveling intermediate wavenumber variance in the SH. These interhemispheric differences in
the traveling variance are likely an effect of the presence or absence of topographic forcing, as
suggested by earlier GCM experiments. This implies that the role of the stationary
topographic forcing is more significant for the traveling waves than for the standing waves. In
addition, composite power spectra for El Niifio, anti-El Nifio and non-El Nifio NH winters
were constructed. The results indicate that the warm equatorial sea surface temperature (SST)
anomalies of El Nifio are accompanied by a strong composite spectral peak at wavenumber 7
with 5-day period in the midlatitude power spectra. Examination of individual winters reveals
that this apparent difference does appear fairly consistently in all El Nifio winters, but some
control and anti-El Nifio winters exhibit similar peaks. The most consistent difference
between power spectra composed on the basis of SST anomalies is relatively stronger standing
variance in the anti-El Nifio composite and weak standing variance in the El Nifio composite.

1. Introduction

Traditionally, studies of the general circulation
have focused on the balance requirements of the
time averaged state of the atmosphere (e.g.,
Lorenz, 1967). Recently however, much attention
has been focused on the slowly varying com-
ponents of the circulation (e.g., Wallace and
Blackman, 1983). In general, this includes all
circulation features with time-scales longer than
that of synoptic scale cyclones. Study in this area
might crudely be separated between studies of
interannual (or interseasonal) variability and
intraseasonal variability. In either case, funda-
mental questions arise concerning the physical
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nature and origin of the observed variability.
The importance of boundary forcing, internal
dynamics and the potential coupling of these
sources of long period variability are important
issues.

In the present study, attention is focused on the
midlatitude winter circulation in both the North-
ern Hemisphere (NH) and Southern Hemisphere
(SH) by means of power spectrum analysis.
Numerous studies of large-scale, wavenumber-
frequency power spectra computed from obser-
vations and models may be found in the literature
(e.g., Pratt and Wallace, 1976; Fraedrich and
Bottger, 1978; Hayashi and Golder, 1977, 1983,
Speth and Madden, 1983; Mechoso et al., 1987;
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see Hayashi, 1982 for a thorough review). The
advantage of this tool is that it separates atmos-
pheric variability by space and time scale, thus
elucidating the regions of wavenumber-frequency
space characterizing the variance. A principal
drawback is that it presents continuous atmos-
pheric spectra in terms of discrete wavenumber
and frequency components. One of the motiv-
ations behind wavenumber-frequency analysis
has been the desire to partition the variance
associated with atmospheric fluctuations into
eastward propagating components, westward
propagating components, standing components
and noise introduced by errors in the obser-
vations (Deland, 1972). However, none of the
available techniques are capable of a complete
partitioning of the variance without numerous,
restrictive assumptions (Deland, 1972; Tsay,
1974; Pratt, 1976; Hayashi, 1977, 1979; Schafer,
1979; etc.). Nonetheless, by intercomparing the
results obtained from different methods and
being aware of the limitations of each, bounds
may be put on the various components of the
variance that provide useful information for
further investigation and understanding of the
general circulation.

In the present study, techniques developed by
Hayashi (1979), Schafer (1979), and an earlier
technique of Hayashi (1971) used by Fraedrich
and Bottger (1978) will be compared to identify
principal regions of strong variance in wave-
number-frequency space. Results for both the
NH and SH are computed and compared. Due
to interhemispheric differences in stationary
forcing, some limited conclusions can be drawn
concerning the role of topographic forcing, for
example, in the low wavenumber, low frequency
part of the spectrum.

