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ABSTRACT 
Spectral peaks in the range of 1 to 5 weeks are computed from the empirical orthogonal 
functions of the 500 mb geopotential height, 1946-79. The maximum entropy method is 
employed. The problems of the method are discussed. A number of peaks are found. Tentative 
explanations in terms of various Rossby modes may be offered as follows: 16, 5 and 4.5-4 day 
peaks as symmetric modes, 9 and 7 day peaks as antisymmetric modes and the 2.5 day peak as a 
Rossby-gravity mode. No explanation for 3, 6, 12 and approximately 30-day peaks are 
proposed. The 30-day peak is often the most dominant peak in the spectra in which it occurs. 

1. Introduction 

Deland (1965) and Eliassen and Machenhauer 
(1969) computed the phase velocities of Rossby 
modes. They studied the amplitudes of the spherical 
harmonics computed from analyses of the 500 mb 
geopotential height. The latter authors found quite 
a good agreement with their theoretical com- 
putations (cf. Dikii and Golitsyn, 1968). Obser- 
vations of travelling Rossby waves up to the 1980’s 
have been comprehensively reviewed in Madden 
(1  979). The recent theoretical results take into 
account the variation of the mean field. Kasahara 
(1980) varied the basic zonal flow. Salby (198 la, b) 
included realistic vertical and meridional mean 
wind variations when estimating the uncertainty of 
eigenfrequencies. He concluded that “several initial 
modes for the first few wavenumbers should be 
both realizable and identifiable in typical con- 
ditions”. Further, “the response of the Rossby 
modes will necessarily be suppressed and diffused 
beyond identification for sufficiently large zonal 
and meridional wavenumbers”. 

Prior to the 1970’s, “practically every period 
from 3 to 40 days has been reported”, as can be 
concluded from Table 4 in Madden (1979). During 
the 1970’s, the 5-day (e.g. Madden and Julian, 
1972) and 16-day (e.g. Madden, 1978) waves were 
found in the troposphere in many connections. 
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Otherwise spectral studies tended to discuss only 
the general features of the spectra. In his detailed 
study of 500 mb spectra, Willson (1975) mentions 
no peak periods. Blackmon (1976) describes only 
the periods of 5 and 15 days in the extratropical 
areas. Schafer (1979) finds the largest amplitudes 
of the zonal waves m = 1 and m = 2 at periods of 5 
and 18 days. At lower latitudes, the westward 
moving 5-day wave with the zonal wavenumber 
m = 2 is split into two parts having periods near 
10 and 4 days. In addition, Fraedrich and Bottger 
(1978) found spectral peaks at 20-30 days in the 
stationary ultralong waves and at 10 and 4-6 days 
in the eastward propagating long waves. McGuirk 
and Reiter (1976) and Webster and Keller 
(Southern Hemisphere) (1975) have identified a 
vacillation at about 24 days in hemispheric-scale 
energy parameters. Other tropospheric periods in 
the range of a few weeks are rarely discussed in 
recent literature. 

Up to now, the strongest observational evidence 
in the troposphere has been mainly related to 16- 
and 5-day waves. These correspond to the sym- 
metric modes that are identifiable in typical 
conditions, in terms of Salby (1981b). Both 
theoretical and observational work is based on the 
Rossby modes or on the normal modes of the 
prediction equations. Usually the modes include no 
climatological information (an exception are the 



324 J.  RINNE A N D  A.  SARKANEN 

vertical part of modes in Bradley and Wien-Nielsen 
(1968)). They are derived from models which are 
linearized with respect to a single basic flow and 
which have no forcing terms that are important on 
the climatological time scale. In contrast to that, 
the empirical orthogonal functions (EOF) are 
derived from observations. Particularly the low- 
indexed EOFs explain most of the variance in the 
longer periods (Rinne and Sarkanen, 1983a). Thus 
the spectral analysis of EOF components can give 
another viewpoint for the existence of oscillations 
on the time scale of a few weeks. 

The aim of the present study was to list all of the 
peaks for the 500 mb geopotential height, as found 
in the range of 1-5 weeks in the spectra of the 
EOFs. Because the number of peaks is large, a 
detailed study of them has to be done in other 
connections. Similarly, the seasonal variation can- 
not be taken into account. In the present paper, our 
main interest is to find the peaks. Their signifi- 
cance is studied only from the point of view of their 
recurrence. A peak is considered more significant if 
it is found in many (all) subsamples and in many 
EOFs. 

