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l. INTRODUCTION

Waves i1n the Easterlies

During the Second World War, military operations
necessitated weather forecasts iIn the tropics. This cre-
ated a greatly expanded effort to find the controlling
factors of tropical weather. Prom this effort came the
hypothesis of "waves iIn the easterlies,'” which was ad-
vanced by Riehl (1945» 1954) as an explanation of much of
the tradewind weather iIn the Caribbean. The "wave iIn the
easterlies” was modeled in the form of a transverse, sin-
usoidal-like perturbation of the easterly current, which
had 1ts greatest intensity below 500 mb and was not gen-
erally correlated with upper tropospheric changes. A
trough line, approximately perpendicular to the direction
of wave movement, passed through the wave crests. Move-
ment of the wave was slower than the basic current and
created convergence and unsettled weather east of the
trough. The most common wavelength, speed, and period
were found to be respectively 1600-2000 km, 9-7 m/sec,
and 3-4 days3.

The "waves iIn the easterlies™ are now loosely called
easterly waves and carry a broader definition, evidenced
by MclIntoshfs (1963) classification of an easterly wave
as "a shallow trough disturbance in the easterly current

of the tropics, more In evidence iIn the upper-level winds

than iIn surface pressure, whose passage westwards 1is



2
followed by a marked intensification of cloudy, Bhowery
weather>”

Palmer (1952) located waves iIn the Pacific that were

similar to Riehl"s “Wwaves In the easterlies,” except their
amplitude apparently decreased fairly rapidly as one went
north or south of the equatore Palmer, et al. (1955)
later classified tropical waves into two basic types.

"Those waves which are damped with height generally
move at a uniform speed in the direction of the current
in which they are embedded. The easterly waves of the
Caribbean, Western Pacific and Eastern Atlantic are exam-
ples of this type of wave.

Waves, which are associated with an upper-level
vortex or trough, generally move with the upper-level
feature which may be i1n a direction opposite to that of
the low-level current."

The easterly wave was presumed by most to be the pre-
dominant disturbance form iIn the tropics. This i1dea was
recently attacked by Sadler (1967a) when he emphasized
that the easterly wave hypothesis was accepted by opera-
tional personnel as a ready 'crutch” for explaining almost
any weather situation or bad forecast. Claiming that most
tropical waves are associated with upper disturbances
(Palmer®s second type of wave), Sadler (1963» 1967b) ad-
vanced the tropical upper tropospheric trough (TUTT) as

the major producer of tradewlnd disturbances iIn the summer



season of the North Equatorial Pacific.

The Caribbean area was Btudied again by Merritt
(1963) through the use of case histories involving wind
and satellite data. He divided the disturbances into
five categories: (1) weak linear disturbances (classical
"waves 1n the easterlies” or easterly waves); (2) moder-
ately iIntense disturbances with vortical cloud distri-
bution and closed mid-tropospheric circulation; U) 1iIn-
tense disturbances with vortex cloud distribution and
vigorous cyclonic circulation in the mid-troposphere; and
(5) upper tropospheric disturbances. His conclusions iIn-
dicated that the frequency of easterly waves may be less
than thought in the past. The most frequent appearing
weather-circulation systems were those types (2), 3),
and (U).

Advent of Spectral Analysis

Some of the customary methods of weather analysis
encountered difficulties in the tropics. The sparsity of
wind data i1n the tropical oceans made i1t very difficult
to realistically define and position waves on a normal,
synoptic streamline chart. In addition the time-height
wind cross-sections at various stations were not long
enough to define the predominant disturbance regimes and
were difficult to interpret due to the range of distur-
bance scales viewed on them.

Near the end of the 1950"s the statistical technique



of power spectrum and cross-spectrum analysis became
refined enough to be useful to meteorologists— mainly
through works by Blackman and Tukey (1958), Goodman (1957)
and Fanofeky and Brier (1958)* Spectral analysis had the
prospect of using the limited data network to better ad-
vantage than Bynoptic analysis iIn obtaining an idea of
the average disturbance periods (frequency), wavelengths,
and speeds* Panofsky and Brier (1958) have succinctly
stated two other major reasons for spectral analysis*
"1* One may need the spectrum to understand the physics
underlying the variation of a time series. In the short
period variations, at daytime, often two distinct maxima
appear iIn the spectrum, one due to mechanical turbulence,
one due to heat convection. Again, theory might predict
the instability of waves with certain periods. A maximum
should appear at such periods. 2. Significant maxima
and minima are Important for forecasting, even if they
are not sharp peaks or troughs, for they indicate the
likelthood or unlikelithood of variations with certain
average periods* If there exists a gap i1n the spectrum
near four days, then repetitions of weather phenomena with
periods perhaps between 3 and 41 days are rare."

One of the fTirst spectral analyses of winds over the
tropical Pacific was initiated by Rosenthal (1960). He
obtained Operation Redwing data, which included 6 hourly

rawinsondes during the period 15 April 1956 to 23 July



1956 for Belected Western Pacific stations. Using 7
stations which varied in latitude from L.i+°N (Tarawa) to
24_3°N (Marcus), he computed the spectral power curves
of the u and the v wind components at the 5000 and 1+0,000
foot level. Results showed a ® day period max in the v-
spectra at 5000 feet for Kapingamarangi (1.0°N, 151+»8°E)
and Tarawa (@1.1+°N, 172.9°E) which Rosenthal tagged as the
results of Falmer wave passages. At both height levels
v-spectral energy was found to reside mainly iIn shorter
periods while the u-spectral energy lay generally in
longer periods. Since the variance of the u components
was always greater than that of the v, the power contained
in the u-spectral peaks was often much greater than that
contained in the v peaks.

