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ABSTRACT 

Time series of hydrometeorological indices from key tropical land areas, of sea surface 
temperature (SST), and of sea level pressure (SLP) for various latitude zones of the Atlantic, as 
compiled from ship observations, form the major basis for a study of variance and coherence 
characteristics of tropical circulation and climate. The novel non-integer technique of 
Schickedanz-Bowen is used. 

SLP in the Eastern Equatorial Pacific and SLP and SST in the Atlantic show large variance in 
the long end of the spectrum, thus reflecting the inertia and trend of atmosphere and 
hydrosphere. However, a marked preference for SLP variations is apparent around 2.5 years in 
the Equatorial Atlantic, and around 6 and 20 years in the North Australian region. The behavior 
of SST in the El Niiio region off the Ecuador/Peru coast differs from other parts of the World 
oceans, in that variance is concentrated at 2-8 and around 15 years, rather than the long end of 
the spectrum. Variance in regional hydrometeorological series is concentrated around 2-2.5, 10, 
and 13-21 years. Spatial linkages are most prominent around 2.3,5,8, and 14 years, and appear 
related to preferred modes of circulation and climate anomalies identified by earlier stratification 
and principal component studies. 

1. Introduction 

Recent extreme climatic events in various 
regions of the tropics have focused renewed 
attention to variations of the large-scale circulation 
in low latitudes. Couplings of extreme events in 
distant regions of the tropics have been identified, 
such as the occasional simultaneity of North- 
eastern Brazil Sicas and Ecuador/Peru El Niiio 
(Caviedes, 1973; Hastenrath, 1976; Hastenrath 
and Heller, 1977; Covey and Hastenrath, 1978); 
the positive linkage of rainfall in the Central 
American-Caribbean area with the U.S. Central 
Great Plains (Hastenrath, 1976); the coherence of 
rainfall in various areas of the Pacific (Doberitz, 
1968); the inverse pressure variations in the 
Eastern and Western extremities of that great 
ocean (Walker and Bliss, 1937; Berlage, 1957, 
1966; Quinn, 1974; Wyrtki, 1975); and the relation 
of the South Asian monsoon rainfall to pressure 
oscillations in the Pacific (Alexander et al., 1974). 

General circulation mechanisms of regional climate 
anomalies and their teleconnections have been 
suggested on the basis of pattern stratification and 
judicious hypotheses (Bjerknes, 1966, 1969; 
Quinn, 1974; Hastenrath, 1976, 1978; Hastenrath 
and Heller, 1977; Covey and Hastenrath, 1978; 
Lamb, 1978a,b). 

Such mechanisms may or may not be operative 
in a periodic fashion. However, the characteristic 
time scales of climate and circulation variability, 
and the preferred frequency bands for spatial 
coherence have received little attention. The present 
investigation is intended as a preliminary inventory 
of spectral characteristics in low latitudes. Objec- 
tives are twofold: (a) frequency bands of major 
variability in the regional climate shall be identified; 
and (b) the preference for spatial linkage to occur 
a t  certain time scales shall be explored. It is 
expected that such a spectral description may 
provide insight into the temporal characteristics of 
general circulation mechanisms. 
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2. Spatial coupling of circulation and 

The present work is motivated by various earlier 
studies which have demonstrated teleconnections 
between extreme events in the climate of certain 
regions and the concomitant variations of the 
large-scale circulation. The area considered here 
extends from the Pacific across the Americas to the 
Altantic domain. Specific problem complexes iden- 
tified in earlier studies and of interest here shall be 
summarized in the following. 

climate anomalies 

(a) Extreme climatic events in the Central 
American-Caribbean region 

Drought in the Central American-Caribbean 
region (Hastenrath, 1976) tends to be associated 
with an equatorward expansion of the North 
Atlantic high, and a band of anomalously cold 
water extending from the coast of West Africa 
across the North Atlantic; approximately inverse 
departure configurations being characteristic for 
abundant rainy seasons. Rainfall in the Central 
American-Caribbean region is positively cor- 
related with the hydrometeorological conditions in 
Subsaharan Africa and negatively with pre- 
cipitation in the U.S. Central Great Plains and sea 
temperature off the coast of Ecuador and Peru. 

