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On the latitudinal oscillations of the northeast
Atlantic annual mean polar frontal zone

A. MOENE
The Norwegian Meteorological Institute, Oslo

Moene, A. On the latitudinal oscillations of the northeast Atlantic annual - .
mean polar frontal zone. Geophysica Norvegica, Vol. 32, No. 2, pp. 15-21, 1981. ..

An index based on the result of the latitudinal oscillations of the northeast
Atlantic annual mean polar frontal zone is introduced. The power. spectrum
of the index time series is a significant red spectrum at low frequencies with
the indication of a spectral peak near a period length of 25-30 years. Due to
the resemblance between the given index spectrum and the variance spect-
rum of the sea surface temperature annual anomalies in the North Atlantic
area, the sea surface temperature anomaly is introduced as a climate varia-
bility. The power spectrim of the sea surface temperature anomaly coincides
with the spectrum of small inertia oscillations caused by the great heat capa-
city of the oceans. The inertia oscillations are explained by white noise
atmospheric forcing,

A. Moene, Norwegian Meteorological Institute, P.O. Box 320 Blindern, Oslo, Norway.

L. INTRODUCTION

The latitudinal oscillations of the north-
east Atlantic polar frontal zone have a
decisive influence on the weather above
Northwest Europe. The oscillations take
place on different time scales; daily,
monthly, seasonal, and annual latitudinal
oscillations can be observed. Greater
climate variations observed in Northwest

Europe are caused by the oscillations of

the annual mean polar frontal zone; this
latter type of oscillation will therefore be
discussed. The nature of the oscillations is
examined for a long period of years. The
examination is- based partly on daily
synoptic charts and on annual mean
surface pressure charts as given by
Deutscher Wetterdienst (1949-1978). The
westerlies appearing in annual mean
surface pressure charts are in the mean
zone of the polar frontal migrating cyclo-

nes, and consequently the westerlies coin-
cide with the annual mean polar frontal
Zone. B

The oscillations of the easterly part of
the annual mean polar frontal zone take
place between two characteristic locations.
"The first location is in an easterly direction
from the Atlantic towards the continent
which is invaded by the mean polar frontal
zone between approximately 50 and 60
degrees north.

The second locationis in a northeasterly
direction from the Atlantic towards the
continent, which in this latter case is
invaded by the mean polar frontal zone
between 60 and 70 degrees north. The
significant oscillations of the annual mean
easterly part of the polar frontal zone thus
take place between the two characteristic
locations, and result in significant weather -
changes in the given areas.
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2. INDEX OF THE OSCILLATIONS OF THE -

ANNUAL POLAR FRONTAL ZONE

Examples of indicators of the oscillations
of the annual mean polar frontal zone
are given in Fig. 1, which illustrates the

deviations from annual normal runoff of -

two important hydro-electric power-pro-
ducing rivers in Norway.

The river A, Namsen, is located in
central Norway, about 65 degrees north
with a precipitation catchment area of

about 6000 km? formed mainly by the

westerly slope of the mountains. The river
B, Glomma, is located in southeast Norway
between 59 and 63 degrees north with a
precipitation catchment area of about
40,000 km? formed by the east and south-
east slope of the mountains.

The annual mean water runoff of the
northerly located river Namsen depends
on a northerly location of the polar fron-

tal zone; this results'im frequent passages .

of cyclones and a high frequency of

- winds with west components giving mari-

time weather conditions with increased
amounis of precipitation and air humidity

~ content. Greater than normal runoff of the

river Namsen thus depends on a northerly
location of the polar frontal zone to-
gether with the westerlies. In the case of
a northerly location between 60 and 70
degrees north of the polar frontal zone and
the westerlies, the north-south orientated
mountain chain in- South Norway in-
volves a precipitation shadow on the
catchment area of the southerly river
Glomma. Below normal runoff of the
river Glomma is therefore observed in the
case of a northerly location of the polar
frontal zone. A southerly location, bet-
ween 50 and 60 degrees north of the
annual mean polar frontal zone, results In
a higher frequency of easterly and south-
casterly components of the surface winds

above Norway and above normal -pre-
cipitation amounts in the catchment -
areas of the river Glomma. Greater than
normal runoff of the river Glomma is
therefore observed in the case of a souther-
ly location of the polar frontal zone.

The predominant easterly winds north
of the southerly located polar frontal zone
result in a dryer continental type of cli-
mate in the catchment area of the river

" Namsen. -

In Fig. | the cumulative deviations from

normal runoff are given by I (k-1),
- 1

. I . )
where k == —, r is annual runoff and r,,
m

is normal runoff (historical mean). 7
It appears from Fig. 1 that the signifi-
cant large scale oscillations take place

~with a phase difference of 180 degrees.

This reflects the latitudinal oscillations of
the polar frontal zone together with the
westerlies. Due to the simultancous re-
verse oscillations of the cumulative sum _
of deviations from normal runoff from the
two given rivers, we have thus obtajned a
numerical index characterizing the lati-
tudinal oscillations of the annual mean
polar frontal zone. '

3. ON THE SPECTRAL POWER ESTIMATES

The 'shape of power spectrum estimates
provides useful insight into the physical
processes of climate variations. A uniform
distribution of variahce as a function of
frequency, white noise, would imply a lack
of memory of prior states. A red spectrum
in which the variance decreases with in-
creasing frequency implies that some
portion of the atmosphere-ocean-cryos-
phere system remains a memory of prior
states, undoubtedly through thermal lag

‘or phase change. Finally, the existence of a

pronounced peak in the variance spectrum
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Fig. 1. The cumulative sum of deviations £ (k—1} is given, where k = -

r is annual runoff, ry, mormal runoff (historical mean). Part A illustrates the sum for river Namsen located
in Gentral Norway with a precipitation maximum in the case of a northerly location of the annual polar
frontal zone. Part'B illustates the sum for the river Glomma located in southeast Norway with a pre-
cipitation maximum in the case of southerly location of the annual polar frontal zone. T :
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Fig. 2. Power spectrum estimates of the index given in Fig. 1, part A.

would imply some external forcing of the
system and/or an internal resonance or
interaction mechanism. A computer pro-
gram calculating the autovariance and
power spectrum estimates is applied to the
two times series of the cumulative sum of
deviations from normal runoff given in
Fig. 1. The program, which is given by
Dixon (1965) and Jenkins and Watts
(1968), also calculates the cross-variance,
cross-spectrum, and amplitude and phase
of the cross-spectrum. The power spectrum
estimates of the time series A is given in
‘Fig. 2.