Yanai et al. (1968) conducted a spectral study of the
v component of the wind using data from stations iIn the
tropical Pacific for the months April to July 1962.
They used a preliminary filter to eliminate periods of
greater than 10 days. Peaks iIn the 3 to 5 day period 1
range were observed at most atmospheric levels where the
stations were equatorward of 20° latitude. Poleward of
20° the major peak appeared in the period range longer
than 5 days. The 3 to 5 day periods were considered to
be the result of the passage of easterly waves.

Recently Yanai and Murakami (1970) extended the

previous tropical Pacific study of April to July 1962 wind
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data. Expansion of the filter allowed periods of up to
25 days to remain iIn the data. In this instance they
analysed the zonal as well as the meridional wind compon-
ent. The spectra of u showed a strong peak at low
frequencies (10-25 days) in the upper troposphere-lower
stratosphere region. The v component showed In most
instances a low frequency peak somewhat less than the u
component and also exhibited the 1+7 day peak as in the
earlier survey.

Wallace and Chang (1969) conducted a spectral study
of winds from the surface to 500 mb for various tropical
Pacific stations. The period used was July to December
1963. They found that long period fluctuations (greater
than 10 days) accounted for most of the variance iIn the
v. In the 10-15 day period the wavelength for the u com-
ponent was estimated at about 11,000 km, but low coher-
ences did not permit a v wavelength estimation. The 14-5
day period was of relatively less significance, but a
wavelength of approximately 3000 km was obtained for the
v component. In this case low coherence in the u spectra
prevented wavelength calculation. Computations were ex-
tended to other 6 month periods of data at the island of
Truk, and results indicated significant seasonal and year-
ly variations iIn the relative importance of various spec-
tral peaks.

The tropical Pacific winds were further studied by



Chang et al. (1970) for the July to December 1964 period.
The 3 day period of the v spectra was more prominent
during this year than during the previous, and It iIn-
creased westward as before. The longer waves, iIn the
10-25 day range still predominated in the u spectra.
Cross-spectra gave wavelengths for the 4-5 day period of
about 4000 km in the troposphere but about 8000 km at
80 mb.

Reed (1970) detailed a study of propagating distur-
bances i1n the western, tropical Pacific for the months
of July and August 1967* The major peak of the v com-
ponent appeared in the 5-7 day period and increased west-
ward. Wavelengths of 4-5000 km were calculated. Results
corroborated Wallace and Chang’s earlier studies as de-
scribed above.

Spectra were computed by Madden (1970) from wind
data taken during the Line Islands experiment, but the 47
day period (6 March to 20 April 1967) of daily wind values
constituted too short a time series to give much resolu-
tion or confidence in the results.
Aims and Goals

Up to the present most tropical spectral studies have
dealt primarily with the wind and involved a limited num-
ber of stations to sample the immensity of the Pacific.

The i1dea of using satellite cloud cover was suggested as a
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possible source of data for spectral analysis. One of
Its advantages is very comprehensive and extensive data
coverage, which would allow better definition of the
geographic changes in spectra* Also the cloud spectral
distribution, being a reflection of convective condensa-
tion, may be related to the field of motion, ¢"or example
Holten*s (1970) simplified, diagnostic model of the
tropical atmosphere uses a condensation heating function
of the form QsQ*(y,z)exp[12Ti(f+x/L)+z/2) = The cloud
spectra would at least allow the frequency (f) to be de-
fined in this model and may suggest other forms for the
condensation function iIn more complex models.

This study of tropical Pacific (20N-208, 130W-130JS)
satellite cloud spectra seeks to look at some of the
following questions.

1. How does the geographic distribution of total
spectral power compare to that of the time-averaged cloud
cover?

2. Are there prominent peaks in the cloud spectra?
What are their periods and geographic distribution?

3. Do the spectral studies indicate movement of
cloud disturbances? Which spectral peaks are associated
with movement and what are the ensuing periods, wave-
lengths, and velocities?

&. Are there significant seasonal and yearly differ-

ences In the spectra?
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5. Can the geographic distribution of cloud spectra
be related to time-averaged wind field maps? Can the
cloud and wind spectra be correlated?

6, "What can the cloud spectra say about present
tropical synoptic and numerical models, including the
"wave in the easterlies”™ (alias the easterly wave)?

Hopefully this cloud spectral study will aid iIn
defining some of the large-scale processes of the trop-
ical atmosphere and in "sparking" new ideas toward

better numerical models.
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1. MATERIALS AND METHODS
Satellite Data and Preliminary Data Processing.

The cloud data for the spectral computations ori-
ginated from the ESSA series of operational satellites*
The ESSA catalogs of satellite data (eg. See Catalog)
briefly describe the ESSA series as '"...a TIROS type
satellite In a ecartwheel* configuration which allows
earth-oriented picture coverage. The space craft is
spin-stabilized and magnetically torqued to a wheel
attitude, so that the spin axis is normal to the plane
of the orbit and the radially mounted cameras view the
earth once during each spacecraft revolution about its
axis.” The sun-synchronous orbits of the spacecraft
assured that the same point on earth would be viewed at
nearly the same local time each day, thus giving a nearly
constant 2h hour sampling interval. The stored pictures
are received by Command-and-Data-Acquisition (CDA) cen-
ters. Skilled photo-interpreters construct operational
nephanalyses from these as outlined by Widger (1966) and
Barrett (1967).