Of particular interest is an area that has
received relatively little attention in the litera-
ture; that is, the relative strength of the standing
variance in midlatitudes. This topic has relevance
to the interpretation of recent observational
results on low frequency variability which indi-
cate bimodality in the combined amplitudes of
zonal wavenumbers 2, 3 and 4 (Sutera, 1986;
Hansen, 1986; Hansen and Sutera, 1986) in the
NH and at wavenumber 3 in the SH (Hansen and
Sutera, 1988). One theoretical framework for
explaining these observations involves a non-
linear mechanism which predicts standing vari-
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ance near these wavenumbers (e.g., Benzi et al.,
1986a, b). The emerging picture from this and
other studies is that topographic forcing may not
be fundamentally important in explaining the
standing variance or bimodality. On the other
hand, topography may play an important role in
effecting the traveling variance.

A separate issue related to interannual or
interseasonal variability centers around the ques-
tion of whether long period changes in boundary
conditions, such as the tropical Pacific sea
surface temperature (SST) anomalies of El Niiio
(Rasmussen and Carpenter, 1982) can influence
the circulation in midlatitudes in a consistent,
predictable way. Recent GCM studies (Mechoso
et al., 1987) have suggested that warm equatorial
Pacific SST anomalies associated with the El
Nifio/Southern Oscillation may act to enhance
high frequency, intermediate scale wave activity
(wave 6, 4 day period) in NH midlatitudes. We
explore whether any differences in power spectra
may be present in observations composited
between El Nifio winters, anti-El Nifio winters
(cold SST anomalies in the eastern tropical
Pacific) and control winters not exhibiting trop-
ical SST anomalies of either sign.

2. Spectral analysis techniques

As discussed by Hayashi (1979, 1982), the
observed total variance T in a given wavenumber
and frequency interval is composed of standing
variance (S), westward (W) and eastward (E)
traveling variance and noise (N) introduced
by errors in the data and the approximate
nature of the spectral estimates. Symbolically,
T=S+ E+ W+ N. Assumptions are necessary
to perform a partitioning of this variance and no
technique is capable of performing a complete
partitioning without resort to severe assumptions.

A study of NH midlatitudes by Fraedrich and
Bottger (1978) indicated a spectral peak in the
standing variance at wavenumber 3 and 20 day
period, along with peaks in the traveling variance
for wavenumbers 5-6 and 7-8 near 8 and 5 day
periods, respectively. However, subsequent re-
finements in power spectral techniques indicated
that the approach used by Fraedrich and Bottger
(i.e., that of Hayashi, 1971) will overestimate
(possibly severely) the standing variance. Travel-
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ing variance in their study was assumed to be
represented by the cosine-sine quadrature spec-
trum for each wavenumber with the remainder of
the total variance assigned to the standing waves.
However, the contribution of the noise to the
total variance is included with this residual stand-
ing variance. The noise can make significant
contributions to the total variance, particularly at
the lowest frequencies resolved by a lag corre-
lation method (e.g., Schafer, 1979).

Hayashi (1977, 1979, 1982) has developed an
improved technique for partitioning the total
variance between standing and traveling parts. A
progressive-retrogressive coherence is computed
(an extension of the usual cosine-sine coherence),
and it is assumed that:

(1) A time series can be partitioned between
traveling and standing components which are
incoherent with each other. This assumes that the
standing and traveling waves arise from different
physical causes.

(2) The standing component represents pro-
gressive and retrogressive components of the
same magnitude and coherent with each other.

(3) The traveling components are defined as
the progressive and retrogressive components
that are incoherent with each other.

Symbolically, this partitioning of the total vari-
ance may be expressed as T=E,+ W+ S,,
where the H subscript refers to the Hayashi
estimate of the components of the variance. In
this case, part of the traveling variance is due to
random noise that contributes equally to the
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progressive and retrogressive components of the
variance. That is, E,=E+iN and Wy=
W + 4 N. The result of this partitioning is illus-
trated in Fig. la (adapted from Hayashi, 1979,
1982). Thus, the traveling variance will be
overestimated (perhaps severely) at low fre-
quencies when observational data is used.

An alternate approach can be taken to par-
tition the wave components and noise com-
ponents of the variance by making a different set
of assumptions (Schafer, 1979; Hayashi, 1979).