It may be generally stated from Fig. 2
that the latitudinal oscillations of the
annual mean polar frontal zone repre-
sented by the time series given in Fig. 1
are characterized by a red power spect-
rum at low frequencies with a probable
spectral peak near a period length of
25-30 years. -

4, THEORY

Hasselmann (1976) has introduced a
stochastic model of climate variability in
which slow changes of climate are ex-
plained as the integral response of climate

to continuous random excitation by shorter

time scale disturbances. Hasselmann and
Herterich (1977) have applied this model
to a simplified atmospheric and oceanic
system. In this system, sea surface tem-
perature (SST) changes are produced by
white noise atmospheric forcing. This
input is assumed to be balanced by a
negative linear feedback representing a
power spectrum of SST-anomaly of the
form

| '
w?-A2 1)
where w is the radian frequency, 4 is the
constant linear feedback factor, and A the
constant white noise spectrum.

The E-spectrum given by eq. (1) repre-
sents the spectrum of small inertia oscilla-
tions about a state“of equilibrium. The
inertia is ascribed to the great heat capa-~
city of the ocean.

Fig. 3 shows the power spectrum of
observed anomaly of the SST of the N
Pacific and the belonging power spectrum
of the surface atmospheric pressure ano-
maly, after Davis (1976).

The SST anomaly reprcsents the cli-
mate variability, and the surface atmos-

Elw) =




R.DAVIS [1975)
N. Pacific first
orlhogonal mode dela

power

suriace pressure

relative

-

4
frequency (cycles /year)

Fig. 3. The power spectra of the anomalies of the

SST and the sea surface pressure of the atmosphere.

The full curve represents the E-spectrum of the

small inertia oscillations caused by the great heat

capacity of the Pacific ocean.

pheric pressure the white noise spectrum
given in the eq. (1), i. e. the white noise
input, ‘
The power spectrum E defined in eq.
(1) is also given in Fig. 3, and it appears
that the spectra of E and SST nearly
coincide. The low frequency oscillations
of the SST anomaly may then be regarded
as small inertia oscillations due to the
great heat capacity of the ocean.
The importance of small inertia oscilla-

tions is also evident from the theoretical -

stochastic models introduced by Lemke
(1977). According to Lemke, it is sufficient
to represent the ocean by an upper ther-
mal mixing homogenous top-layer in the
case of shorter time series. For longer time
series, the model, which is based on the
principle of energy balance, also includes
the deeper layer of the ocean with upwell-
ing. The computed theoretical power
spectra which are valid for 55 degrees N
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latitude of the oceans show the dominat-
ing influence of the E-spectrum given by
eq. (1) on the SST-spectrum down to fre-
quencies between 10-! and 10-2 cycles

per year. Lemke introduces into his model

a second inertia parameter due to the

snowcover, which prevents an increase to

infinity of the power estimates at very low ..

frequencies, below 10-2 cycles per year.

5. SPECTRAL ANALYSIS OF NORTH
ATLANTIC TIME SERIES

J. Bjerknes (1962) has published long -

time series of annual SST anomalies in
the N Atlantic region around the longi-
tude 27.5 degrees W and near to the

latitudes 61.5, 57.5, 52.5, 47.5, 42.5, and

37.5 degrees N,

The computed power spectrum esti-
mates of these time series are all red
spectra at low frequencies. The spectrum
representing 52.5 degrees N is given in
Fig. 4 and it appears that this spectrum
has a peak near the frequency value of the
spectral peak given in Fig. 2. The other
SST spectra demonstrate spectral peaks at

lower frequencies. ' -

It appears from Fig. 4 that the long
time series of the annual anomalies of the
sea level atmospheric pressure for the

- Icelandic area presented by Bjerknes

(1962) is characterized by a white noise
power spectrum. .

In Fig. 4 the inertia E-spectrum is also
given by the broken curve representing
®~?, where w is the radian frequency. It
appears that the w~2 .spectrum and the
SST-spectrum=-nearly coincide down to
frequencies of about 0.04 cycles per year.
Introduction of appropriate values for the
constants A and 4 in eq. (1) would result

in even better fitting of the E-spectrum to

the SST-spectrum.
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Fig. 4. The power spectra of the anomalies of the SST near to 52.5 degrees N and 27.5 W and the sca
surface pressure of the atmosphere in the Icelandic area based on the long time series . given by Bjerknes
(1962). The unit of the pressure spectral estimates is (mb.)? per cycle. The incrtia E-spectrum is given by

the broken curve representing —2, where @ is the radian irequency. .

6. CONCLUSIONS

Comparisons between the power -spect-
rum of the index given in Fig. 2 and the
power spectrum representing the SST
anomaly in Fig. 4 show near identical
shape of .the spectra characterized by a
spectral peak approximately at the same
frequency corresponding to a period length

of 25-30 years. It seems therefore that

there are strong reasons for the conclusion
that the latitudinal oscillations of the
northeast part of the annual mean polar
frontal zone are the result of the climate
variability represented by the small ther-
mal inertia oscillations caused by the great
heat capacity of the Atlantic ocean.

The inertia oscillations can be explained
by the white noise atmospheric forcing
input. |

1t also appears by comparison between

 the long SST anomaly series presented by

Bjerknes for 52.5 degrees N and 27.5W,
and the index given in Fig.' I, that a north-.
east orientation of the annual mean polar
frontal zone from the Atlantic towards the
European continent between 60 and 70
degrees N implies negative SST-anomalies,
while an easterly orientation towards the
continent between 50 and 60 degrees N
implies positive SST anomalies™at the

given Atlantic ocean area. SR
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Influence of the interplanetary magnetic field on the
earth’s magnetic field observed at Ny-Alesund

SVERRE ALBRIGTSEN, STEINAR BERGER AND ASGEIR BREKKE
The Auroral Observatory, Tromse, Norway

Albrigtsen, S. ,.Berger, S. and Brekke, A. Influence of the interplanetary
magnetic field on the earth’s magnetic field observed at Ny~Alesund, Geo-
physica Norvegica, Vol. 32, No. 2, pp. 23-28. 1981. '

Data obtained by groundbased magnetometers at Ny-Alesund, Svalbard,
have been used to investigate the influence of the Interplanctary Magnetic
Field (IMF) on the earth’s magnetic ficld for two periods, summer and
winter 1974, An effect of the IMF is found in the H-component in summer in
the following way: The H-component is more positive in days when the
interplanetary magnetic field is directed away from the sun than on days
when it is directed towards the sun, Smaller effects occur in the 7- and D- |
components; in particular the D-component is much reduced in the mér-

ning hours between 0600 and 1200 UT when the interplanetary magnetic
field is directed away from the sun on disturbed days. During winter time no
effects of the IMF can be observed in the magnetic field at Ny-Alesund. The
results are in good agreement with similar results obtained by Friis-Chris-

tensen (1971).