The daily operational nephanalyses were used by Sad-
ler (1967c) to obtain spatially averaged cloud cover on a
2.5 degree grid scale. Table 1 gives the conversion
operation from nephanalysis symbols to digital form. IT
a grid square contained more than one type of nephanaly-

sis category, the final value for the square was obtained
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by mental averaging. The final grid averages, based on
the Sadler 1-9 scale of cloudiness, were used for all
cloud computations and figures involving cloud data,
(Spectral power will be In units of Sadler*« cloud units
squared.)

Table 1, Translation of Nephanalysis Categories to

Digital Format

Neph, Category Sadler Approx. Cloud
Symbol Assigned Value Cover i1n Octas
0 or Clear 1 0-1
2 2
MOP 3 3
k k
MCO 5 )
6 6
C or © 7 7
8 8
+C or +© or Disturbed 9 9

Sadler’s data for the period May 1967 to April 1969
was used to form 5 degree grid square averages. For exam-
ple the four 2*5 degree grid values covering the area from
5 to 10° N latitude and 130-135° W Blongitude (values cen-
tered at 6.25 N, 131*25 W; 6.25 N, 133*75 Wj 8.75 N,
131*25 w; 8.75 N, 133*75 W) are averaged to form the 5
degree grid value centered at 7*5° N and 132.5° W. The 5
degree grid was chosen for its retention of large-scale

phenomena and because it reduced the number of time series
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to a manageable level. This data was divided into H sSiXx
month periods: May to October 67» November 67 to April
68, May to October 68, and November 68 to April 69,
(These periods will be synonymous with the respective
labels of summer 67» winter 67-68, summer 68, and winter
68-69,) Each 6 month period was then subjected to a
filter which removed periods greater than 30 days by
subtracting the 30 day moving average. This left about
150 data values to be used for each 6 month analysis.
Holloway (1958) gave the necessary basis for computing

the response of this high-pass filter.

15
fi(H*1_ + cos(2TTFj)
31 31 j=I

This response is plotted in figure 1. Pinal pre-process-
ing involved formation of zonal averages of the above
intermediate data and subtraction of these averages from
the respective zonal data. This was done i1n an attempt
to separate zonal pulsations from the longitudinally
moving disturbances.

It would have been preferable to locate a 'perfect”
filter which had a zero response above the 30 day period
(less than f=.033 cycles/day) and a response of 1 below
the 30 day period (greater than f*.033 cycles/day). Un-
fortunately no present methods can achieve such a perfect
shape, and compromises must be accepted. The moving

average fTilter has the advantages of being simple and of
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having a relatively sharp cut-off of unwanted frequen-
cies. The major disadvantage is its sinusoidal re-
sponse to the frequencies retailed, emphasizing the
amplitudes of some frequencies more than others as
shown 1n figure 1.

The variation in filter response was considered
to be a possible source of error in the processed
data. Consequently the spectra at 20 grid points (a
single latitudinal belt of data) were calculated from
the raw 5 degree data and compared to respective spec-
tra obtained from the filtered and dezoned data. Fig-
ure 2 i1llustrates one such comparison and is represen-
tative of the others. Still containing all the long
period trends (greater than 30 days), the raw data pro-
duced spectra which somewhat obscured the 17-25 day
power peak. Figure 2, however reflects the fact that
the processed data spectra retained peaks generally at
the same frequencies as the raw data spectra. The pro-
portion of total spectral power allotted to the various
peaks also appeared to be very similar in both the pro-
cessed and raw data cases. All this indicates that the
method of preliminary data processing probably does not
introduce significant artificial peaks or amplifications
into the raw data.
Spectral Analysis

The BMDO2T program from the UCLA Biomedical Programs



SPECTRAL POWER

Fig. 2

PERIOD (days)

2517 10 5 4 3

com
67,

:

arison of Raw and Processed Data Spectra (May-Oct
-10°N, 167.5°E)

15



16

(Dixon, 1968) was used for all spectral calculations,
A maximum lag of 25 days was adopted to provide spectral
power values at the frequencies 0, .02, .04, ...» .48,
.50 cpd (cycles/day). Since the methods of power
spectral and cross-spectral computation are now rather
standard, the formulas used iIn programming the BMD
language have been relegated to Appendix A» Blackman
and Tukey (1958)# Eddy et al, (1968), and Muller (1966)
have thoroughly discussed the power spectra while
Jenkins (1968), Goodman (1957), Granger and Hatanaka
(1964) have also included theory and calculation of
cross-spectra. Description of formulas and derivations
will be accomplished only insofar as they relate to
factors iIn the data which could cause errors in the
spectral analysis or invalidate the assumptions upon
which spectral theory 1is based.
Stationarity

A basic premise of power spectral and cross-spectral
theory 1s stationarity of the time series. Jenkins and
Watts (1968) clarify this by stating, "A simplifying
assumption which is often made is that the series has
reached some form of steady state or equilibrium, in the
sense that the statistical properties of the series are
independent of absolute time. . < _A minimum requirement
for this to hold is that the pdf FAMj(x) (where pdf

FX(B)(X) is the probability density function for a stoch-
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astic process composed of ordered random variables X(t).)
is iIndependent of time and hence a stationarity time
series has a constant mean and a constant variance 2."