In the spectral analysis, we will apply the 
maximum entropy method (MEM). The correct 
determination of the filter length, or resolution, is 
difficult. Because we have divided our time series 
into four subsamples, it is possible to compare the 
results of filter lengths in different samples and 
study the significance of the spectral results. Thus, 
besides the peak lists, we will present some 
comments on the behaviour of the MEM. 

(National Meteorological Center) analyses. This 
independent data consist of 10,017 analyses. 

The total variance of the 11,876 analyses 
mentioned is 25,175 m2. The leading components 
up to N = 1. 10, 100 and 175 explain 57.7, 79.0, 
98.7 and 99.5 % of the total variance, respectively. 

The time series of coefficients Cy(f) are divided 
into four parts that partly overlap: 1946-55, 
1955-62, 1962-70 and 1966-79. Note, that in all 
samples we apply the same EOFs, which are 
initially determined from a very large sample. The 
FNWC and NMC series do not together form 
stationary time series. A comparison of the 
NMC-FNWC analyses for the overlapping period 
showed some disagreement and so they have been 
investigated separately. Data values are given twice 
a day, at 00 and 12 GMT, except during the period 
1946-55, when only once a day, at 12 GMT. The 
missing coefficients are interpolated linearly. 

Except for the first component, no prewhitening 
or detrending were applied. Experiments with 
high-pass filters suppressing cycles longer than two 
months were made. The use of such filters did not 
change the results at shorter periods. In the case of 
the first component it was necessary to remove the 
dominant annual and semiannual cycles. 

3. The spectral method and computations 

According to the maximum entropy method 
(MEM), the spectral density is found from 

2. The data 

The main data consist of 14,672 FNWC (Fleet 
Numerical Weather Center) analyses of the 500 mb 
height for the 25-year period 1946-70. The mean 
field and the EOF functions are computed using 
11,876 analyses of the 500 mb geopotential height 
(Rinne et al., 1981). The data are given in the 
FNWC grid, a total of 1404 points north of 20’ N. 
The way in which the present functions are 
determined and the representativeness of the 
functions are discussed in Rime and Karhila 
(1979) and in Rinne and Jarvenoja (1979), respec- 
tively. The coefficients are also computed for the 
years 1966-79 using the same functions and NMC 

Here M ,  Pu+, and coefficients y j  have first to be 
determined, The Nyquist frequency isf, and At is 
the uniform sampling interval. 

The method is essentially based on the use of the 
prediction error filter (Peacock and Treitel, 1969). 
The variance of the prediction error is given by 
Put ,. Parameters y j  ( j  = 1, . . ., M )  are coefficients 
of the prediction equation. The parameter M 
determines the oldest observation ( t  - M A t )  that 
can be used in order to predict forward ( t  + At). 
Thus it measures the length of the “memory” of the 
time series. 

The coefficients y j  and the parameter Put, are 
determined as presented by Burg (1967, 1968) and 
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Fig. I .  Five versions of the spectrum of the 8th component. The values of parameter M are (a) 245, (b) 35 (full line) 
and 64 (dotted line). (c) 120. Case (c) seems to be closest to the classical spectrum computed with the Parzen window 
(d). Computed from the time series of the years 1962-70. 

Table 1. The Jilter lengths of some EOFs in 
dflerent samples; the EOF index is v.  

Sample 
~~ 

I' 1946-55 1955-62 1962-70 1966-79 

I 50 44 64 77 
2 I I  30 16 22 
3 12 25 44 41 
4 28 44 46 61  
8 4 43 64 73 
9 10 46 36 54 

10 3 20 17 27 
12 2 18 57 65 
20 8 50 61  62 
28 3 21 4 0  75 
4 0  6 16 22 48 
65-170 7-1 5-2 9- 1 34-2 

used in, for instance, Smylie et al. (1973). The filter 
length is determined from the Akaike criterion 
(1969a. b), which is called the final prediction error 
criterion (FPE): 

L + M + l  

L - M - I  (FPE), = P M ,  

where L is the number of observations and M is the 
filter length. The larger M is, the more details there 
are in the spectra (cf. Figs. la-lc). The optimum 
value of M is the one minimizing the FPE. The 
degrees of freedom in the resulting spectra (Fig. lb,  
M = 64) are clearly higher than in the classical 
spectra (Fig. Id compares with Fig. Ic, where M = 
120, cf. Appendix). Problems of the MEM are 
presented in more detail in the Appendix. 