(b) Climatic hazards in Northeast Brazil 
Drought/flood in Northeast Brazil (Hastenrath 

and Heller, 1977; Hastenrath, 1978; Covey and 
Hastenrath, 1978) are characterized by 
anomalously highhow pressure over the South and 
Equatorial Atlantic, and low/high pressure over the 
North Atlantic, and a band of anomalously 
warm/cold water across the North Atlantic. Rain- 
fall in Northeast Brazil is significantly negatively 
correlated with sea temperature off the West coast 
of South America. 

(c) Relation of pressure and sea temperature in the 
North Atlantic 

A negative coupling of sea level pressure 
anomalies on the equatorward side of the North 
Atlantic high and sea temperature in a band further 
South has been found in various stratification 
studies (Hastenrath, 1976; Hastenrath and Heller, 
1977; Lamb, 1978a,b). 

(d) The El Nin‘o phenomenon 
The El Niiio phenomenon on the West coast of 

South America has been explained as an oceanic 
response to the relaxation of wind stress over the 
Equatorial Pacific, which in turn is related to the 
weakening of the Eastern South Pacific high 
(Quinn, 1974; Wyrtki, 1975; Hurlburt et al., 1976; 
McCreary, 1976; Barnett, 1977). There is some 
controversy on whether the abundant rainfall of El 
Niiio is caused or merely accompanied by high 
sea temperature (Doberitz, 1968). The long-term 
pressure variations in the Eastern South Pacific 
tend to run inverse to the pressure over both the 
Western Pacific and the South Atlantic (Hastenrath 
and Heller, 1977; Covey and Hastenrath, 1978). 

(e) Large scale pressure oscillations 
Berlage (1957, 1966) defined the “Southern 

Oscillation” as a pressure see-saw between the 
North Australian-Indonesian area and the Eastern 
South Pacific, with a time scale of 1-5 years. A 
nodal line was found in the South American sector, 
with pressure variations in the South Atlantic being 
broadly in phase with the North Australian- 
Indonesian area, and out of phase with the Eastern 
South Pacific. 

3. Data 

The location of time series used in the present 
study is depicted in Fig. 1. In an effort to 
investigate the interrelation of large-scale circu- 
lation and regional climate, time series of sea level 
pressure (SLP) and sea surface temperature (SST) 
in key areas of the tropical Atlantic and Pacific 
Ocean were chosen for analysis in conjunction with 
hydrometeorological series representative of selec- 
ted tropical land areas. The base period used is 

The series of hydrometeorological indices for the 
U.S. Central Great Plains (US), the Central 
American-Caribbean region (CARIB), the 
Ecuador/Peru coast (Ec/Peru R), and Northeast 
Brazil (NE BRAZIL), were constructed from a 
large number of individual rainfall stations as 
described earlier (Hastenrath, 1976, 1978; Hasten- 
rath and Heller, 1977; Covey and Hastenrath, 
1978). The SST index of the Ecuador/Peru coast 
(Ec/Peru T) from Hastenrath (1976) allows the 
illustration of El Niiio events and their antitheses. 

1921-72. 
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All of the aforementioned indices were constructed 
as annual values with a compilation by calendar 
year, except for NE BRAZIL. The latter series is 
seasonalized for October to September, so as to be 
centered on the March/April peak of the rainy 
season (Hastenrath and Heller, 1977). This dif- 
ference in timing is accounted for in the discussion 
of phase relationships in Section 6. The discharge 
of the Senegal river (SENEGAL) provides a 
similarly useful index for the hydrometeorological 
conditions over a large tropical region. To this end, 
individual monthly values were combined by 
calendar year. 