IT a stochastic process has a multivariate distri-
bution which is not affected by a translation forward
or backward in time (independent of absolute time), then
it Is said to be completely stationary. Weak stationar-
ity means that the multivariate moments up to some order
K are time independent. Then a second order, weakly
stationary, multivariate distribution would have time
independent mean, variance, and covariances. If a
second-order stationary series were normal, then 1t would
also be completely stationary, because a normal distri-
bution i1s completely specified by i1ts first and second
order moments.

Raw cloud data i1s not very stationary as the mean
and variance are certain to vary somewhat from season to
season and year to year. The first step i1n coping with
this problem was to stratify the data into the 6 month
periods of November to April and May to October. The
former period is winter oriented while the latter 1is
summer oriented. Within either a summer or winter group
of data, one should expect the mean, variance, and types
of disturbances (ie. spectrum) to be changing rather
slowly— certainly more slowly than stratifying the data

into a July to December format or other arrangement span-
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ning both major seasons. This division into 6 month
periods was a compromise between conflicting requirements
for a long data string (statistical validity) and for a
data sample with constant or only slowly changing spec-
trum.

The second step was the removal of the long period
trends (low frequencies) from the data by subtraction of
the 30 day moving average. This was to aid in making the
mean and variance more uniform and thus to improve the
data stationarity. Removing the long periods also pre-
vexited obscuration of the spectral peaks iIn the 17-25
day period (Ixs.06-.01*. cpd) range.

The final removal of the zonal average was simply to
clarify moving disturbances and should not drastically
affect stationarity one way or the other.

The probability density functions were computed
for the first 3 months and last 3 months of a 6 month
period (minus 15 days on each end deleted by the moving
average) and are presented below iIn Table 2. By com-
paring the two density functions, one can see that the
pdf for the whole period must be relatively constant.
This i1ndicates reasonable stationarity iIn the data to
be used for spectral calculations.

Since spectral theory is derived assuming station-
arity and not “reasonable or near stationarity', the

question arises as to how critical slight non-stationarlty
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Table 2. Processed Data Probability Densities®

Interval [--4,-2) [-2,0) [0.2) [2.4) [4.6)
Density Ic .08 .51 33 ' B .01
Density 11d .09 .31 .15 T

aProcessing removed 30 day moving average and then
zonal average, used cloud data from grid square at 5-100

N and 160-165° iS.

~Notation [X,y) indicates an interval from x to y, closed

on the left and open on the right— i1n Sadler cloud units.

°Proportions of data values falling iInto various inter-

vals for 16 May to 31 July, 67 period.

~Proportion of data values falling iInto various Intervals
for 1 August to 16 October, 67 period.

is In undermining the usefulness of spectral calculations.
Granger and Hatanaka (1964) investigated spectral calcula-
tions using data from non-stationary time series. They
performed experiments on time series with different types
of non-stationarity such as series with Increasing
variance, and series with changing spectrum but constant
variance. Prom the many numerical experiments, they con-
cluded, "...for non-stationary series with time-changing
spectra, we are able to estimate the average spectrum

and also find relationships between pairs of such series
perfectly satisfactorily, using the methods devised for

stationary series, always providing that the spectrum



20
does not change “too* fast.” This statement involves a
subjective estimate of how fast a spectrum iIs changing»
as there are no clean-cut rules to determine it. The
procedures disoussed previously» whioh were used to
Increase the stationarity of the cloud data» and the
additional results of Table 3 indicate that the processed
cloud data spectrum is probably only changing Mslowly”e
Accepting this, one may then regard the spectra calcu-

lations as yielding useful and valid results.

Digitizing a continuous flow of data generally in-
volves a loss of information. This is particularly true
where a signal is sampled for data at a constant time
Interval At. In this case no direct Information about
frequencies greater than 1/(2&t) (the Nyquist frequency)
may be obtained. Figure 3* borrowed essentially from
Muller (1966), i1llustrates how sampling a frequency high-
er than the Nyquist value results in the true frequency
only appearing in the digitized data as an erroneous low-
er frequency (below Nyquist value) reincarnation.

Eddy et al. (1968) treated the case of an infinite,
stationary time series sampled at interval At. They
obtained the apparent power spectrum P (f) by taking the
Fourier transform of the autocovariance multiplied by an
infinite Dirac comb. The result, where P(f) 1i1s the true

spectral estimate is given below. Table 2 indicates



21
examples of frequencies beyond 1/(2 t) (where t=I1 day)
p(gf)—p(f)zgrg(ﬁ/?tﬁp(f—f«i’:lt)
and their consequent spurious appearance 1In the spectral
estimate at a lower frequency.

This iInterference iIn the true spectral estimate by
frequencies beyond the Nyquist frequency has been labled
aliasing by Blackman and Tukey (1958). One should note
that when P(f) for T greater than I/(2£5t) is equal to
zero, no aliasing of the spectrum below 1/(2ht) occurs.
Then PEF)=P(TF).

The data used for this study was sampled at a con-
stant interval of one day. Thus any frequency greater
than .5 cpd (or period less than 2 days) will be reflected
only as aliasing error iIn the spectral estimates for
frequencies 0 to .5 cpd. This problem i1s less serious
than might appear for the following reasons.

1. The daily period (1 cpd) does not contribute to
the aliasing since it is sampled at the exact same point
each day and appears as a constant addition to the data,
not as a periodic addition.