The spectra of the coefficient series have been 
computed for samples 1946-55, 1955-62, 1962- 
70 and 1966-79. The components v = 1 , 2 , .  . ., 29, 
30, 35, 40, . . .* 170 have been studied. Values of 
the parameter M are listed for some components in 
Table 1. Differences between adjacent components 
are due partly to analysis errors and partly to 
physical differences. The memory length increases 
when data become better. The memory length tends 
to become shorter with increasing component 
number, except for the short filters of some 
components like v = 2 and v = 10. Von Storch and 
Fischer (1983) used a value of M which is 4 of the 
length of the time series. In our case, the filter 
length is a function of the E O F  index. The M values 
clearly show that the time series of E O F  com- 
ponents differ in character. 
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Fig. 2. The spectral density of the 5 0 0  mb geopotential 
height (m' year) as a function of EOF index and 
frequency. There is no pre-whitening, i.e., the yearly 
oscillation is included. The point in the lower left corner 
corresponds to over 10,OOO m' year. Computed from the 
time series of the years 1962-70. 

The spectral density is highest at small index 
components and for long periods (Fig. 2). The 
density distribution has the form of red noise on 
which smaller deviations (peaks) are super- 
imposed. An exception is the first component which 
has its main variance in the yearly oscillation. The 
other samples show a similar structure. 

4. The peaks 

The spectral peaks are determined from all four 
samples. The significance of the peaks can be 
studied by comparing the results of different 
samples. Most of the spectra of the sample 
1946-55 are too smooth, so that normally only 
three samples can be compared. 

The location and intensity of the peaks are 
determined by subtracting the background 
spectrum from the main spectrum. Thus the 
assumption of the structure of the background 
spectrum may have an effect on the results. That 
assumption is discussed in Rinne and Sarkanen 
(1983a), where a general red form for the back- 
ground spectra is derived. An example is shown in 
Fig. 3. Because the background spectrum is an 
estimate, some values in Fig. 3 are slightly negative. 
This does not prevent the identification of peaks (cf. 
Appendix). 

In the case of the low-indexed components (up to 
about v = 50), indications of distinct peaks were 
observed. The high-indexed components usually 

1 ioI-l- 30 6 0  90 

FREQUENCY I C Y  YR- ' )  
Fig. 3. The original spectrum (thick upper line), back- 
ground spectrum (thin line) and their difference (thick 
lower line) of the 8th function. Computed from the time 
series of the years 1962-70. 

have only one or two broad peaks. The peaks are 
listed in Tables 2-5. In most cases the peaks are 
required to  be present in all three samples 
(exceptions are the peaks at about f = 40 cpy 
(cycles per year) and f = 14 cpy). The main peaks 
are indicated with an asterisk. The types of spectra 
observed have been grouped as follows: 
0. The first component. 
1. One single well-identified peak in the spectrum. 
2. A number of peaks, the main peak being at 

3. A number of peaks, the main peak(s) being at 
f - 12 cpy. 

f - 20 cpy. 
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Table 2. Peak frequencies of the components with 
a single peak 

Table 4. A s  Table 3, but for  components with the 
main peak at 20 cpy 

Sample 

V 1945-55 1955-62 1962-70 1966-70 

2 23 22 24 21 
3 20 21 22 16 

10 - 23 22 22 
4 - 21 15 18 

Unit: cycles per year: u is the EOF index. 