(1) The cosine and sine components of the
wave disturbances are coherent with one another
(i.e., the components of the traveling and stand-
ing variance arise from the same source), and

(2) The noise is represented by cosine and sine
components that are of equal amplitude and
incoherent with one another.

Symbolically, the Schafer partitioning (denoted
by the S subscript) may be written as T=
Es+ Wg+ Ng. The eastward and westward
traveling variance isolated as distinct from the
noise by this technique will contain both the
actual traveling variance plus the standing vari-
ance as illustrated in Fig. 1b. That is, Eg= E + S
and W= W+31S. Thus, the strength of the
traveling variance may also be overestimated by
Schafer’s technique.

An upper bound for the standing variance may
be obtained from the equal amplitude parts of
the coherent variance. That is (Sg)ypperbound =
2 « min(E;, W). A pure standing wave is diag-
nosed by the Schafer technique as equal parts of

SCHAFER APPROACH

Fig. 1. Schematic representation of the partitioning of variance between eastward travefing (E), westward
traveling (W), standing (S) and noise (N) components for (a) the Hayashi (1979) approach and (b) the Schafer

(1979) approach (adapted from Hayashi, 1979, 1982).
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eastward and westward propagating variance.
Thus, if the eastward and westward variance are
of comparable amplitude, we have a necessary
condition for the existence of a large standing
component. It is not a sufficient condition,
however, because the flow could in principle shift
between pure eastward or pure westward propa-
gation that is coherent. (This can be verified with
synthetic data). On the other hand, if the east-
ward and westward variance are widely different
in magnitude, we would suspect that the standing
variance was relatively small.

It should be noted that in small samples both
the Hayashi and Schafer techniques will tend to
overestimate the coherence between eastward
and westward traveling variance and hence over-
estimate the standing variance.

Since all three methods discussed above are
describing the same variance, comparison of the
results from all three can lead to some insight.
We must keep in mind, however, that the
assumptions made in the different approaches are
not compatible so they can’t be compared directly
or quantitatively.

3. Approach and data

We will consider each of the 3 techniques dis-
cussed in the previous section to estimate power
spectra of the NH midlatitudes from 16 winters
of National Meteorological Center (NMC) 500
mb geopotential height data (1964-65 to 1979-80)
and of the SH midlatitudes from 4 SH winters of
European Centre for Medium Range Weather
Forecasts (ECMWF) 500 mb geopotential height
data (1980 to 1983). The NH winter season is
taken to be the 120-day period from 16 Novem-
ber-15 March of each year and the SH winter is
considered the 120 day period from 18 May to 14
September. The spectral estimates are computed
using a Tukey window with a maximum lag of 2!
days. The data are daily (0000 GMT) in both
datasets. Results for the resolved periods from 40
days to 2 days will be presented. The NMC data
were interpolated from the NMC octagon grid
onto.a 5° latitude-longitude grid. The ECMWF
data are on a 5.625° latitude-longitude grid.
Zonal wavenumbers | through 10 are considered.
We depart from previous studies in that we will
present results for geopotential heights averaged

across the 40° to 60° latitude zone in each
hemisphere. In this way, the average conditions
for midlatitudes are presented succinctly for easy
comparison. Changes in the spectra that occur as
a function of latitude will be noted where
appropriate.

4. Intraseasonal midlatitude variance

4.1. Northern hemisphere results

In this part of the study, emphasis is placed on
the low frequency, low wavenumber part of the
spectrum. Thus, we follow Fraedrich and Bottger
(1978) in presenting the spectral density results
on log-log diagrams. In order to make equal
areas on these diagrams represent equal variance,
the spectral densities are normalized by their
wavenumber and frequency. This procedure will
tend to emphasize spectral peaks in otherwise red
spectra.