2. Only looking at the spectra for frequencies lesB
than ,3U cpd additionally cuts out aliasing effects of
many hyper-Nyquist frequencies as discussed by Griffith
et al. (1956).

3. Since most hyper-Nyquist frequencies are likely



TIME (At)
Fig. 3  Aliasing in Sampling a Signal above the Nyquist Frequency
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Table 3 Unit Amplitude Sine Waves of Erequency Greater
than Nyquiat and their Aliasing In the Power Spectrum*

Input Equivalent Frequency Power at Peak
Period frequency of peak In 1In spectrum
(days) (cyc/day; power spec-

trum
.10 10.00
=20 5.00
-30 3.30 -34 2.0
.40 2.50
.50 2.00
.60 1.67 .34 2.0
-70 1.43 42 1.8
30 1.25 .26 1.8
.90 1.11 .12 1.8
.95 1.05 =06 1.9
.99 1.01 0 3-6
1.01 .99 0 3.6
1.05 .95 .04 1.9
1.10 .91 .10 1.8
1.20 .83 .16 2.0
1.30 77 .24 1.8
1.40 .71 =28 2.0
1.50 .67 .34 2.0
1.60 .63 .38 2.1
1.70 .59 .42 1.9
1.80 .56 .44 2.0
1.90 .53 .48 2.0
1.95 .51 .50 3.2
1.99 -502 .50 4.9

* A blank means that zero aliasing appeared i1n the
spectrum at that frequency*
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to be of small scale (eg. an individual cumulus cloud
averaging perhaps 1 mile in diameter and with a period
of about 30 minutes)» a 5 degree grid square will contain
many such events at different phases. Then assuming
that the phases are randomly scattered among the high
frequency events in such an area, one sees that Bpatial
averaging will cauBe the phases to nearly cancel and
drastically reduce the proportion of total variance
attributable to high frequencies iIn the data. The 5
degree grid average for cloudiness acts as a high fre-
quency fTilter In this matter.

+. The camera resolution limits (about 2 NM) also
tends to eliminate high frequency components by smooth-
ing out small scale effects.

One concrete way of checking for aliasing is to
reduce the data interval, sample the signal more fre-
quently, recompute the spectra and compere them with the
old. If no significant aliasing exists, the spectra,
should be almost the same. SlInoe this course was iIm-
practical in the present situation, the author sought
indirect methods of evaluating aliasing error such as
those above. Whife those arguments do not prove that
absolutely no aliasing exists, they do offer some justi-
fication to the conclusion that aliasing is not a sig-

nificant factor in iInterpreting the final spectral results.



25
Power Spectrum Confidence Limits
Jenkins (1968) has shown that a smooth spectral es-
timator times the degrees of freedom divided by the true
spectrum is approximately chi-square distributed. It
follows that the lower and upper confidence limits for

a confidence interval of 10Q(l-p)% are TtF SP(X) and
XZ(df.1-P/2)

df SP(X) < Using Jenkins (1961) estimate of df for
XS(df,p’/2)

spectral estimators smoothed by hamming (dfxs5n/2m*5(150)

/2(25)*15) and a confidence interval (p) of 80%, one

obtains lower and upper spectral limits of the form

(=673) HP(X) and (1.76) HP(X). This means that in about

1 out of 5 chances, the true spectrum will fall outside

these limits. Looking at figure h. a typical cloud

spectrum, one sees that drawing a smooth line between

the confidence limits retains the 17*20 day peak as rela-

tively significant but the 5*7 day peak is borderline.

This should be recalled when assessing the spectral fig-

ures discussed later.

Croas-8pectra

In anticipation of differences between Eastern and

Western Pacific spectral behavior, two base series, lo-

cated at 162.5 E and 162.5 W, were selected at each lati-

tude. Each base time series at a particular latitude

was then oross-speotrally analysed with the remaining 19
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series**thus giving 38 cross-spectra at each latitude*
Theoretically i1t would have been nice to have cross*
spectra of all pairs, but this would have i1nvolved 190
cross-spectra rather than 38* The procedure chosen
limited the number to a manageable level and still re-
tained an ability to pick up east-west differences.
Goodman (1987) discussed the statistical signifi-
cance of coherence values. He assumed the followingl
real blvariate random generating process with a bivar-
late normal distribution! perfect, no leakage window for
estimators of power spectra, co-spectrum, and quadrature!
complex Wishart probability distribution for the esti-
mators. Panofsky and Brier (1958) rearranged Goodman’s

result Iinto a more useable formula.

B* [1-pMAN*ANA3 A (where B 1s the limiting coher-
ence). Using the value of 15 obtained for df earlier,
B=.33 at p».20 or B*»39 at p=.10, which means that if the
true coherence i1s zero, there i1s only about 1 chance in
5 of i1ts estimate being above .33 or 1 chance in 10 of
It appearing above .39.

The cross-spectra were used in an attempt to esti-
mate the wavelength and speed of movement of cloud dis-
turbances. For any given latitude strip, the procedure

for this i1s listed below:

1. The longitude-frequency power, 1isopleth chart for

the latitude iIs consulted and any significant appearing



2Q
peaks noted. For example the 17-25 day period (.06-,01+

cpd) stands out as a significant peak in figure 19.

2. The primary frequency in a particular peak is
taken, and attention is focused on the coherence and
phase values for that frequency. Again using figure 19,
one may select .06 cpd as the primary frequency of the
17-25 day period peak.

3. Selecting either of the base series, one checks
the cross-spectra with the other 19 series (across the
longitudes) for coherence above .33 (20% significance
level) and for those between .33 and .20.