Table 3. Peak frequencies of components with the 
main peak at 12 cpy 

v Sample Peaks(cpy) 

5 1955-62 I I *  30 50 
1962-70 15' 32 58 
1966-79 14. 29 45 60 

6 1955-62 8* 21 67 
1962-70 9. 24 41 74 
1966-79 10. 21 75 

7 1955-62 19 66 
1962-70 9' 24 41 74 
1966-79 10' 20 68 

8 1955-62 12* 47 63 80 
1962-70 11. 23 37 48 61 82 
1966-79 12. 20 39 49 60 83 

9 1955-62 12, 25 38 71 89 
1962-70 13. 72 98 
1966-79 14' 20 41 69 93 

1962-70 lo* 19 43 57 72 
11 1955-62 47 71 

1966-79 8* 17 41 57 73 
12 1955-62 14* 25* 39 60  75 90 

1962-70 14. 28' 41 61 74 89 
1966-79 14* 24 37 60  75 90 

Given frequencies are as observed in three samples. 
The main peaks are indicated with an asterisk and v is 
the EOF index 

4. A number of peaks, the main peak(s) being at 
larger frequencies. 
The grouping is done subjectively and the 

purpose of grouping is to make it easier to compare 
different spectra. The grouping seems to reflect the 
order of the functions (Tables 2-5). The following 
limitations must be taken into account. The low- 
frequency peaks ( f  < 6 cpy) are obviously outside 
the present study (cf. discussion of the filter length 
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v Sample Peaks (cpy) 

13 1955-62 23* 40 57 73 
1962-70 22* 40 56 78 
1966-79 17' 40 56 74 

14 1955-62 22* 46 80 
1962-70 21. 33' 52 74 
1966-79 15 25* 59 75 

15 1955-62 18. 32 64 85 
1962-70 14* 29' 45 62 81 
1966-79 15 26. 38 62 87 

16 1955-62 17. 40 77 
1962-70 21. 44 68 
1966-79 12 21* 36 73 

17 1955-62 21. 41 61 
1962-70 21. 42 64 
1966-79 15 29. 45 

1962-70 6 25' 39 56 70 84 
1966-79 I I *  21* 40. 53 70 83 

18 1955-62 - 

M in the Appendix). Peaks at f > 80 cpy are only 
partly listed. As previously discussed, the intensity 
and locations of peaks depend somewhat on M and 
on the red background spectrum. The application 
of the FPE criterion results in quite smooth spectra. 
Separation of adjacent peaks is then impossible. 

In some cases, the spatial patterns of the EOFs 
are characterized in terms of zonal wavenumbers in 
order to show the scale of the functions, though the 
EOFs may differ from wavy patterns. Fig. 4c 
shows an extreme case where the pattern consists 
of one local cell. In Fig. 4d the pattern forms a 
meridional wave train. The patterns in Figs. 4a, b 
can be quite easily characterized with zonal wave- 
numbers. 

Group 0. The total variance of the first compo- 
nent is about 14,000 m2 in all samples (57% of the 
total variance). The annual and semi-annual terms 
explain 98.5 YO and 0.5 %, respectively. The remain- 
ing part shows no distinct peaks. The other 
components explain less than 4 %  of the yearly 
cycle. 

Group 1. Components with a single broad peak. 
The components and peak frequencies are listed in 
Table 2. The peaks of the components v = 2 and 10 
are very persistent through all subsamples (cf. Fig. 
5). Note that the peak at 3 cpy in Fig. 5 is due to 
the way of presentation (fs(f)), which generates 
a high-pass filtering. Therefore it is not a true one. 
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1966-79 12 
25 1955-62 11 

1962-70 1 1 1  
1966-79 11* 

28 1955-62 12 
1962-70 
1966-79 4 

45 1 95 5-6 2 
1962-70 
1966-79 

100 1955-62 
1962-70 
1966-79 

Table 5 .  A s  Table 3, but illustrating components with a main peak at 30-60 cpy ( v  = 20, 24, 25), with 
a number of similar peaks at 10-80 cpy ( v  = 28) and some high-indexed components with obvious peaks 
( v  = 45,100) .  

V Sample Peaks (cpy) 

20 1955-62 1 1  29. 44 
1962-70 11 26 47. 59 73 86 105 I I9 
1966-79 12 27 47. 60 73 86 107 120 

24 1955-62 14 31 60 73 124 
1962-70 17* 36* 75 121 

34* 60 74 121 
3 1* 47 62 
32* 44 58 
32* 56 
29 46* 65 

84 
85 
84 110 

5* 33 79 100 19 
5’ 24. 34* 61* 82’ 101 21 

34 63 125 
35 63 123 71 
41 68 I l l  150 

165 
140 

1 I5 180 

In comparison with those in the other spectra, 
the peaks are very broad. If the width of the peak is 
defined by one-half points, then for example in the 
case of the 2nd component, the width is about 
18-30 cpy in every sample. 