S. Albrigtsen, 8. Berger and A. Brekke, The Auroral Observatory, Um’vefsi;y af
Tromss, P.O. Box 953, N-9001 Tromsa, Norway.

From magnetometer observations in
Greenland obtained at Godhavn and
Thule .at about 79.9 and 89.0 degrees
geomagnetic latitude respectively, Sval-
gaard (1968) found that the H-component
at Godhavn-in the middle of the day was
shifted towards lower values during days
when the IMF (The Interplanetary Mag-
netic Field) was directed towards the sun
in comparison with the values measured
on days when it was directed away from

the sun. This was later confirmed by

Mansurov (1969). Likewise the Z-compo-
nent at Thule was found to behave diffe-
rently on days when the IMF was directed
away as compared to days when it was
directed towards the sun. These were the
first indications that effects of variations
in the interplanetary magnetic field can
be observed from the ground.

On the maps shown in Fig. 1, the posi-

tions of Godhavn (G), Thule (T), and N y-
Alesund (NA) are indicated relative to
the auroral oval at 6. different times of
day. It is clear from this that Ny-Alesund
stays in the polar cap during a shorter time
interval than any of the other two stations.
Ny-Alesund will on the average be inside
the polar cap between 15 and 03 UT,
and in or slightly south of the auroral oval
for the rest of the day. :
The relatively mild climate at Svalbard
has in modern times made this group of
islands an attractive platform for several
auroral expeditions. During recent years
we have experienced an upswing in this
interest. In particular, research has been -
focused on the behaviour of the polar cap
aurora in contrast to the behaviour of the
aurora at lower latitudes. It is evident
that the geomagnetic field-configuration
plays an important part in this differentia-
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Fig. 1. Maps of the Arctic region where Ny-Alesund, Godhavn, and Thule are indicated. The position of
the auroral oval is also drawn for different times of day. (After Akasofu, 1968.)
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tion. Since this configuration appears to-

be so strongly related to IMF, it should be
of interest to investigate the particular
influence by IMF on the geomagnetic
field in the Svalbard area.

It is, then, the intention of this report to
investigate the possibility of observing
these effects from the magnetic field obser-
vatory at Ny-Alesund, Svalbard (75.6
degrees, geomagnetic latitude),

The magnetic observatory in Ny-Ale-
sund has bee in regular operation since the
autumn of 1966, supplying daily variations
in the H, D, and Z components of the geo-
magnetic field. The absolute values of the
threc components are also obtained on a
regular basis. In this work we have chosen
data from 1974 to investigate the influence
of the interplanetary magnetic field at this

latitude. The definition of a quiet day is.

Influence of the interplanetary magnetic field ,25

Fig. 2. (a, b, c) Daily mean values for July 1974 of
the D, Z, and H components obtained for very
quict (Q.Q ), quiet (Q ) and disturbed (D) days in
Ny-Alesund The data are also grouped according’

to the direction of the interplanetary magnetic field -
(IMF). A means away from the sun and T towards. -

the sun.

extremely difficult as irregular variations
are almost always present in the magneto-.
meter recordings. :

- We have chosen, however, to use the
quietest days in January, February, and
March to establish an average quiet day .

curve. It is impossible to establish a

quiet day during the summer in Ny-
Alesund because the irregular variations
are very large even on the most quiescent
days; we have therefere used the quiet day
mean value obtained from the 3 first
months of the year also for summer days.

By the use of this quiet day curve we
have derived the hourly mean deviation of
all 3 components for all days in January
and July 1974.

We have chosen to group the data in
several different categories. First of all we

- have grouped the data according to. the
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Fig. 3. Daily mean values for July 1974 of the
H-component observed in Ny-Alesund. The data
are grouped in disturbed and very quiet days
according to the direction of the interplanetary
magnetic field. A mecans away from the sun and T
means towards the sun.

polarity of the interplanetary magnetic
field as obtained from the World Data
Center. Secondly we have grouped the
data according to the internationally
selected and tabulated very quiet days
(QQ-days), quiet days (Q-days), and
disturbed days (D-days). Note that the
internationally QQ-days are not neces-
sarily the same days chosen as quiet days
in this work.

In Figs. 2 a—c we present the hourly
mean deviation from the quiet day curve
in the D, Z, and H components respective-
ly for July 1974. In the upper panel of each
figure the mean values for the QQ,Q ;and
D days respectively are given on days
when the interplanetary magnetic field is
directed away from the sun (A-days) and
in the bottom panel the corresponding
~ days for the days when the IMF is directed
towards the sun (T-days).

There are small differences between the
curves for QQ- and Q-days in all three
components and irrespective of the direc-
tion of IMF. There is a marked difference,
however, in the D-component for distur-
bed days on days when the IMF is directed
away from the sun compared to disturbed
days on days when the IMF is directed
towards the sun. On disturbed T-days the

D-component goes through a large east-
ward deviation of more than one and a half-

degrees between 0200 and 1200 UT. On
disturbed A-days, however, the D-com-
ponent goes through a full oscillation
during this period, the amplitude being
about one half of a degree. -After midday
on disturbed A-days, the D-component
oscillates westward, reaching a maximum-
amplitude of about one degree at about
2000 UT. On disturbed T-days, however,
the D-component is also westward bet-
ween 1200 and 0200 UT but the westward
deviation is not significantly different
from the behaviour on the other T-days. -
There is a significant difference in the
behaviour of the H-component on dis-
turbed A- and T-days. On disturbed A-
days the H-component goes through a
fairly strong diurnal variation, being:
about 200y positive at about 0900 UT and
about 130y negative at about 1500 UT.
On disturbed T-days the H-component is
hardly positive and the oscillation am--
plitude is about 70p. The variability in
the H-component also appears to be larger
on Q- and QQ-days when the IMF is
directed away from the sun than on days
when it is directed towards the sun.
There are also differences in the Z-
component between disturbed A- and 'T-
days, but these are less significant than the
differences in the two other components.
In Fig. 3 the daily mean variations in
the H-component for July 1974 are shown

H NY-ALESUND 1974 JANUARY

QG-DAYS A
QQ-DAYS T ———

el D-DAVS A ~—ree

0-DAYS T —mimmm

o y 0600 1200 20 . Ay
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Fig. 4. As for Figure 3 except the time is January
1974.