The results for the Hayashi approach are pre-
sented in Fig. 2. For the propagating variance,
well known spectral peaks occur for the westward
propagating ultralong waves near 20 day period,
(e.g., Speth and Madden, 1983) and for the
eastward propagating waves near wavenumber 6
and 7 at roughly 5-day period (Fig. 2a). Note that
the ultralong wave peak occurs at wavenumber 2
instead of wavenumber 1 as, for example, in
Speth and Madden (1983) because of the noted
normalization. The westward propagating ultra-
long wave variance is relatively more prominent
at higher latitudes (not shown). The double
maxima in eastward traveling variance at higher
wavenumbers are similar to those discussed by
Fraedrich and Bottger (1978). The Hayashi esti-
mate of the standing variance (Fig. 2b) indicates
greatest power at wavenumbers 2 through 4 and
periods longer than 10 days. The standing vari-
ance in this diagram peaks at wavenumbers 3
and 4. The largest standing variance in Fig. 2b is
at wavenumber 4, 40 day period. However, at
individual latitude circles the peak standing vari-
ance shifts from wavenumber 4 to wavenumber 3
and finally to wavenumber 2 as latitude increases
poleward.

The present standing variance result is qualita-
tively in agreement with that of Fraedrich and
Bottger (1978) but the level of the standing
variance is substantially less in the present result.
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Fig. 2. Power spectral density for the NH winter 500 mb geopotential height averaged between 40°N and 60°N
determined by the Hayashi (1979) technique (a) for the westward and eastward traveling variance and (b) for the
standing variance. Units are m2, see text for discussion of normalization used in this and subsequent diagrams. The
contour interval in this and subsequent figures is 400 m? except where noted.

This is due to the inclusion of the noise com-
ponent with the standing variance estimate in
Fraedrich and Bottger’s technique as we will
show shortly. The standing variance in Fig. 2b
represents 30-40%, of the total variance at low
frequencies and low wavenumbers. However,
recall that the Hayashi technique includes the
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noise with the propagating variance so that
30-409, may be considered a lower bound to the
overall contribution of the standing variance to
the total variance (not including noise) for
wavenumber 24 at periods longer than 10 days.
In other parts of wavenumber—frequency space,
the standing contribution is relatively smaller,
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Fig. 3. Power spectral density for the NH winter 500 mb geopotential height averaged between 40°N and 60°N
determined by the Schafer method for (a) the traveling variance, and (b) the noise variance. Units are m2.

although contributions up to 30% of the total
occur at the lowest frequencies for wavenumbers
1-5.

Next, consider the power spectra obtained
from the Schafer (1979) approach (Fig. 3). The
Schafer estimate of the propagating variance
(Fig. 3a) is quite similar to that of Hayashi’s
except at low frequencies where the noise level
may have caused an overestimate by Hayashi’s

technique. The noise (Fig. 3b) is seen to make
substantial contributions to the total variance,
especially at wavenumbers 3 and 4 and also at
wavenumbers 2 and 5, for periods longer than 10
to 20 days. In fact, the noise represents over 509
of the total variance for wavenumbers 3, 4 and §
at periods longer than 10 days and over 30%, at
the lowest resolved frequency for all wave-
numbers less than 7.
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As noted earlier, the Schafer propagating vari-
ance estimate includes the contribution of the
standing variance. An upper bound on the stand-
ing variance can be estimated for this approach
at least in terms of order of magnitude by com-
paring twice the minimum of the coherent east-
ward and westward propagating variance as dis-
cussed earlier. This result is presented in Fig. 4.
The greatest power in the upper bound occurs at
wavenumbers 3 and 4 for periods longer than 10
days. The fraction of the total non-noise variance
represented by this upper bound is from 50-75%
for wavenumbers 3-5 and periods longer than 10
days. Thus, from a qualitative comparison of the
Hayashi and Schafer results, we may conclude
that the standing variance represents at least one
third and could be as much as 509 to 759 of the
total variance in the low-frequency - low-
wavenumber part of the spectrum. We have
performed a number of experiments using syn-
thetic data with specified spectral content plus
red and/or white noise to verify the order of
magnitude bounds provided by the techniques as
described above.