In addition to those listed, the 3rd component 
has a peak at 12 cpy in sample 1962-70. Similarly 
the 4th component has a peak at 7 cpy in 1955-62. 
The patterns of components 2 (Fig. 4a), 3 and 10 
show features of ultralong waves. Their main zonal 
wavenumber is 1-2. The main zonal wavenumber 
of the 4th pattern is 3. 

Group 2.  Components with the main peak at 12 
cpy usually have a number of additional peaks, as 
is seen in Table 3. There is another permanent but 
weaker peak at 20 cpy. A 5-day peak (72 cpy) is 
found in nearly every sample and component. 
However, its spectral power is weak in a single 
spectrum. 

Note that for illustration purposes, all peaks at 
f - 40 cpy are listed, though some of them are 
present only in a single sample. In Fig. 6, the 
spectrum of the 12th component is shown. It is 
possible that the peak at f = 28 cpy, in sample 
1962-70, is split into two parts (cf. Appendix), at 
f = 24 cpy and f = 37 cpy. in sample 1966-79. 
The latter part was then folded on a “true” peak at 

f = 40 cpy. In Table 3 (and in other similar cases) 
the peaks are given as such. 

The functions v = 6, 8 (Fig. 4c), 9 and 12 
represent single, vast local cells, whereas the 
functions v = 5, 7 and 11 have wavy patterns. The 
wavelengths correspond to wavenumbers of about 
3-4. 

Group 3. The main peak is at 20 cpy (Table 4). 
The functions of this group are not easy to 
characterize with wavenumbers except function v = 
14, which shows quite a regular wave with the 
zonal wavenumber 5 (Fig. 4b). Some of the peaks 
at 20 cpy (e.g. v = 15) seem to be replaced by two 
separate peaks in 1966-79. This may be an 
indication of an unsuitable value of M in some 
samples. 

Group 4 .  Only some components of this group 
are shown in Table 5. In contrast to Fig. 7, Fig. 8 
shows a case of more poorly coinciding peaks at 
lower frequencies. There are indications of peak 
splitting. The single peak at f = 29 cpy in sample 
1955-62 may be represented by two (1962-70) or 
three (1966-79) separate peaks in other samples. 
The high frequency peaks coincide rather well in 
Fig. 8 as in Fig. 7. 

In components 1’ > 30. the intensity of longer 
periods becomes weaker. High-indexed compo- 
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Fig. 4. EOF patterns for components v = (a) 2, (b) 14, (c) 8, (d) 32. The spacing of the isolines is 0.5. Full lines 
indicate positive and broken lines negative values, respectively. 

nents often have only weak high-frequency peaks, 
which do not persist from sample to sample. Thus, 
these spectra can be considered mainly as being 
those of red noise. However, note that the filter 
length applied was short (cf. Fig. lob). 

5. Discussion 

It is obvious that some significant peaks have 
been found. For instance the peak atf - 12 cpy is 
present in so many spectra of different components 
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that it could well be a real one. On the other hand it 
is impossible to tell immediately the phenomenon or 
phenomena behind the cycles. 

One of the peaks has been studied in detail 
(Rinne and Sarkanen, 1983b): that at 22 cpy in the 
spectrum of the 2nd component. The cycle was 
separated from the time series of the component by 
applying a suitable band-pass filter. The resulting 
time series shows an oscillation which is cyclic with 
a period of roughly 16 days. After the dates of the 
maxima were determined, the corresponding 500 
mb analyses were picked out and the composite 
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PERIOD (DAYS) 
4030 20 10 

~~ 1 I 1 J - -  r- 

100- 
1 

5 
L 

Fig. 5. The spectrum (frequency times the spectral 
density) of the 2nd component in sample 1946-55 (thin 
full line), 1955-62 (broken line). 1962-70 (dotted line), 
1966-79 (thick full line). 