{ L 1
0,5 6,5 12,5 18,5

]
. 23,5 ur
H GODHAVN 1368 SUMMER -

Fig. 5. The daily mean values for July 1968 of the
H-component observed at Godhavn by Friis-
Christensen (1971). The labels are as follows:
(1) A-sector Q-days
(2) A-sector D-days
(3) T-sector Q-days
(4) T-sector D-days.

for very quiet (QQ) and disturbed (D)
days and grouped with respect to the
direction of the IMF. Both for very quiet
and disturbed days there is a tendency for
the H-component to be more positive on
days when the IMF is away from the sun
compared to days when the IMF is towards
the sun.

In Fig. 4 the diurnal mean values of the
H-component for January 1974 in DD- and
Q-days are shown; these values are
grouped with respect to the direction of the
IMF. The fluctuations on the January
days are, as already mentioned, much less
than on the July days, and in particu-
lar the variations in the QQ-days are very
small. For the D-days there are not enough
data to complete the diurnal mean curve,
but from the data present between 0000
and 1200 UT on these days there are no

Influence of the interplanetary magnetic field 77

significant differences between days when _
the IMF is directed towards the sun with -
respect to days when it is directed away
from the sun. ' '

CONCLUSION

We have presented data for the mean_
diurnal variation in the geomagnetic
field at Ny-Alesund which show that the -
D- and H- component on magnetically
disturbed days behave differently in sum-
mer on days when the IMF is directed

away from the sun than on days when it is

directed towards the sun. In particular the
H-component before noon on disturbed
days is very strongly positively directed
when the IMF is directed away from the
sun, and is small and mainly negatively
directed in the same period for disturbed
days when the IMF is directed towards
the sun. In winter this difference appears

not to be present. One can therefore infer _

that according to these data the differen-
ces in the geomagnetic field configuration
due to the IMF will be of little impor-
tance to the behaviour of the optical
midday aurora at Svalbard.

The H-component in general is also
more positive in summer at any time of
day when the IMF is directed away from’
the sun compared to days when it is direc-
ted towards the sun, irrespective of
whether there are quiet or disturbed con-
ditions. -

"This result is in full agreement with the
results obtained for July 1968 by Friis-
Christensen (1971) from Godhavn, Green-
land and repzoduced here in Fig. 5. In

‘general the H-component at Godhavn is

also more positively directed on days when
the IMF is directed away from the.sun
compared to days when it is directed to-
wards the sun,

A E T el e o e e P e 0
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- It is therefore to be concluded that, in
summer, effects of the IMF on the geo-
magnetic field at Ny-Alesund (76.5° N,
invariant latitude) can be observed by
groundbased magnetometers. In winter
such differences do not appear to be
observable.
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Spectral analysis techniques of geophysical data:

On the performance of periodogram and maximum

entropy method
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Two independent techni

ques used in spectral analysis of geophysical data,

the conventional periodogram and the maximum entropy method (or auto-
regressive spectral estimator), are applied to synthetic data (harmonic pro-
cesses plus white noise and autoregressive processes) and to Pi2 micropulsa-
tion data, and the results are compared in an attempt to evaluate the method -
performance and identify any limitations. A number of factors (c.g. noise
level, length of data sequence, complexity of spectrum) are considered and
their effect on the spectral estimates is investigated. These experiments re-
vealed an inherent difficulty in estimating the proper relative intensities of
the spectral components by the maximum entropy technique, even though
their location’is estimated correctly. In general, the results suggest that there
is no strong reason why the maximum entropy method should be preferred
to the periodogram, at least for long data sequences.

C. 1. Haldoupis, Institute
Oslo 3, Norway. Present
Crete, Greece. _

1. INTRODUCTION

Spectral analysis of discrete data sequences
plays a central role in data analysis and
interpretation. Various methods for esti-
mating the power spectrum of a physical
data sequence are known and widely used
(e.g., see Childers (1978} for an updated
collection of reprints). These methods
have various but not necessarily the same
advantages as well as drawbacks, and
therefore must be used with care.
Among the conventional techniques of
spectral analysis, the periodogram is quite
popular today (partly because of the high

computational efficiency of fast Fourier.

transform (FFT) used for the calculation
of the discrete Fourier transform) and has
found extensive application, as a standard
spectral technique, in computerized Fou-

¥
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rier analyser systems used in differenit
fields of research. This technique is be-
lieved to give reliable spectra for long data
samples of quasi-stationary physical pro-
cesses. However, there are limitations (c.g.
poor frequency resolution) when it comes
to analysing short sequences.

In the last ten years several new me-
thods have been developed to estimate .
spectra with increaséd frequency resolu-

-tion. The most successful, the so-called

maximum entropy method (MEM), is
based on linear prediction filtering, and is
equivalent tq, least-squares fitting of a
discrete autoregressive process to the
available data.

Since the periodogram and MEM are
two completely different methods of spec-
tral analysis, agreement between their
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results strongly supports the reliability of
the computed estimate. On the other
hand, disagreement raises questions about
the effectiveness of either method or both.
Consequently, testing of these techniques
on synthetic data with approximately
known spectrum may be particularly
useful. Useful conclusions can also be
reached by applying both methods on the
same data sequence and comparing the
“resulting estimates.

The purpose of this paper is to present
the results of testing the periodogram and
maximum entropy analyses on synthetic
data (various harmonic processes with
additive gaussian noise and autoregressive
processes) and on Pi2 micropulsation data,
in an attempt to identify advantages and
disadvantages, and to point out any
inherent limitations which, from the ana-

lyst’s point of view, may be of considerable
importance. Before presenting any results

some basic material on both the periodo-
gram and maximum entropy methods
follows.