To verify the existence of the wavenumber 3
standing variance the longitude-time section of
the wavenumber 3 height for the winter of 1967-
68 is presented in Fig. 5 as an example. Note the
fluctuations in time of the wavenumber 3 height
while the phase remains predominantly fixed.
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Fig. 4. Upper bound on the NH winter standing vari-
ance obtained from the Schafer results. Units are in m?.
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Fig. 5. Longitude-time section of the 500 mb geo-
potential height of wavenumber 3 for the winter of
1967-68 (day 1 is 16 November and day 120 is 15
March). This diagram illustrates the superposition of
stationary, standing and traveling waves of all frequen-
cies for wavenumber 3.

This example is typical of other years as well, and
confirms the strong standing variance suggested
by power spectral analysis at this wavenumber.
For completeness, the results for the present
dataset obtained in the manner of Fraedrich and
Bottger (1978) were also computed. The total
(one-sided) propagating variance (not shown) is
in general agreement with other methods, but the
standing variance estimate (Fig. 6) is substan-
tially larger, as noted earlier. However, the
resemblance of this estimate to the Schafer noise
estimate (Fig. 3b) emphasizes the point that the
overestimate is due to the inclusion of the noise in
the standing variance estimate for this technique.
Nonetheless, the present results indicate that
Fraedrich and Béottger’s conclusions about the
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Fig. 6. Power spectral density of the NH winter stand-
ing variance determined from the technique used by
Fraedrich and Boéttger (1978). Units are m2. Note the
similarity to Fig. 3b.

importance of the standing variance, at least in a
qualitative sense, are substantially correct.

4.2. Southern hemisphere results

For comparison, it is interesting to briefly
consider the corresponding SH behavior. Pre-
vious studies of SH power spectra have been
presented by Mechoso and Hartman (1982) using
FGGE year data and Fraedrich and Kietzig
(1983) using South African Weather Bureau data.

The most prominent differences between the
hemispheres in terms of traveling variance (Fig.
7) are the much weaker westward propagating
variance at ultralong waves in the SH and the
extraordinarily strong spectral peak for eastward
propagating wavenumber 4 near 13 day period in
the SH. These features can also be seen in the sea
level pressure power spectra for 1979 discussed
by Mechoso and Hartman (1982) as well as in
500 mb data presented by Fraedrich and Kietzig
(1983). The value of the wavenumber 4 peak in
the SH is a factor of 5 larger than the
corresponding value in the NH, which means the
SH eastward propagating 13 day wave 4 variance
is a factor of 2 to 2.5 larger in amplitude than in
the NH. Features similar to the 4 winter mean
values in Fig. 7 are also present in each
individual winter results (not shown). As in the

NH, the Hayashi technique indicates greater low
wavenumber traveling variance than Schafer’s
technique.

The standing variance as estimated by the
Hayashi technique in the SH peaks at wave-
number 3. A substantial fraction of the total
variance at periods 20 days and longer at wave-
number 3 is attributable to standing fluctuations
(Fig. 8a). The standing fluctuations at and near
wavenumber 3 in the SH appear to be nearly as
intense as those in the NH. Less standing vari-
ance is apparent at wavenumbers 2 and 4,
however. The upperbound to the standing vari-
ance obtained from the Schafer approach (not
shown) is quite similar to the Hayashi result. The
SH noise level given by Schafer’s method shows
very large values near wavenumber 3 (Fig. 8b).
As in the NH, the standing variance appears to
represent a majority of the non-noise variance for
wavenumber 3.

Hayashi and Golder (1983) analyzed GCM
experiments with and without mountains and
found that ultralong-wave westward traveling
variance was somewhat decreased in the absence
of mountains and that eastward moving wave-
numbers 4-6 were markedly increased in the NH
in the absence of mountains. Interhemispheric
comparison of midlatitude observations from the
present and previous studies implies a similar
relationship. That is, strong westward propagat-
ing ultralong wave variance is present in the NH
with its large midlatitude topography, but in
the SH with its relatively small midlatitude
topography this ultralong wave variance is
substantially smaller. Similarly, much stronger
eastward traveling variance especially near
wavenumbers 4 and 5 is present in the SH
compared to the NH. Conversely, fairly strong
standing variance is inferred in both hemi-
spheres. Therefore, the réle of the topography in
the general circulation may be more significant
for the traveling large-scale waves (wave-
numbers < 5) than for the standing waves.