U* The phases from series with coherence above .33
are Tirst plotted versus their longitude. Series with
coherences between .20 and .33 are also plotted as an
eyeball aid iIn determining the line, if any, to be drawn
through the data points.

5. If the points appear to be nearly linear, a sub-
jective "best fit" straight line is drawn through them,
making sure to iIntersect the base aeries ator near zero
phase angle as i1n figure38*

6. If a line is drawn, wavelength Is determined by
the longitude necessary to complete 360° or afull circle
on the graph. In figure 38 the west and east lineB would
give wavelength estimates of about 91+° and 110° longi-
tude respectively.

7. Speed ia found through the usual formula: Speed
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(c)*wavelength (L) x frequency (f). The direction of
the velocity is determined from the inclination of the
phase diagram line as in figure 37= See Appendix C for
further comments on this*

8« Repeat steps 3 through 7 for the other base
series.
Chang-Style Analysis

Chang (1970) proposed a new method of using satel-
lite photos to view time changes iIn tropical cloud cover.
Cutting a particular 5 degree zonal cloud strip from
each daily ES3A composite, he placed the strips one be-
low the other in sequence by date. The finished product
gave a picture of the longitudinal distribution of
clouds (in a particular 5 degree latitudinal zone) ver-
sus Increasing time down the page. Westward propagating
disturbances were Ildentified with cloud lines running
from the upper right to the lower left part of the photo.
An attempt was made to reproduce this type of analysis
with the digitized data of this study. After preliminary
processing (filtering and subtraction of zonal average),
the data for a particular latitude belt was displayed
with longitude running horizontally and time increasing
down the page. Grids with positive deviations are shaded.
An example is given iIn figure 5 where the period and zone
correspond with the actual Chang-style cloud composite

given by Reed (1970). As one can easily see, the results



are disappointing, and i1t is difficult to decide iIn
most cases if the lines are going downward from right
to left or left to right. Other attempts produced sim-
ilar ambiguities, and the method was dropped for that

reason.
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1. RESULTS, DISCUSSION, AND CONCLUSIONS

Observations

The most 1mportant observation as can be seen from
figure 19-36 is that the 17-25 day period (.04-.06 cpd,
alias the 20 day period) stands out as the predominant
peak 1In strength and longitudinal continuity at all
latitudes and in all seasons. Primary power also tends
to appear in the Western Pacific, a reasonable result
as the Eastern Pacific displays much less weather and
average cloudiness. It is also true that thiB spectral
period is most important in the cloud zonal averages
(figures 1h-17). At no time does the 1+7 day period
rival the importance of the longer period.

Comparison of figures 15 and 16, 17 and 18, 19 and
23» and 20 and 31 reveals some apparent differences in
the spectra between the summers of 67 and 68 and the
winters 67-68 and 68-69. The period May 67 to April 68
appears to be a much more active time than May 68 to
April 69 according to the strength of the power spectra.

Nevertheless comparison of the geographic distri-
bution of the major period (figures 9-12) discloses basic
similarities iIn the patterns for the respective seasons
of the two years. Considering this and the need to
limit the number of figures, the author has chosen to
discuss mainly the period May 67 to April 68.

Average cloud cover for the 2 six month periods is

analysed i1n figures 6 and 7. Total spectral power (ie.
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sum of power over all frequencies, eg, figure 8) was
computed and analysed as an indication of disturbance
geographic distribution. The total power pattern conforms
nicely to the oloud average patterns, and one concludes
that there are more disturbances where the cloud ave-

rage is higher— a result to be expected.

The spectra seem to pass through significant seasonal
changes, especially when the 20 day period figures (9,10,
11,12) are inspected. The major amount of spectral pow-
er 1s iIn the Northwest Pacific in summer (N. Hemisphere,
figures 9 and 11) but shifts to the Central South Pacific
in the winter (ie. S. Hemisphere summer, figures 10 and
12). One also notes a shrinkage of the power minimum
situated over the Eastern Pacific, "equatorial, dry zone"
as summer leaves and winter arrives.

The zonal average distribution shows an interesting
change between the periods May 67 to April 68 and May 68
to April 69. The former, illustrated in figures 15 and
17* have a minimum iIn the 20 day spectral power centered
around the equator while the latter in figures 16 and 18
show a 20 day power maximum centered around the equator.
The meaning of this strange but possibly Important ob-
servation i1s not at all clear.

Attempts to obtain wavelength and speed for both the
17-25 day periods and the 4-7 day period were generally

unsuccessftul. Coherences tended to be low and to drop to
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insignificance within 5 to 10° of latitude on eilther side

of the base series. Significant coherence values some-
times reappeared again further out from the base series,
but the phases at these points tended to be nonlinearly
distributed. These conditions prevailed even at the 801k
significance level, and i1t was iImpossible In most cases
to draw a straight line through the data. Thus wave-
length and speed information suffered.

What does the lack of coherence reveal? A highly
dispersive wave (ie. a wave that changes any or all of
the following as i1t propagates: speed, wavelength, fre-
quency, amplitude.) would not be expected to have high
coherence. Most envisioned, stationary disturbances are
much more causally i1ndependent than those produced by
moving waves; consequently they would be expected to have
low coherences. One would tend to conclude that the cloud
disturbances are not manifestations of non-dispersive
moving waves. Whether they are generally stationary or
moving in an irregular manner cannot be completely deter-
mined by spectral analysis, and the question must be
posed by other* methods.