2. THE PERIODOGRAM METHOD

Generally, the periodogram wuses the

squared magnitude of the discrete Fourier
transform (DFT) of the ‘windowed’ data
sequence as a power spectral estimate. If
{X(t); t=0,1,.. .sN—1;At} is a discrete
physical data sequence (N = number of
samples, At = sampling interval, T =
NAt = period), its power density as a
function of frequency {called power den-
sity spectrum or power spectrum) is cal-
culated from the equation

P(nAf) = [F(nAt WBT =
At N1

| E X (iAt) exp ( —j2znAfiAt) {2, (1)
n = 0,1,...,(1\1 — 12

where Af = 1/T, and F(nAf) is the D¥T
which is computed by the FFT algorithm. -

This representation of the power spectrum
is called the ‘raw’ Fourier periodogram
(e.g: see Bringham et al. 1967). In com-
puting the spectrum from Eq. (1) it is
assumed that the sampled function X(t)
in the interval (0,T) is periodic with
period T. This assumption is made whether
or not X(t) is actually periodic.
Unfortunately, the spectrum computed
by Eg. (1) is not the true spectrum. It can
be shown that it is the result of convolution
in the frequency domain of the true
spectrum and the spectrum of a unit-
amplitude square pulse equal in length to
the period T. This may lead to spurious
peaks in the resulting spectrum through
‘sidelobe leakage’ effects. To reduce

leakage we truncate the data sequence by -

multiplying by an appropriate normalized
window function W({t); this is known as

‘tapering’. The effect of tapering can also
be accomplished by convolution in the-

frequency domain.

When tapering is applied before com-
putmg the DFT (e.g. in the time domain) -
the resulting spectrum is the ‘modified’
periodogram, which is not to be confused
with, and cannot be. obtained as, the
result of smoothing the raw periodogram.
By truncating the data sequence we get
more reliable amplitude information at the
expense of less precise frequency resolu-
tion., The problem=-of choosing the best.
window function is not a trivial one, since
requirements of good resolution and spec-
trum stability must be traded against each
other, especially when the length of data
is limited (Blackman and Tukey 1958}.
A general purpose window is defined as

[l{l — cos(2at/T)}, 0< t <T (2)
: , otherwise,

W(t} =
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and is referred to as interval-centred

Hanning window.

3. THE MAXIMUM ENTROPY METHOD
Here we shall present briefly some basic
features of MEM (for a thorough treat-
ment of the subject see Ulrych and Bishop
(1975) and the references cited therein).

In MEM, contrary to the conventional.

techniques, no assumptions are made
concerning the data outside the sampled
interval. In principle, the MEM provides
a procedure by which reliable predictions
can be made outside the data interval.
This is important, because thereby the
length of the record is increased, which in
turn leads to a spectral estimate with
increased frequency resolution.

The term ‘maximum entropy’ appeared
in the original work by Burg (1967) and is
related to the concept of statistical defini-
tion of entropy as it is used in information
theory. The MEM has been shown (Van
den Bos 1971) to be equivalent to com-
puting the spectral estimate from the
power spectrum of an autoregiessive pro-
cess (AR), which is fitted to the available
data by a least squares method.

The meaning of autoregression is pre-
diction. An AR process is one for which
the sample at one time, X,, is derived
from previous values according to the
linear equation

X—a1Xt1+32Xt2+ -+
A X iem T 2o (3)

where a, are constants called the AR
coefficients and a, are samples of a gaus-

sian random process with zero mean and

variance ¢2. The number of terms, m, is

called the order of the AR process. The

power spectrum of an AR process, which

has been sampled with a sampling 1nterva1
At, is determined by the equation

2a2At

Si) = |1 — Zaexp(— j2xfiAt)?
=1

f < 1/2A¢. @

Therefore, the power spectrum of a data
sequence is calculated by choosing that
AR process which best describes the avail-
able data.

The procedure of fitting an AR process
in the data is often described as. the
selection of a suitable predlctlon error
filter. Rewriting Eq. (3) a

A, = X, — 2381 — 2Xjop —e.e. —
anXiom (3 -

fneans that if the sequence X, is filtered
with an m-point (a,,a,,. .., a,) AR filter,
the output is the prediction error sequence
a, (a random gaussian variable). In the
prediction crror filter, which is presented
chematlcally in Figure 1, the predlctcd

value Xt is subtracted from. the actual
input X, to produce an output error
sequence o

etht“ﬁt':X't 233}4115'- (6)

i=
assumed to be white noise. In practical
estimates we compute the error filter
coefficients, a,, and the variance, % for a.
chosen filter length m, by fninimizing the

total squared error s,? = E e of the
t=1

filter output. The spectral estimate is then

Xt 7 Ct

Prediction Filter
(a-ltaz!'-'l am)

Figure 1. Autoregressive error filter.
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computed by using Eq. (4). There are
two main approaches for estimating the
AR coetficients. The first (Yule-Walker
estimates) requires prior computation of
the autocovariance function while the
second (Burg estimates) does not. For
details about these two approaches and a
comparison of their results see Ulrych and
Bishop (1975).

The above procedure does not lead to
a completely unique spectrum because it
is necessary to decide what order m of the
AR filter should be used. Akaike (1970)
introduced a criterion for determining the
optimum order m called the final pre-
diction error (FPE). The FPE is composed
of two error contributions: the first is due
to the unpredictable part of the process
(i.e. the noise) and the second due to
inaccuracies in estimating the AR coeffi-

cients. In general, the first contribution

decreases with increasing order m but at
the same time the errors in the AR coef-
ficients become larger, tending to increase
the FPE. According to Akaike, the appro-
priate order to be used in the spectral
computations is the one for which the
FPE is minimum. The FPE is computed
from the following equation

N4 (m+ 1)

FPD) = =) P ()

where N is the number of data points and
P, is the minimum residual sum of
squared errors (i:e. the minimum value of
Sm”). The ones in the numerator and de-
nominator must be dropped if the mean
has not been removed from the data.
Another criterion for optimum order se-
lection proposed by Parzen (1974) leads
to similar results as shown by Landers and
Lacoss (1976).

The performance of the order selection
criteria is not. always satisfactory and

depends upon the noise present in the data
(for example, see Landers and Lacoss
1976). According to Alam (1977), the role
of the filter order m has to do with the
assumption that the output of the AR
filter, e, must be white noise, which

usually is not true for small m. Ulrych and

Bishop (1975) suggest use of the order m
that corresponds to the first local mini-
mum of the FPE rather than that for the
absolute minimum; they add, however,
that this would severely underestimate the
required order for more nearly periodic .
data. In conclusion, it appears that the
problem of selecting the appropriate order-
of the AR process (or the length of the
prediction filter) is not yet solved.