PERIOD (DAYS) 
4030 20 10 5 

--LLL I I 

Fig. 6. The spectrum of the 12th component in sample 
1962-70 (dotted line) and 1966-79 (thick full line). 

PERIOD (DAYS)  
4030 2 0  10 

Fig. 7. The spectrum of the 20th component in sample 
1962-70 (dotted line) and 1966-79 (thick full line). 

PE R 10 D (DAIS)  
4 0 3 0 2 0  10 5 

1 I I11111 
1 ' I ' I " % O  ' 300' I I 

10 
FREOUENCY W - ' )  

Fig. 8. The spectrum of the 28th component in sample 
1962-70 (dotted line) and 1966-79 (thick full line). 
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Fig. 9.  Composite map with key dates at the maxima of 
the 16-day wave in the 2nd EOF. Computed as a mean 
anomaly of the 500 mb height analyses during winters 
1962-70. The spacing of the isolines is 20 gpm. Full lines 
indicate positive and broken lines negative values. 
respectively. 

maps were computed. One of such maps is 
displayed in Fig. 9. It shows 2 hemispheric wave 
with lows and highs on the western and eastern part 
of the northern hemisphere, respectively. It turns 
out that the wave is not strictly connected to the 
2nd EOF. The pattern in Fig. 9 differs from that in 
Fig. 4a. In other phases of the wave, the difference 
is larger. The 16-day wave is only a weak signal in 
the time series of the 2nd component. Thus the 
structure of the wave could not be predicted from 
the pattern of the 2nd EOF. This EOF has only 
been an indicator by which the phenomenon has 
been traced. The minimum map (corresponding to 
minimum days of the time series) turns out to be 
nearly a mirror image of Fig. 9 with highs and lows 
interchanged. The composite map of other phases 
indicates that the wave mainly moves westward. All 
these observations and the structure of the wave 
show that the wave can be associated with the 
classical 16-day wave. 

From the case study presented, it is seen that 
each of the peaks must be studied separately. 
Obviously it is fruitless to study more deeply the 
significance of the peaks or properties of single 
EOF’s. Instead, it is important to determine 
correctly the key dates of the phenomenon from a 
large enough sample. 

Tellus 37A (1985). 4 

In group 2 (Table 3), one or more cycles are 
visible at f = 12 cpy (8-14 cpy). Applying Salby’s 
(198 1 b) results, individual normal modes at such a 
long cycle (cycles) would not be identifiable. In 
terms of the dimensionless frequency used by 
Salby, the frequency of the cycle is 0.015. Because 
the “temporal uncertainty under typical con- 
ditions” is 0.013, 0.025 and 0.038 for the zonal 
wave numbers rn = 1,  2, 3 respectively, such a 
cycle should be at or beyond the limit of iden- 
tification. On the other hand applying Salby’s Fig. 
4, peaks at f = 22, 40, 50, 72, 80-90 cpy (or in 
days. ca 16, 9, 7, $4.5-4) can correspond to modes 
(m, n - m) = (1, 3), (1,2), (2,2), (1, I), (2-3,1), for 
instance. All of those should be identifiable. The 
cycles a t f =  60 cpy and f = 30 cpy cannot clearly 
be identified from Salby’s Fig. 4. 

In other groups the discussion is similar. One 
finds candidates for different identifiable modes. 
The cases off= 12, 30 and 60 cpy can similarly be 
found. New peaks are picked from the right-hand 
end of the spectra. The peak atf  - 150 cpy ( v  = 
45,100) could correspond to Rossby-gravity modes 
with n - rn = 0. The peak a t f -  120 cpy (v = 20, 
24, 28, 45) is not present in modes discussed by 
Salby (1981b). 

6. Concluding remarks 

Because no seasonal correction has been applied 
to the time series, the results correspond best to the 
seasons with the most intense variation in the 
actual frequency range, i.e., the results most often 
represent conditions in the winter half of the year. 

A number of spectral peaks of the 500 mb 
geopotential height can be found with the aid of 
EOFs. Long-period peaks tend to appear as 
dominating ones in the spectra of small-indexed 
components in the range of 1-5 weeks. The 
medium-indexed components tend to have more 
peaks at shorter periods of equal importance. The 
peaks of the high-indexed components are weak 
and difficult to identify. 