The Easterly Wave

In order to curb the general, semantic confusion over
what constitutes an easterly wave, moving disturbances
will be divided iInto 3 categories; (1) easterly wave or

“wave i1n the easterlies" as defined by Riehl (1945) and
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discussed earlier iIn the introduction; (2) westward wave

to 'be defined as the class of all disturbances moving
generally to the west except the easterly wave; (3) east-
ward wave defined analogously to (2).

One can now show that the easterly wave iIs not a
dominant disturbance form in the Pacific by noting the
following discrepancies between the model and observa-
tional data«

(1) The dominant cloud period i1s 20 days. |If the
easterly wave were dominant, the major period would be
around 4-5 days* This would be expected from the easter-
ly wave model which visualizes a linear cloud line closely
linked to the 4-5 day periodicity of the easterly wave
wind structure.

(2) The u wind component has much more power than
the v. ITf the easterly wave were dominant, the v power
would be greater because the model perceives a basic u
current perturbed by v variations« The u wind also has
a dominant period around 20 days which is not explained by
the easterly wave.

(3 Cloud cross-spectral calculations do not support
the hypothesis of fairly uniform cloud disturbance move-
ment. The clouds better appear as quasi-stationary
globs, a contention which is definitely at odds with the
rather uniform movement indicated in the easterly wave

hypothesis.
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The evidence then topples the easterly wave from
its foremost position and relegates i1t downward in the
helrarchy of disturbance types in the tropical Pacific.
The spectra, being statistical summaries, cannot prove
that easterly waves do not exist. What can and has been
said i1s that if the easterly wave was the primary dis-
turbance, it would have cloud and wind spectra consid-

erably different from those observed.

Speculation

It 1s perhaps important to digress for an instant
and consider the types of conclusions that one may draw
from spectral analysis. It is basically a negative
technique. A particular atmospheric model should imply
a certain spectral distribution, but a particular spectrum
does not necessarily imply a definite model. This 1is
true because many different models may generate the same
or very similar spectra. One can attempt to '‘disprove'
the validity of some model by showing that i1ts calculated
spectrum does not agree with observation. This method of
argument was used! in the earlier easterly wave discussion.
Other types of suggested correlations are really only an
indication that some idea may merit further investigation
by other techniques. Much of the speculation below fits
this latter category.

Several numerical models of the tropics have Included

convective condensation as an Important parameter, and it



iIs to those that one looks for some possible explanation
of the cloud spectra. A nonlinear balance equation, de-
veloped by Krishnamurti (1966), was used by Baumhefner
(1966) to forecast the movement of an observed easterly
wave 1In the Caribbean. Yamasaki (1969) obtained the
easterly wave as the preferred scale for unstable waves
in his linear perturbation analysis, and Hayashi’s (1970)
3D linearized primitive equations also yielded the east-
erly wave as a favored disturbance mode. Unfortunately
the above iInvestigations offered little insight into the
mechanism behind the dominant 20 day period disturbances
of the Pacific. In fact no well-developed theoretical
model has yet noted the possible existence of the 20 day
period.

Looking at figures 9 and 11 for the 20 day period,
one notes a power trough marked by a dashed line. The
long term mean August tropical upper tropospheric trough
(TUTT) 1is Imposed on the map by a solid line. Can the
trough iIn the power and the one in the upper wind field
be causally related? The positioning of them on the maps
suggests this as a possibility. In otherwords the TUTT
might control the spectral power trough or vice versa.
This speculation is perhaps strengthened when one observes
that when the TUTT disappears in winter (figures 10 and
12), so does the spectral power trough that was observed

in the summer. |If one aspect of the spectral power can
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be related to the upper winds, can more associations also
be made? Being able to connect cloud disturbances mainly
to either upper or lower atmospheric control could be an
important point to the numerical modeler*

Inspection of the power versus longitude on the
various graphs generally indicates an alternation of max-
imums and minimums of power along a longitude line* Hav-
ing eliminated conservative, moving waves (nearly constant
amplitude, frequency, wavelength, speed) as the probable
cause of major tropical cloud disturbances, one notes that
the above max-min alternation may be suggestive of the
nodal properties of some type of standing wave. The am-
plitude and thus the variance of a standing wave changes
along the length of the wave, being a minimum at the nodes
and a maximum halfway between the nodes. This variance
change compounded with "cloudiness noise”™ would tend to
produce the low coherences observed, even though the parts
of the standing wave seem to be related 1In a strict de-
terministic fashion. Simple standing waves such as a
plucked string are often generated by fixing the boundar-
ies. One might consider the possibility that the con-
tinents on either side of the Pacific act as boundary
conditions iIn the regulation of air motion and impose
standing waves on the Pacific atmosphere.

Both Yanal and Murakami (1970) and Wallace and Chang

(1969) showed dominant spectral power to be contained in
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the u component and the u component power to be concen-
trated around 20 days* The large-scale oloud disturbances
being of like period, may be associated mainly with the
u field and not the v field. If this iIs so, zonal
speed pulses should be looked at as a major generator
of the convergence which supports the formation of cloud
disturbances.