4, NUMERICAL RESULTS

In the computations, before performing
spectral analysis, a DC-block filter was
used to subtract the mean in the data. .
The interval-centred Hanning . window
(e.g- Eq. (2)) was applied in the periodo--
gram (or. FFT) method to eliminate sharp -
discontinuities at the ends of the time
record in order to reduce leakage effects

in the spectrum. The MEM subroutine

used to compute the AR coefficients was
based on the recursive procedure by
Andersen (1974). The noise used in the
generation of synthetic data -sequences
was produced by means of using an algo-
rithm given by Otnes and Enochson
(1978). - |
Synthetic data. The periodogram and ME
techniques were used to compute the
spectra of various discrete time sequences .
produced by the superposition of sinusoids
and gaussian noise. First we present a
simple case. Figure 2a shows normalized
power spectra related to a relatively long
sequence (by ‘long’ we mean that the
signal period is quite a few times less than

[
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Figure 2. Periodogram and MEM power spectra
of a 64-point time sequence sampled from Eq. (8).

Figure 2b shows the associated FPE criterion as a -

function of the order m of the AR process.

the length of the sequence) of a sine wave
plus noise

X; = 100 cos(2n fi At + ¢) + n;,
i=12,..., N, (8)

where the sampling interval At was set
equal to 20 s (Nyquist frequency is

25 mHz), f=15 mHz, ¢ =0° and
signal-to-noise ratio (SNR) 18 dB. The
first top spectrum is computed by means
of the FFT (periodogram) method. The
position of the sinewave frequency is
accurate, but the peak is broad chiefly
because of the limited length of the data
sample. The rest of the spectra are com- .
puted by MEM for different AR orders m .
shown in the upper right corner of each
figure. It is interesting to see that the
MEM spectral estimate remains stable for
a wide range of orders. The variation of
the FPE criterion with m is shown in
Figure 2b. Notice that the spectrum for

- m = 38, at which the FPE has its mini-

mum (according to the theory, this is the
optimum AR "order), has some small
spurious peaks. :
Generally, from experiments with har-
monic processes plus noise, it has been
found that there is spurious detail ap-
pearing in the spectrum after a certain

“order m which depends upon the noise -

level, the phase of the harmonics and the
complexity of the spectrum. For simple
harmonic processes and moderate noise
levels (less than about 50%,), this critical
order occurs at about half the number of
points. This result agrees with the sug-
gestion made by Ulrych and Bishop (1975)
that a cutoff of approximately m = N/2
must be imposed when the FPE is esti-
mated using the Burg method. The same
authors have also suggested using in the
spectral computations that order m at
which the first local FPE minimum takes
place. Our results suggest that this is not
really necessary, because almost always
the spectruml remains fairly stable for
quite a few orders higher than the first
minimum of the FPE curve.

Next we consider a relatively short data
sequence. For such short sequence the
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Figure 3. Figure 3a shows the periodograms and
MEM spectral estimates of a short 8-point sequence
sampled from Eq (8) for three different initial
phases p. The solid line spectra correspond to
¢ = 0°% the *-solid ones to @ = 60° and the
dashed-line spectra to ¢ = 160°. The effect of the
initial phase on the FPE is shown in Figure 3b.

MEM can provide a better estimate, in
terms of frequency resolution, compared
to the broad periodogram; however, the
position of the spectral peak may be

somewhat uncertain depending upon the
initial phase of the sinusoid. -

The spectra in Figure 3a correspond to
an 8-point data sequence sampled from
Eq. (8) for the same frequency and SNR
as before. In Figure 3a there are three
different sets of spectra, corresponding to
three initial phases ¢, superimposed for
comparison. The perpendicular solid line
at 15 mHz indicates the position of the
sinewave frequency. Inspection of this
figure shows: 1) the MEM estimate is
superior in frequency resolution compared
to periodogram, 2) the MEM spectra are
subject to peak-shifting depending upon -
the initial phase, 3) the shift in frequency
differs for different orders m. It should
also be mentioned that no ‘line-splitting’

- (e-g., see Fougere 1977) was observed for

the moderate noise levels used here.
Similar tests on longer sequences sug-
gest that the effect of the initial phase on

the location of the spectral peak is less’
important. Chen and Stegen (1974) have -

found, by varying the initial phase con-
tinuously from 0 to 360°, that the fre-
quency shift follows a sinusoidal variation
whose amplitude decreases with increasing
sample length. The initial phase has also
an effect on the FPE as shown in Figure 3b.

For more complex harmonic processes
it was found that the estimation of the
correct spectrum using MEM involves
some degree of difficulty. The main pro-

blem is not in the accurate location of the

position of the spectral peaks but in the
estimation of the correct intensities of the
peaks. On the other hand, the FFT
method provides reliable estimates for
long sequences while for short ones the
main drawback is the poor frequency re-
solution. It was found that for relatively
long data sequences the MEM locates the
peak position quite accurately (error less

v



Performance of periodogram and maximum entrohy methods 35

than 59%) when the order of the AR
process is in the range from about N/5 to
2N/5 where the first FPE minimum al-
most always occurs. This range expands
towards higher orders for lower noise
levels and shorter data samples. When
m =~ N/b the resulting estimate is usually
broad and/or resolves some of the existing
peaks. For higher orders (especially when
m > N/2) there is peak-shifting, and spu-
rious detail occurs in the spectrum; this
effect is accentuated at higher noise levels.
To illustrate some of the above results
‘we present a limited number of examples
here. The next two figures correspond to
two different sequences sampled from the
following harmonic process plus noise

X; = 100 cos(2nfiAt + ¢) +
50 cos(2nfyiAt) + n;, 1= 1,2,...,N.  (9)

Figure 4a shows spectral estimates for
@ == 60° and 309, noise level (the noise
level is defined as the ratio of rms value
of noise to rms value of signal}. The first
spectrum from top is the periodogram,
which has two relatively broad peaks
centred at 15 and 5 mHz with relative
power ratio of about 4 to 1. The dashed
lines in the same figure indicate the posi-
tion and relative intensities of the two
spectral lines in accordance with Eq. (9).
The rest of the spectra are MEM estimates

for different orders shown in the upper
right corner of each figure. Notice that

use of a low order does not expose both
spectral peaks (e.g. m = 4)}. On the other
hand, when m is in the range from about
10 to 25, the peaks are located accurately
(e.g. see spectra for m == 13, 22) but their
relative intensities are in error. When
m > 25 there is peak-shifting and spurious
peaks appear in the spectrum: The FPE,
shown in Figure 4b, has its first minimum
at m = 13 and its absolute minimum at

t_a)i '

o
n
o
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0.00 6.20 1240 18.60 24.80
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Figure 4. Figure 4a shows FFT and MEM spectra
of a 64-point (T = 1280 s) sequence of 2 sine-
waves plus noise sampled from Eq. (9). The
relative phase is ¢ = 60°. The FPE criterion as a
function of order m is shown in Figure 4b.

m = 58; the spectrum computed for the
last order (shown in Figure 4a) is un-
realistic. The results of experiments with
harmonics plus noise suggest that, in



Log FPE

8 ¢ I Haldoupis

FFT

M
(a)

P.S.D.