5. Signature of El Nifio in midlatitude power
spectra
Due to the highly nonlinear character of the

general circulation, it may be possible that
forcing applied at some particular space and time
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Fig. 7. Power spectral density of the SH winter 500 mb geopotential height averaged between 40°S—60°S for the
traveling variance determined by (a) the Hayashi (1979) approach, and (b) the Schafer (1979) approach. Units are
m2. In this figure the contour internal is 400 m? up to 2000 m? and then 1000 m?.

scale and at a particular location may induce a
response at a remote location at a different space
and time scale. This is the fundamental concept
behind the teleconnection hypothesis (Bjerknes,
1966, 1969). It is interesting to note that consider-
able interannual variability can occur in mid-
latitude power spectra, some of which may
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be related to external forcing. For example,
Mechoso et al. (1987), in the comparison of
control and El Nifio SST anomaly GCM experi-
ments, found a spectral peak at eastward travel-
ing wavenumber 6 with 4-day period in their
anomaly experiment that was absent in the
control experiment. They attributed this effect to
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an earlier onset of medium scale activity in their
simulated El Nifio winter compared to the
control simulation. Interannual variability can be
found in the observed spectral peak of the NH
eastward propagating wavenumber 7 at 5-day
period shown in Fig. 2a or 3a. To compare with
Mechoso et al.’s GCM results, power spectra of
500 mb height averaged from 40°N to 60°N
composited from the 4 El Nifio winters in the
present dataset (1965-66, 1969-70, 1972-73 and
1976-77; Rasmussen and Carpenter, 1982;
Livezey and Mo, 1987) are compared to that from
9 control winters which were characterized by
neither El Nifio nor anti-El Niiio (e.g., Held and
Kang, 1987) characteristics. These are 196667,
1967-68, 1968-69, 1971-72, 1974-75, 1975-76,
1977-78, 1978-79, 1979-80. The El Niiio years
correspond to warm SST anomalies and the anti-
El Nifio years to cold SST anomalies in the
equatorial Pacific.

The most striking contrast between the two
composites is the strong spectral peak at 5-day
period for wavenumber 7 in the El Nifio com-
posite and its absence in the control composite
(Fig. 9), a result similar to that of Mechoso et al.’s
GCM experiment. The power in the El Nifio
peak is over 509, greater than during the control
winters. When individual winters are examined
(not shown), the 4 El Nifio winters all exhibit
spectral peaks of varying amplitude near wave 7,
5 day period, the most prominent being in 1972-
73 and 1965-66. However, several of the other
winters (1967-68, 1968-69, 1971-72, 1973-74,
1975-76) also have peaks in this region of the
spectrum. Thus, the wave 7, 5-day period peak is
not unique to the El Nifio winters.

As an independent test of the hypothesis that
El Nifio winters exhibit enhanced high frequency
eddy activity, the power spectra for the NH
winters of 1980-81 through 1983-84 were com-
puted from ECMWF data. The strongest spectral
peak near wave 7 at 5-day period in these four
winters occurred in 1980-81, not in the El Nifio
winter of 1982-83. 1982-83 exhibits strongest
power in eastward propagating variance in the
position of the eastward traveling peak in the
composite of the 9 NMC control winters (Fig. 10)
with an amplitude more similar to that in the
anti-El Nifio sample (Fig. 9¢c). Thus, the possible
effect of El Nifio on midlatitude high frequency
eddies is not clearly evident in all cases.