It is obvious that many of the peaks are real. One 
of them has been associated with the 16-day wave 
applying the composite map technique. Before a 
similar study of wave structure is done for the other 
peaks, they can only be tentatively associated with 
the normal mode frequencies. We have found peaks 
at the frequencies of the symmetric Rossby modes 
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(16, 5, 4.5-4 days), antisymmetric modes (9, 7 
days) and the Rossby-gravity modes (2.5 days). 
The cycles at 12, 6 and 3 days cannot clearly be 
connected with any Rossby modes. Periods of 
about 5 weeks are clearly present in many 
components, though such periods should be at  the 
limit of identification according to the theoretical 
studies of the normal modes. No group of candi- 
dates for a 24-day vacillation was found. 

The connections to (and differences from) the 
Rossby modes are only tentative ones. Final 
conclusions require detailed studies of the time 
series. Some interesting questions arise such as do  
the 16-day peaks correspond to the 16-day wave as 
is the case in the 2nd component; what are the 
distinct peaks at periods of 5 weeks; what are the 3, 
6 and 12 day peaks, how many of the 5-day peaks 
correspond to the 5-day wave, can the 9- and 7-day 
peaks really be associated with antisymmetric 
modes? 
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8. Appendix. Properties with applying the 

8.1. Problems 
It is difficult to uniquely determine the optimum 

value of M .  A short filter gives a smooth spectrum 

maximum entropy method 

without details and a longer filter generates spurious 
peaks (Fig. l a ,  b). In Fig. 10a, there are three 
different possibilities when the FPE-method is 
used: M = 64, M = 75 or M = 92. Each of them 
reaches the level of the absolute minimum. In the 
present paper, we follow the principle of the “first 
absolute minimum”. Thus we take M = 64, i t . ,  the 
filter is 32 days long (At = 0.5 days). However, in 
cases like Fig. lob, a stronger constraint is applied 
(from Fig. 10b we take M = 3). 

The principle of “the first absolute minimum” 
causes almost no peaks to be found in time series of 
the years 1946-55. Thus, the principle is rather too 
strong than too weak, which is in agreement with 
von Storch and Fischer (1983). They argue that the 
F P E  criterion tends to underestimate the value of 
M ,  i.e., the spectra tend to become too smooth. Of 
course, other reasons for the lack of peaks are the 
resolution (A[ = 1 day) and the large analysis error 
for that period. 

It is possible that the MEM cannot find 
long-period peaks, when the length of the period is 
much longer than M. For instance, Fourier analysis 
indicates that the 2nd component has a weak 
half-yearly oscillation. It was not found by MEM. 
This is connected with the length of the filter, which 
for v = 2 is only 20, corresponding to a “memory” 
length of 10 days. When the filter length is 
increased up to  M = 150, the half-yearly peak is 
found. On the other hand, the very strong yearly 
oscillation of the first component was easily 
detected, though the filter was quite short, M = 64. 

a 

_ I I - . L I I  I I I I I I I I I 1  I 1  I I 1  I I I I 
0 50  100 150 200 

F I L T E R  LENGTH 

Fig. 10. The final prediction error, FPE, (m2) of (a) the 8th component and (b) the 100th component as a function of 
the filter length M .  Computed from time series of the years 1962-70. 
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Here the problem is solved by studying periods 
shorter than 5 weeks. 

Thus far. there exist no significance tests for the 
MEM (Hayashi. 1981). The longer the filter length 
the more details are shown in the spectrum. The 
more details appear. the less significant they 
probably are. The only test method seems to  be to 
make use of subsamples which are then compared 
with each other. 

8.2. Experiences 
Because we have had the possibility of compar- 

ing different samples. some observations concern- 
ing M and the FPE-criterion could be made. 

In  the case of component 15. sample 1962-70. 
the spectrum was computed with M = 37, 40  and 
46. Values of 40  and 46 correspond to  the absolute 
and a local minimum of the F P E  criterion, whereas 
37 is an arbitrary value, which does not fulfil the 
F P E  criterion. The peaks of the spectra of M = 40 
and 46  are similar, whereas those of M = 37 differ. 
Because such a small downward deviation from the 
criterion caused large changes when M is quite 
small, only exceptionally d o  we deviate from the 
criterion. The classical spectral method results 
similarly in different spectra. when the maximum 
lag is suitably changed from a larger value to  a 
smaller one. 