T A 1
i .20 12 P 18.60 24.80
, mHz
o
°< .
L =]
b=
- {b)
N |
[ =]
2
T T 1
.00 1.60 3.20 .80 6.40 10
o _

Figure 5. This figure should be compared with
Figure 4. The purpose is to show the effect of the
relative phase of the harmonics on the correspond-
ing spectra, Here again the time sequence is
sampled from Eq. (9) with all the parameters kept
the same as in Figure 4 except for the relative
phase; here ¢ = 160°.

general, the FPE exhibits a sudden de-
crease up to a first local minimum and
tHen increases gradually up to an order

where it starts fluctuating; the absolute

minimum occurs almost always at a higher
order. The results show that the MEM
estimate remains fairly stable (especially
the location of the peaks) for the values of
m corresponding to the gradually and
smoothly increasing portion of FPE-
curve. This suggests that-a more stable.
spectrum could be obtained by averaging
various estimates computed for different
m ranging from N/5 to 2N/5.

Figure 5 depicts a similar situation as .
Figure 4, where all parameters are kept
the same except for the relative phase,
which has changed to ¢ = 160°. Com-
parison of the two figures shows that:
1) there is no significant change in the
periodogram, 2) there are some minor
changes in the detailed form of the FPE-_
curve, but the order where the first mini-

. mum occurs remains the same and 3) the

change in phase has introduced a con-
siderable degree of variability in the MEM
spectral estimates, especially on the rela— :
tive peak intensities. -
The examples that follow are from a
more complicated harmonic process, .
which is comprised of an amplitude mo-

dulated wave, a sinewave and addltlve o

noise, defined by the equation

X; = 60(1 + cos(2ni,iAt))cos(2niiAt) +
50 cos (2nf;iAt + @) + n,,
i=19...N.

A number of MEM spectra are shown in
Figure 6, corresponding to data sequences
sampled from Eq. (10) for ‘At = 20 s,
f. = 8 mHz, I, = 4 mHz, and f; ==
18 mHz. Comparison of every spectrum -
in Figure 6 with the known one (first
from top) shows good agreement with
respect to the peak location and spectral -
width, but the relative intensities are in
error. Figure 6a illustrates the effect of the.
relative phase of the harmonics on the

(10)
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Figure 6. MEM spectra for various 64-point sequences sampled from Eq. (10) for different relative
phases ¢. The only difference between Figure 6a and 6b is in the noise level. Notice that there is an
effect of ¢ and noise level on the specira {especially on the peak intensities).

computed spectra. These spectra corre-
spond to time sequences generated from
Eq. (10) for different phase ¢ (shown in
the upper right corner) but for the same
noise level (2~ 139%). Figure 6b depicts a
similar situation as Figure 6a but the
noise level is higher (=~ 18%,). Compari-
son of these figures shows clearly that for
the case of harmonic processes plus mo-
derate noise levels, the MEM estimate
could depend on both the noise level and
the phase of the harmonics. The main
effect of these two factors appears to be
on the relative peak amplitudes rather

than on the peak location. It should be
mentioned that for the computation of
MEM spectra shown in Figure 6 we used

the order suggested by the first FPE

minimum. -

From experiments with short data se-
quences it was found that the MEM gives
superior frequency resolution and locates
the peaks accurately only if the data
sample is sufficiently long. The problem
is particularly acute when analysing wave-
forms with relatively complex spectrum.
It has been found that if the sequence is
shorter than a critical length, the MEM
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Figure 7. Results of MEM spectral analysis for short data sequences suggest that, especially for wave-
forms with complex spectrum, the length of sequence has an effect on the resulting spectum. All spectra
correspond to time sequences sampled from Eq. (10} for the same phase (p = 30°) and noise level
(12%). Figure 7a, 7b, and 7c correspond to 8-, 10-, and 16-point sequences respectively. The dotted

lines indicate the true spectium.

gives unreliable estimates. Since the result
depends on various factors (e.g. noise
level, phase of harmonics) in a rather
unpredictable manner, it is difficult to
decide what is the criticalsminimum data
length-required for analysis; experience
shows that it depends also on the com-
plexity of the waveform.

Chen and Stegen (1974) have shown

that the length of a data sample causes
shifts in the peak location which gradually
decline as the sequence length increases;
their experiments were based on the
simplified model of a sinusoid plus noise.
Our results suggest that for more complex
harmonic processes, the errors introduced
in the spectrum are more serious and
affect all the spectral characteristics (posi-
tion, amplitude, spectral width) of each
peak to a different extent. In addition to
the above conclusions it was found that
the number of terms of the filter (i.e. the

order m) has a great influence on the
quality of the spectrum. While for long-
sequences. the most appropriate order m
(usually suggested by the first FPE mini-
mumy) lies well below N/2, for short se-
quences it is usually above N/2 (for short
sequences when using m < N/2 the re-
sulting estimate is rather broad, having
poor frequency resolution). To illustrate
some of the above conclusions, we present
Figure 7 which shows MEM spectra for
various orders m corresponding to three
different, relatively, short, data lengths
sampled from the same harmonic process
given by Eq. (10).

Testing of the performance of both
methods has also been carried out on
synthetic data generated from AR pro-
cesses. Details are discussed in a report by
Haldoupis (1980). Here some of the re-

sults are presented in brief, For short data

samples of AR processes, the MEM esti-
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mate is more reliable as compared to the
broad periodogram, but some degree of
ambiguity exists due to uncertainty in
choosing the appropriate order m. The
FPE criterion is of limited usefulness be-
cause in most cases the FPE curve de-
creases monotonically. Experience shows
that for short sequences at least an order
m = N/2 should be used. From experi-
ments with long AR sequences, it was

found that both methods locate the peak

position accurately but that the relative
peak intensities differ. The appropriate
order m is approximately confined in the
range from that m where the first FPE
minimum occurs to about m = N/3. The
periodogram was found to have consider-
able structure while the MEM estimate
computed for various orders is always
smoothed.