SST and SLP available as monthly means were 
compiled into annual values by calendar year. A 
major source for these elements is provided by 
long-term ship observations in the tropical Atlantic 
and Eastern Pacific during 191 1-72. Details of this 
data bank have been described by Hastenrath and 
Lamb (1977). More than 7 million observations 
were compiled into averages for individual months 
and one degree square areas. From this data set, 
time series of SLP and SST were compiled for large 
ocean blocks (Pl-P7, Tl). An adequate data 
coverage results for SLP in the Tropical Atlantic 

For the Pacific, the SLP data by large ocean 
blocks are deficient and the use of additional 
sources is desirable. The North Pacific SLP series 
(P8) represents pressure at the axis of the North 
Pacific high and had been retrieved from micro- 
filmed Historical Weather Maps, obtained from the 
National Climate Center, at Asheville, N.C. Dar- 
win provides a long SLP series at a strategic 
location (P9). 

Annual values were used throughout on the 
following grounds: hydrometeorological index 
series characterizing the quality of entire rainy 
seasons are available as annual figures only; a 

(Pl-P6). 

separation into monthly values for the other series 
would not have substantially improved the time 
resolution in the frequency bands of interest; and 
sample calculations with monthly data confirmed 
the annual results. 

4. Methods 

Power spectra were calculated by means of an 
Illinois State Water Survey program (Schickedanz 
and Bowen, 1977; Hastenrath and Wendland, 
1979). This innovative technique produces spectral 
estimates for equal increments of wavelength by 
utilizing non-integer values in the sine and cosine 
waveforms. This procedure is particularly suited to 
identify periodicities in relatively short data 
records. "Normalized spectral density" has the 
conventional meaning only at integer multiples of 
the fundamental frequency. Schickedanz and 
Bowen also developed a method for the deter- 
mination fo a priori significance levels. This is here 
used only for selecting prominent frequencies, 
rather than for assessing confidence levels as such. 
Inasmuch as the timing of extrema is obtained for 
each frequency, phase relationships between series 
can also be examined. The time of the first 
maximum falling within the observation period is 
used here to describe the phase. 

In addition, a BMD-02T computer program 
(Dixon, 1973) was converted to produce a Black- 
man-Tukey style power spectrum and a Hamon- 
Hannan type cross spectrum analysis (Blackman 
and Tukey, 1958; Goodman et al., 1961; Hamon 
and Hannan, 1963; World Meteorological Organi- 
zation, 1966; Panofsky and Brier, 1968; Doberitz, 
1968, 1969). Results confirm the Schickedanz- 
Bowen analysis, but are not presented here. 
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5. Power spectra 

Fig. 2 shows the power spectra obtained from the 
Schickedanz-Bowen technique with a time 
resolution of 0.1 years. Climatic variability and 
spatial couplings at the scale of 10-25 years merits 
particular attention, but it is realized that the low 
frequencies are poorly sampled because of the 
limited length of climatological records. 

SLP shows large variance in the long end of the 
spectrum over most of the tropical Atlantic 
(especially P2, P5, P6), the Eastern Equatorial (P7) 
and the North Pacific (P8). This bears out the 
tendency for persistence of large-scale pressure 
patterns. By contrast, a marked preference for 
frequencies around 2.5 years is apparent in the 
Equatorial Atlantic (P3), while in the North 
Australian (P9) region SLP variance is concen- 
trated around 3-7 and 20 years. Spectral power 
around 5 years is also comparatively important on 
the equatorward side of the North Atlantic high 
(Pl ,  P2). The maximum spectral power in the 3-7 
year frequency band at Darwin (P9) compares with 
Berlage’s (1966) concept of the “Southern Oscil- 
lation” as a pressure variation with a periodicity of 
1-5 years. The quasi-biennial SLP fluctuation in 
the Equatorial Atlantic is of interest in large-scale 
couplings to be discussed in Sections 6 and 7. 

Strong persistence in SST of the North Atlantic 
(Tl)  reflects the inertia and trend of the hydro- 
sphere. However, a distinctly different spectrum is 
characteristic of SST along the Ecuador/Peru coast 
(Ec/Peru T), in that variance is concentrated at 
2-8 and around 15 years. Preference for similar 
frequencies is also apparent for the rainfall in the 
coastal zone (Ec/Peru R). In fact, the alternation of 
El Niiio and counter-El Niiio events distinguishes 
the West coast of South America from the SST 
variance in other parts of the World oceans. 