I t  was previously stated that the M values of the 
sample 1946-55 are too small when compared to  
the other samples. In addition to that. M values of 
sample 1955-62 are often smaller than those of the 
following samples. Consequently. the spectra are 
smoothed. Therefore when studying peaks, we 
sometimes applied a larger value of M ,  making use 
of a local F P E  minimum. Such values produced 
peaks similar to the ones of the other samples. 
However. a larger M is only applied in a few 
spectra. 

Ulrych and Bishop ( 1975) present a case, where 
a peak was split into two adjacent ones when M 
was increased. We have seen the same phenomenon 
in some spectra. For instance, the strict application 
of the principle of the “first absolute minimum” 
gives M = 44 for component 3 in sample 1962-70. 
The corresponding spectrum differs from those of 
the other samples because the peaks are split. 
whether correctly or not. Another choice is to use a 
much smaller value of M = 23. which represents a 
local minimum of the F P E  criterion. Applying that 
value, makes the spectrum of the sample 1962-70 

Tellus 37A (lO85). 4 

similar to  those of the other samples. A candidate 
for peak splitting is illustrated in Fig. 6. Such cases 
are discussed in Section 4 of the main test. 

Sometimes the spectrum is not sensitive to 
changes of M .  The peak of component 2 (sample 
1962-70) is well produced even if M is increased 
from M = 16 up to M = 500. Some spectra show 
no strong peaks. This property may remain even 
though M is much increased. Normally such an 
increase of M generates new peaks. We have drawn 
the conclusion that insensitivity to  changes in M 
indicates more reliable results. However. this 
conclusion has not been applied to  the present 
paper. 

The application of the MEM may seem to be 
arbitrary because different values of M give 
different spectra (Figs. la. b). However, this is a 
typical feature of spectrum analysis: the more 
details there are. the less reliable they are. In the 
classical analysis, a small maximum lag and a 
suitable smoothing window give a smooth 
spectrum. In our case, a maximum lag of 365 time 
increments (half a year) and the Parzen window 
could be suitable. Such a spectrum is shown in Fig. 
Id. I t  turns out that this spectrum is close to  the 
MEM spectrum with M == 120 (Fig. Ic). This 
seems to  be valid for all other EOFs: usually M = 

120 gives spectra resembling the classical ones. 
In  the classical analysis, “a constant M” is taken 

when choosing the maximum lag and the window. 
Usually the main interest is in the statistical 
significance of the peaks. In  the present case, the 
choice of M depends on the quality of the time 
series. The more noise there is and the shorter the 
length of the memory, the less detailed is the 
spectrum. The main interest is in the persistency of 
the peaks. Because M is always less than 120 
(Table I). it is obvious that the degreees of freedom 
of the present spectra are much greater than in the 
classical spectra such as the one in Fig. Id.  

The peaks in the classical spectrum of Fig. Id 
are not significant. If the peaks of the MEM 
spectrum in Fig. I c  could be tested similarly, then 
the peak a t f =  12 cpy would be significant. 

8.3. Summar)? 
We have sometimes deviated from the principle 

of the first absolute minimum. In a few cases, it 
seemed to  be reasonable to apply M values given 
by a local minimum. Such modifications must be 
carried out with caution. because small changes in 
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M may change the spectrum. If the form of the 
spectrum is independent of M ,  then the spectrum is 
believed to be more reliable. In the present spectra, 
the degrees of freedom are clearly greater than in 
the corresponding conventional spectra. 

The background spectra 

from 
The background spectra have been determined 

S ” ( f )  = A Jf’ + 2:). (A.1) 
where f is frequency. Parameters A” and ,Iu are 

computed from 

A,, = aub  

A , ,  = ~ 2 0 - ~ ,  1 < u < 20. (A.2) 
C u - d ?  20 < u. 

The values of constants a, b, c and d have been 
determined empirically in Rinne and Sarkanen 
(1983a). For instance, in the case of the analyses 
1962-70 we have a = 2.0, b = 0.81, c = 100,OOO 
and d = 1.25. Note, that these parameter values 
fully determine the background spectra of all 
components in the whole frequency range utilized. 
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