Micropulsation data. In the case of real
data (here Pi2 pulsation data are used),
we do not know the true spectrum in order
to test the computed spectra. However, it
is worth comparing the FFT and MEM
estimates since they are computed using
two different techniques, so that agrec-
ment constitutes strong evidence that they
represent the true spectrum (this compar-
ison, of course, makes more sense for long
sequences for which both techniques pro-
vide comparable resolution). Another
factor, especially useful when we deal
with short sequences, is the stability of
the MEM spectra for different AR orders
m; according to experiments with syn-
thetic data, a stable MEM spectrum is
most likely the true spectral estimate.

First we considered a large number of
relatively long sequences of Pi2 data and
computed MEM spectra for diflerent
orders m. In most of the cases the FPE
curve exhibits a well-defined minimum
for an order m ranging from N/10 to N/5.

The spectrum computed for the order

suggested by the FPE minimum is a -

rather broad smoothed spectrum. The
results suggest that the most appropriate
order that can be used in spectral compu-
tations is in the range from N/5 to N/3.
For these orders, the computed spectra
exhibit better frequency resolution than -
the one corresponding to the FPE mini- -
mum, and show little variation with re-
spect to their spectral characteristics, On
the other hand, when m is greater than
N/3 various peaks appear in a random
manner in the spectrum and spectra for
successive orders have significant differ-
ences. The degree of agreement between
the FFT and MEM estimates is poor and
varies for different data samples. Usually,
there is only a general resemblance but
the spectra differ considerably in detail.
The differences are more serious for the
relative intensities and widths: of the
spectral peaks and less important for the
location of the peaks. Also it is true to
say that in general the MEM estimates
are smoothed as compared to the more
structured periodograms. -

Some of the above conclusions are
illustrated in Figure 8 where the FFT and
various MEM spectra are shown for 4
different Pi2 pulsation sequences. Notice
the poor agreement between the FFT and
MEM estimates especially in Figures 8a
and 8c. The ME spectrum corresponding
to the order suggested by the FPE mini-
mum (shown only for the three cases) is
rather broad and smoothed as compared
to the FFT spectrum. Inspection of these
figures shows that there is always a diffi-
culty in choosing the correct order AR
process that fits the data.

Contrary to long sequences, the MEM
results are promising when this method is
applied on short time sequences. The
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stability of the estimates for various orders
is fairly good especially when there is one
predominant peak in the spectrum. This
is illustrated in Figure 9 where spectra
from 4 different short data samples are
shown. The first spectrum from top is the
FFT and the rest are MEM spectra for
orders ranging from m =2 to m = 6.
The latter are relatively stable and con-
sistent especially when m =4, 5, and
m == 6. The results from a large number
of short data segments suggest that m
should be at least equal to N/2. The
superiority of MEM, as compared to the
periodogram method, in terms of fre-
quency resolution is clearly illustrated in
Figure 9. However, even for short se-
quences, the MEM estimate for a partic-
ular order can be in doubt. Our ex-
perience shows that the stability of the
MEM spectrum for different orders m
depends on the particular data sample
under analysis. It was found that in a
limited number of short sequences, there
is variability in the MEM spectrum even
for successive orders. This is most likely to
occur when there are two or more spectral
peaks in a short data sample.

5. CONCLUDING REMARKS

The primary purpose of this paper was to
compare the results of the conventional
periodogram and of the maximum entropy
method of spectral analysis on synthetic
and real data in order to evaluate the
performance of those two spectral tech-
nigues.

The periodogram, as expected, gave
good spectral estimates’ for long data

samples; the main problem is the poor

frequency resolution for short data seg-
ments. The results of MEM were found in
general to be superior in terms of fre-
quency resolution, as has been pointed out

by many others, but this does not mean
necessarily that this method can lead to a
completely accurate spectrum. The MEM
exhibits different degrees of sensitivity for
different spectral characteristics. For ex-
ample, from experiments with harmonics
plus noise it was found that in many cases
the frequency location and spectral width -
of the peaks can be estimated accurately, -
but that the amplitude of the peaks may
be in error. The latter can be a serious
limitation of the technique and, to our
knowledge, has not been given appro-
priate attention in the literature.

The choice of order of the AR process,
which can be important especially for
waveforms with complex spectrum, always
involves a degree of uncertainty. The re-
sults suggest that the FPE criterion pro-
vides some guidance but not explicit
solutions. It was found from experiments
with relatively long synthetic data se-
quences that a substantial range of orders
(from about m == N/5 to 2N/5) exists that
may yield a reasonably good spectrum.
For such cases, it was suggested. that a
more stable MEM estimate may be ob-
tained by averaging a number of spectra
corresponding to different orders lying in
the above range. Comparison of periodo-
grams and MEM spectra for long seg-
ments of Pi2 data shows only general
agreement and suggests that the FPE
criterion underestimates the optimum
order of the AR process that fits the data.
For short sequences the FPE is of limited
usefulness and an order at least equal to
half the number of data points must be
used.

The MEM performance depends on
how well the AR process fits the available
data. The goodness of fit, which can be
influenced from unpredictable factors such
as the noise level, the initial phase of the
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Figure 9. A series of FFT and MEM spectra for 4 different
pulsation data. The stability of the MEM estimates for dif
spectrum. These examples emphasize the

periodogram for short data segments.

short 8-point (160 s} samples of Pi2 micro-
ferent orders supports the reliability of the
superior frequency resolution of MEM spectrum over the



Performance of periodogram and maximum entropy methods — 43.

harmonics, and the compexity of the
spectrum, depends on the particular data
segment under analysis. Therefore; in
view of the inherent limitations of MEM
which emerge from the fact that it is
strongly data dependent, this technique
must be used with care. In any case, there
is no strong reason why itis to be preferred
to the periodogram, at least for long

sequences. For short sequences, the per-

formance of MEM is more successful and
this technique can yield a good spectral
estimate for most of the cases, but not
always. Even for short sequences, there
are factors (e.g. selection of optimum
order, length of sequence, complexity of
spectrum) which can lead to a false
spectrum. However, overall it can be
stated that the MEM is preferable to the
‘periodogram method when one deals with
limited data segments.
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