By comparison with oceanic SLP and SST, 
persistence seems of lesser importance for the 
hydrometeorological conditions of the tropical land 
areas. Rainfall in the Central American-Carib- 
bean region (CARIB) varies with preference at the 
time scales of 2-2.5, 5 ,  and 20 years. The variance 
of rainfall in the U.S. Central Great Plains (US) is 
concentrated around 3-4 and 10-17 years. The 
water discharge of Senegal river (SENEGAL) 

shows a preference for variations around 2-4, 10, 
and 30 years. Rainfall in Northeast Brazil (NE 
BRAZIL) shows comparatively large variance 
around 2.5, 5 ,  10, and 13-21 years. This is broadly 
consisteht with the results of Markham (1974). 

A quasi-biennial oscillation thus prevails in 
equatorial Atlantic SLP (P3, P4) and in the 
hydrometeorological conditions of neighboring 
continental regions (NE BRAZIL, CARIB, 
SENEGAL). This pulse is also apparent in SST 
along the South American West Coast (Ec/Peru 
T). The 3-7-year frequency band is conspicuous in 
SLP in the North Australian region (P9) and on the 
equatorward side of the North Atlantic high (P l ,  
P2), as well as in some hydrometeorological index 
series (NE BRAZIL, CARIB). Persistence is 
particularly dominant in South Atlantic SLP (P5, 
P6) and North Atlantic SST (TI). 

6. Spatial couplings 

(a) Correlation coeflcients 
A first orientation on spatial linkages is obtained 

from Table 1. In estimating the significance of 
correlation coefficients, Quenouille’s ( 1952, p. 
168) method was used to account for the reduction 
of effective degrees of freedom due to persistence. 

As can be expected, th&e is a high correlation 
between SLP in neighboring regions of the Atlantic. 
More interesting is an inspection of Table 1 in 
terms of the five problem complexes reviewed in 
Section 2. 

Rainfall in the Central American-Caribbean 
region (CARIB) is indeed negatively correlated 
with SLP in the North Atlantic (Pl ,  P2, P3), 
rainfall in the U.S. Central Great Plains (US), and 
SST off Ecuador and Peru (Ec/Peru T); and 
positively with the discharge of the Senegal river 
(SENEGAL). There is also a high negative correla- 
tion with SLP in the North Australian region (P9). 

Consistent with earlier studies, rainfall in North- 
east Brazil (NE BRAZIL) is negatively correlated 
with SLP over the South Atlantic (P4, P5, P6), and 
SST off Ecuador and Peru (Ec/Peru T). The 
negative linkage between SLP on the equatorward 
side of the North Atlantic high (P l )  and SST in a 

Fig. 2. Power spectra of time series indicated in Fig. 1 .  Normalized spectral densities (vertical scale) are entered as 
dotted lines, one, two, and three asterisks indicating three arbitrary thresholds. Numbers ascribed to the respective 
peaks signify the date of the first maximum in tenths of years (i.e. 217 = 1921.7). 
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Table 1. Correlation coeflcients between time series shown in the orientation map Fig. 1, in hundredths. 
One, two, three, and four dots under the number denote statistical signijicance at the 10, 5, I ,  and 0.1 
percent levels, respectively. See Fig. 1 for  location of time series 
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band further South (TI) is also apparent from 
Table 1. 

SST off the coast of Ecuador and Peru is the 
key parameter with regard to the El Niiio pheno- 
menon and its antithesis. In fact, this parameter 
(Ec/Peru T) is positively correlated with SLP over 
the South Atlantic (P4, P5, P6) and in the North 
Australian region (P9), and negatively with SLP 
over the Eastern Pacific (P7). The correlation is of 
course positive with rainfall along the Ecuador- 
Peru coast (Ec/Peru R), but negative with rainfall 
in the Central American-Caribbean region 
(CARIB) and in Northeast Brazil (NE BRAZIL). 
Large-scale pressure oscillations are further reflec- 
ted in Table 1 by SLP in the North Australian 
region (P9) being negatively correlated with the 
Eastern Pacific (P7). 

The large-scale couplings shall be examined in 
the following by ways of maps for various 
frequency bands (Fig. 3), for which a marked 
preference is revealed in Fig. 2. 