Tellus 41A (1989), 5

1982-83 EASTWARD

'0 i A 1 1
9 =
8 -
7 -
5 -
5 -
4 |
3

WAVENUMBER

1 . — -

40 20 10 5 3 2
PER1OD (DAYS)

Fig. 10. Power spectral density of the eastward propa-
gating waves for the 1982-83 NH winter 500 mb
geopotential height averaged between 40°N and 60°N.
Units are m?2.

We also observe that very large interannual
variability occurs for westward traveling variance
with peak power changing by up to a factor of 4
between extreme winters (not shown). This large
interannual variability bears no apparent re-
lationship to the eastern tropical Pacific SST,
however, because winters with strong and weak
westward traveling variance occur in all of our 3
composites.

Finally, comparing the standing variance for
the El Nifio, control and anti-El Nifio composites
revealed a systematic difference. The standing
variance in the anti-El Nifio composite is up to a
factor of 2 greater in much of the spectrum
compared to the El Nifio composite (Fig. 11).
This difference occurs systematically in each of
the individual winters in the two composites with
the anti-El Nifio winters exhibiting consistently
strong standing variance. However, the two
winters with the strongest standing variance
(1966-67 and 1967-68) are found in the control
composite whereas the other 7 winters in the
control sample are generally similar to the El
Nifio composite leading to a control composite
whose standing variance is midway between the
El Nifio and anti-El Nifio composites.
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Fig. 11. Power spectral density of the standing variance for the NH winter 500 mb geopotential height averaged
between 40°N and 60°N determined by the Hayashi method for (a) the 4 winter El Nifio composite, (b) the 3
winter anti-El Nifio composite, and (c) the 9 winter control composite. Units are m2.

6. Summary and conclusion

Three techniques for power spectral analysis
developed by Hayashi (1979), Schafer (1979) and
Hayashi (1971) were used and compared to
explore the level of standing variance in the
midiatitude circulation as well as examine
interhemispheric differences in the partition of
the power spectra. The analysis considered 16
winters of NH data and 4 winters of SH data.
Significant standing variance for zonal wave-

numbers 2, 3 and 4 at periods 10 to 40 days is
indicated in the NH. Strong standing variance at
wavenumber 3 is indicated in the SH. It is
interesting to note that the regions of the
wavenumber spectrum with the largest standing
variance correspond to the range of wave-
numbers that have been noted to exhibit bimodal
amplitude probability density distributions in
both hemispheres (Sutera, 1986; Hansen, 1986;
Hansen and Sutera, 1986, 1988). The implication
is that these two factors are related and that
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theories of low frequency variability must
account for both. The fact that roughly
comparable standing variance exists in both
hemispheres suggests that the mechanism respon-
sible for this variance is not strongly connected to
the stationary forcing provided by topography.

On the other hand, marked differences
between the hemispheres in the spectra of
the traveling variance are indicated. The NH
exhibits much stronger westward traveling ultra-
long wave variance than the SH while the SH has
much stronger eastward traveling variance near
wavenumber 4 at 13-day period than does the
NH. This result is consistent with earlier studies,
and GCM results suggest that the presence in the
NH and absence in the SH of strong midlatitude
topographic forcing can explain these interhemi-
spheric differences. Thus, topography may play a
more important rdle in effecting traveling vari-
ance than it does for the standing variance.

In addition, the signature on midlatitude power
spectra of the tropical Pacific boundary forcing
provided by El Nifio and anti-El Nifio SST
anomalies was investigated. A spectral peak
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centered at wavenumber 7 at 5-day period is
present in the composite E! Nifio spectrum com-
pared to the composite control spectrum. How-
ever, this peak did not occur in the 1982-83 El
Nifio winter and strong peaks near wavenumber
7 at 5-day period are not unique to El Nifio
winters. A more systematic difference is observed
between the relatively strong standing variance in
midlatitudes in the 3 anti-El Nifio winters com-
pared to relatively weak standing variance in the
El Nifio sample. Overall, though, the influence of
equatorial Pacific SST anomalies on midlatitude
traveling and standing waves is not unequivocal.
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