Murakami (1970) has offered the following tentative
hypothesis for the dominance of the 20 day spectral peak.
IT the westward wave scale of disturbance 1is preferred
in the dry atmosphere, one can then assume a small am-
plitude wave beginning to move through an area A at time
0. If this area is moist and thus convectively tinstable,
the westward wave would probably provoke increased con-
vection iIn the area, and the convective condensation
heating could in turn amplify the wave. This would give
a boost to the olouds and wind speed at t*0. Having ex-
hausted i1ts moisture In the condensation process, the
atmosphere 1In area A may need time to recoup iIts water
vapor. During this rebuilding period, area A would be
relatively Inactive and not subject to triggering by
passing low-amplitude, westward waves. |If one assumed
the building time to be 20 days, the end of this period
would again bring area A to a critical moisture levelj
extensive convection could again be set off by a passing

wave and result i1n greater cloudiness and wind speeds.
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Thus the 20 day period would stand out above all otherB

in a spectral analysis. At present Murakami 1lb pur-
suing the theoretical Implications of the above expla-
nation iIn order to further check its validity.

In retrospect one sees that the primary signifi-
cance of this study is the debunking of the easterly
wave phenomena in the Pacific and the exposure of new
observations such as the 20 day period which were not
anticipated by any current numerical or synoptic model.
It 1s hoped that this work will provoke a search for
the atmospheric mechanisms which are responsible for

the spectral characteristics observed.






Fig. 7 Average Cloud Cover (Winter 67-68)















Fig. 12 Same as Fig. 9 except Winter 68-69.



Fig. 13 4 Day Peak (f=.26-.22 averaged) Spectrai Power (Winter 67-68)






Fig. 15 Zonal Ave. Power (xlOO, Summer 67)
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Fig. 17 Same as Fig. 15 except Winter 67-68
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Fig. 18 Same as Fig. 15 except Winter 68-69
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Fig. 26 Same as Fig. 21 except 5-10°S
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Fig. 28 Same as Fig. 21 except 15~20°S
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APPENDIX A Calculation Procedure Uaed In BMD Canned

Step It

Step 2:

Step 3t

Step 4t

Step 5t

Progran.

Computation of the naan and deviation,

n
v o *Ax g=
n lai
XI -V -V

Computation of autooovarlancee

ACV (X)*> - J _ fr x, XA %
n-p 1*1 *

Where p* O» 1» 2» ..., m
Computation of raw spectral estimates.

POOh* §£& 57 e ACV(X)P cos hp
7t p*0 p m

Where h* 0, 1, 2» ...» a

and e *JI O p m
p (1 p*0,m

Smoothing raw estimates by "hamming."

HP(X)° * .54 P(X)° .46 p(x)1

HP(X)h * .23 pPcx)II'l & .54 p(xX)he .23 pcx)l*1
HP(X)m * .54 P(X)m ¢ .46 P(X)® -1

Computation of cross-covarlance.

GGV(XY)™ . i _ ST X~
n_p 1*1 * **k
CCV(XX)-p - xzr Y
n-p 1*1 L

Where p* 0, 1» 2» ...» m
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Step 6: Computation of Coapectrumand Quadrature.

C(XY)h * At p(CCV(XY)P +CCV(XY)“p)cos HPIT

IT p»0 m
Q(XY)h » At 57 p (CCV(XY)P - CCV(XY)*p)ain

TF p*0 m
Where h« 0, 1, 2, ...» m

Vi Rh 9«§,H

Step 7* Cospectrum and quadrature "hammed” asin Step 4»

Step 8: Computation of Phase shift from series X to
series Y.

PHAS(XY)h * ARC TAN HQ(XY)h
HC(XY)h

Step 9: Computation of coherence square.
COH (XY)h » (HC(XY)h)2 ¢ (HQ(XY)h)2
HP(XDh HP(Y)h



APPENDIX B
ACV(X)P
pdf

C

opd

C(XY)h

CCV(XY)P

COH(XY)h
df

£

h
HC(XY)h
HP(X)h
HQ(XY)h
K

P(X)h

PHAS(XY)h

7k
Definitions of Symbols
Autocovariance at lag p of X time series.
Probability density function.
8peed
Cycles per day

Cospectrum of series Y at frequency
hIT/\AmAt) with respect to time series X.

Cross-covariance of series Y at lag p
against base series X.

Coherence square at frequency hTT/(mAt).
Degrees of freedom.

Frequency i1n cycles/day.

Integer 0, 1, 2, ee-y, I

""Hammed" cospeotrum.

"Hammed" spectral estimate.

""Hammed" quadrattire.

Integer number where there are (2k+l)
weights 1In a moving average.

Wavelength
Number of lags used.
Number of points iIn the time series.

For confidence limit calculations where 100
(I-p)% 1s the confidence interval.

Raw power spectral estimate of series X at
frequency hTT/(mAt).

Phase angle (shift) of time series Y with
regard to series X.

Condensation heating function.
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Q(XY)h Quadrature of series Y at frequency hTr/(mnt)
with respect to time series X*

R(P) Frequency response function*
8P(X) Smoothed spectral estimator.
At Sampling interval*

TP(XE Theoretical spectrum*

X Longitudinal distance*

X i* Raw Data Values.

v Mean of raw data*

Ki Deviation from mean.



APPENDIX C Direction of Disturbance Velocity

An attempt is being made to look at strictly the
longitudinal« one-dimensional wave movement of cloud
disturbances. A simple, one-dimensional propagating
wave can be represented by any function f=*f(x-ct).
In order for the wave to propagate at all (cosine ar-
gument remain the same as time iIncreases), the phase
line In figure 37 (&) requires x to increase to the
west as the wave moves west, while figure 37 (b) phase

line orientation requires wave movement to the east.
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