(b) The 2.2-2.4-year frequency band 
Fig. 3a for this frequency band illustrates a 

multitude of large-scale spatial couplings, relating 

in particular to the extreme hydrometeorological 
events in the Central American-Caribbean region 
and Northeast Brazil, and the El Niiio phenomenon 
as reviewed in Sections 2% b, and d. 

Rainfall variations in the Central American- 
Caribbean region (CARIB) run approximately 
parallel to the water discharge of the Senegal river 
(SENEGAL), and inverse to SLP on the equator- 
ward side of the North Atlantic high (P2, P3), and 
SST at the Ecuador-Peru coast (Ec/Peru T). The 
minimum of Central American-Caribbean rainfall 
(CARIB) approximately coincides with the con- 
current maxima of SST and rainfall at the 
Ecuador-Peru coast (Ec/Peru T, Ec/Peru R). 

Of interest with regard to the El Niiio 
phenomenon is the fact that the maximum of SST 
off the Ecuador-Peru coast (Ec/Peru T) follows 
both the minimum of SLP over the Eastern Pacific 
(P7) and the maximum in coastal rainfall (Ec/Peru 
R). A similar phase lag between rainfall and SST 
anomaly has been suggested by Doberitz (1968). It 
appears that both anomalies may be in response to 
changes in the atmospheric circulation, although a 
warm ocean may provide a secondary enhance- 
ment of rainfall activity. 
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Consistent with the discussion in Section 2b, the 
minimum of rainfall in Northeast Brazil (NE 
BRAZIL) is approximately synchronous with the 
maximum of SLP in the South Atlantic (P4, P5). 
SLP in neighboring bands of the equatorial Atlantic 
(P3, P4, P5) is in phase. 

(c) The 3.4-3.9-year frequency band 
Reference is made to Fig. 3b. Broadly consistent 

with the discussion in Sections 2d and e, the 
concurrent maxima of SST and rainfall at the 
Ecuador-Peru coast (Ec/Peru T, Ec/Peru R) are 
approximately synchronous with the minima of 
SLP in the equatorial (P3) and South Atlantic (P6) 
and in the North Australian region (P9). 

(d) The 4.14.0-year frequency band 
In this frequency band (Fig. 3c), the linkages 

with SLP in the North Australian region (P9) are 
particularly conspicuous. Consistent with the 
discussion in Sections 2d and e, the maximum of 
SLP at Darwin (P9) is approximately synchronous 
with the minimum of SLP in the Eastern Pacific 
(P7). 

(e) The 6.6-8.8-year frequency band 
In this frequency band (Fig. 3d) variations of 

SST and rainfall at the Ecuador-Peru coast 
(Ec/Peru T, Ec/Peru R) are essentially syn- 
chronous, and in phase with SLP in the South 
Atlantic (P4, P5, P6). This agrees largely with the 
review in Sections 2a, d, and e. SLP in neighboring 
bands of the Atlantic (P4, P5, P6) is approxi- 
mately in phase. 

(f) The 13.6-16.0-year frequency band 
This frequency band (Fig. 3e) is particularly 

interesting in regard to linkages with the hydro- 
meteorological conditions in Northeast Brazil. 
Northeast Brazil rainfall (NE BRAZIL) has a 
march broadly inverse to that of SLP over the 
South and equatorial Atlantic (P4, P5, P6). 
Variations of SST off the Ecuador-Peru coast 
(Ec/Peru T) are approximately synchronous with 
those of SLP over the South and equatorial 
Atlantic (P4, P5, P6), and with the rainfall 
variations at the Ecuador-Peru littoral (Ec/Peru 
R), the latter leading slightly. The aforementioned 
spatial couplings in Fig. 3e are related to the review 
in Sections 2b, d, e, in particular. 

(g) The 17.2-21 .O-year frequency band 
Results are mapped in Fig. 3f. At this time scale, 

rainfall in the Central American-Caribbean region 
(CARIB) runs approximately inverse to that in the 
Central U.S. Great Plains (US), and in Northeast 
Brazil (NE BRAZIL). The spatial linkage indicated 
in Fig. 3f is consistent with the discussion in 
Sections 2a, b. 

7. Summary and conclusions 

A series of earlier studies have demonstrated the 
interrelation of regional climate anomalies and 
variations in the large-scale circulation. Motivated 
by these investigations, an attempt was made in the 
present study to compile a preliminary inventory of 
the preferred frequency bands of climatic varia- 
bility, and to explore the time scales at which 
spatial linkages occur with preference. 

Climatic variability (Fig. 2) is concentrated in 
different frequency bands for the various regions. 
Rainfall in the Central American-Caribbean region 
(CARIB) shows a preference for variations at the 
time scale of 2-2.5, 5 and 20 years. The negatively 
correlated (Table 1) rainfall in the U.S. Central 
Great Plains (US), however, varies with preference 
around 3-4 and 10-17 years. The water discharge 
of the Senegal River (SENEGAL), which is 
positively correlated (Table 1) with the hydro- 
meteorological conditions in the Central 
American-Caribbean domain (CARIB), has 
variance concentrated around 2-4, 10 and 30 
years. Rainfall in Northeast Brazil (NE BRAZIL) 
shows a preference for variations around 2.5, 5, 10 
and 13-2 1 years. 

SLP in the Atlantic (especially P2, P5, P6) and 
Eastern Equatorial Pacific (P7), and SST in a 
portion of the North Atlantic (Tl)  shows large 
variance in the long end of the spectrum, thus 
reflecting the inertia and trend of atmosphere and 
hydrosphere. This contrasts with the spectrum of 
SST in the El Niiio region off the West Coast of 
South America (Ec/Peru SST), where variance is 
concentrated around 2-8 and 15 years. Further- 
more, there is a marked preference for SLP 
variations around 2.5 years in the Equatorial 
Atlantic (P3, P4), and around 3-7 and 20 years in 
the North Australian region (P9). 

Spatial linkages (Fig. 3) are most pronounced 
around 2.2-2.4, 4.7-5.5, 7.9-8.8, and 13.6-14.7 
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years. A variety of spatial couplings relate to the 
hydrometeorological conditions in the Central 
American-Caribbean region (CARIB). The 
negative correlation (Table 1) with rainfall in the 
U.S. Central Great Plains (US) results mostly from 
frequencies around 20 years. The inverse linkage 
(Table 1) with SST off Ecuador/Peru (Ec/Peru 
SST) occurs in part near 2.3 years. 

Rainfall in Northeast Brazil (NE BRAZIL) is 
coupled with SLP over the South Atlantic (P4, P5, 
P6) at 13.6-14.7 years. The negative linkage 
(Table I)  with SST off the West Coast of South 
America (Ec/Peru SST) is concentrated around 2.5 
years. 

SST off Ecuador-Peru (Ec/Peru SST) is linked 
negatively with SLP over the Eastern Equatorial 
Pacific (P7) at 2.3 years. The positive correlation 
(Table 1) with SLP over the Equatorial Atlantic 
(P3, P4) and the North Australian region (P9) 
appears to result from contributions at a variety of 
frequencies. The large-scale SLP oscillations, in 
which the Western Pacific (P9) tends to run inverse 
to the Eastern Pacific (P7), are concentrated 
around 6 years. 

Characteristic departure patterns in atmos- 
pheric and hydrospheric fields, as reviewed in 
Section 2, were identified by stratification. This 

effort was complemented by principal component 
analysis for the period 1948-72 (Hastenrath, 
1978). Time series of principal components, repre- 
senting preferred modes of circulation and climate 
anomalies, were also subjected to spectral analysis. 
Results not detailed here support the discussion for 
the larger time scales in Sections 6f and g but the 
compact principal component representation of 
time series ensembles and the use of different base 
periods pose serious limitations. 

Geophysical time series are commonly non- 
stationary. Accordingly, the present exploratory 
study does not provide more than a spectral 
description of regional climate variability and 
large-scale couplings representative of the obser- 
vation period analyzed; identification of preferred 
time scales being of primary interest. As such, it 
may serve as background for investigations into the 
mechanisms of climate and circulation anomalies. 
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