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QUASI-BIENNIAL AND QUASI-TRIENNIAL OSCILLATIONS IN
THE RAINFALL OF NORTHEAST BRAZIL

R. P. Kane

The 12-monthly running means centered 3 months apart (4 values per year) of the rainfalls in NE
(Northeast) Brazil were subjected to Maximum Entropy Spectral Analysis and results compared
with similar analysis for several other parameters. Characleristics of northern NE and castern NE
rainlalls were almost similar but differed considerably from those of southern NE rainfall. In the
QBO region, northern NE had small periodicities at 2,03, 2.45 years, castern NE had strong
periodicitics at 2.26, 2.60 years while southern NE had no significant QBO. The 50mb equatorial
zonal wind had a strongest peak at 2.33 years, a smaller peak at 2.64 years and a still smaller peak
at ~2.00 years. The Southern Oscillation Index T-D (Tahiti minus Darwin atmospheric pressure)
had peaks at 2.03, 2.57 years while EEP-SST (cquatorial ¢astern Pacilic sca surface temperature)
had peaks at 2.10, 2.57 years. (North and South Atlantic S87T) had peaks at (2.10-2.15) years
while NE Brazil coast SST had 2.29 years and Wind Stress had 2.20 years. In the QTO region,
50mb wind had a small peak at 3.2 years and NI coaslal Wind Stress at 3.3 years. All other
paramelers including all the 3 regional rainlalls of NE Brazil had significant peaks near 3.5 ycars.
Peaks were also in the (4.5-5.0) year and (9.5-13.9) year bands. All the three rainfalls had modcerate
correlations with ‘T-D and EEP-SST (~0.3) and with 50mb wind (~(0.4). Rainfall corrclations
were higher with North and South Atlantic SST (~0.5) and with NE coastal SST (~0.6). The
castern NI rainfall had a high correfation (0.5) with NI coastal Wind Stress.

Key words: Quasi-bicnnial Oscillation; Northeast Brazil; Rainfall.

OSCILACOES QUASI-BIENAIS E QUASI-TRIENAIS NAS PRECIPITACOES DO NOR-
DESTE DO BRASIL - As médias méveis de 12 meses centradas a cada 3 meses (4 valores por
ano) das precipitagées no Nordeste do Brasil (NE) passaram por uma Andlise Espectral de Mdxi-
ma Entropia ¢ os resultados foram comparados com andlises similares para outros pardmetros. As
caracteristicas das chuvas no NI setentrional ¢ oriental foram quase similares, mas diferiam con-
sideravelmente das chuvas no NI meridional, Na regido do QBO, o NE setentrional teve pequenas
periodicidades em 2,03 ¢ 2,45 anos, o NE teve fortes periodicidades em 2,26 ¢ 2,60 anos enquanto
o NI meridional néo teve nenhum significante QBO. Ovento zonal equatorial teve o pico mais forte
em 2,33 anos, um pico menor em 2,64 anos ¢ outro ainda menor em ~2,00 anos. O indice de
oscilagdes meridional -1 (pressdo atmosférica do Taiti, menos em Darwin), teve picos em 2,05 e
2,56 anos enquanto que a 1P-SST (temperatura da superficie do mar no Pacifico Oriental Iqua-
torial) teve picos em 2,10 ¢ 2,57 anos. O SST do Atldntico Norte ¢ Sul teve picos em (2,10-2,15)
anos enquanto 0 SST na costa NE do Brasil teve pico em 2,29 anos ¢ a tens@o dos ventos teve picos
em 2,20 anos. Na regido QTO, o vento em 50mb teve uni pequeno pico em 3,2 anos e a tensdo de
ventos na costa NE teve pico em 3,3 unos. Todos os outros parametros, incluindo todos os 3 indices
regionais de chuvas no NE do Brasil, tiveram picos significantes proximos de 3,5 anos. Aparece-
rant também picos nas faixas de (4,5-5,0) anos ¢ (9,5-13,9) anos. Todos os trés indices de precipi-
tacdo tiveram correla¢do moderada com T-D ¢ EEP-SST (~0,3) ¢ o vento em 50mb (~0,4). As
correlagdes com o SST no Atlantico Norte ¢ Sul foram mais altas (~0,5) ¢ também com 0 SST costal
do NI (~0,6). A precipitagdo do NE oriental teve alta correlagdo (0,5) com a tensdo de vento costal
do NI,
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INTRODUCTION

Several decades ago, a QBO (Quasi-biennial
oscillation) was discovered in the low latitude stratospheric
zonal winds (Reed et al., 1961; Veryard & Ebdon, 1961;
Angell & Korshover, 1962). Details are given in Naujokat
(1986). A theoretical explanation was given by Lindzen &
Holton (1968) in terms of absorption in the stratosphere of
vertically propagating Kelvin and Rossby-gravity waves
generated in the troposphere. Plumb & Bell (1982)
produced a numerical model, which reproduced many of
the features of this QBO.

On the surface of the earth, QBO and QTO (Quasi-
triennial oscillation) are shown by the phenomena ENSO,
which consists of three main parameters. One parameter,
El Ninos (EN), are warm water episodes occurring at the
Peru-Ecuador coast (S. America). Quinn etal. (1978, 1987)
has documented these events. The events last for several
months and the warmth spreads to the equatorial eastern
Pacific (EEP) giving the second parameter, warm EEP-SST
(sea-surface temperature) events. Besides the EEP-SST, the
El Ninos are also associated with another phenomenon viz.
SO (Southern Oscillation) (third parameter), which is an
atmospheric pressure see-saw due to an exchange of air
between the South Pacific subtropical high and the
Indonesian equatorial low. A simple SO index is the Tahiti
(T, 18°S, 150°W) minus Darwin (D, 12°S, 131°E) pressure
difference (T-D) which is normally a few mb but
occasionally dips low to almost zero, or even negative. The
minima of T-D occur during El Nino years.

Many meteorological parameters also show QBO and
QTO (Landsberg et al., 1963; Landsberg & Kaylor, 1976;
Kane & Gobbi, 1995; Kane, 1995, 1996). QBO of'the 10mb
wind seems to have some relation with Indian monsoon
(Bhalme et al., 1987).

For rainfall in Brazil, particularly in the northeast, east
and southern region, several factors are known to be
relevant. Markham & McLain (1977) reported considerable
influence of tropical Atlantic SST. Other factors, 700mb
circulation pattern over the North Atlantic (Namias, 1977),
meridional displacement and strength of the Intertropical
Convergence Zone (ITCZ) (Hastenrath & Heller, 1977),
Atlantic trade winds (Chung, 1982), rainfall systems
associated with tropical disturbances moving westward
from the Atlantic towards northeast Brazil (Ramos, 1975;
Yamazaki & Rao, 1977; Rao et al., 1993), and southern
hemisphere cold fronts or their remains moving northward
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Figure 1 - (a) Map of the South-American continent,
showing Brazil and its northeast (NE) (shaded) and the
seaport Fortaleza (Ceard) and (b) Map of Northeast (Nor-
deste) Brazil. Open circles show locations of northern NE,
tull circles, eastern NE and triangles, southern NE.

Figura I - (u) Mapa do continente Sul-Americano, mostran-
do o Brasil e sua regido nordeste NE (sombreada) e o porto
Fortaleza (Ceard), (b) Mapa do nordeste do Brasil. Os cir-
culos abertos mostram localizag¢des do norte do NE, os cir-

culos cheios do leste do NE e os tridngulos do sul do NE.
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along the northeast coast of Brazil (Kousky & Chu, 1978;
Kousky, 1979). There is a well defined large-scale
atmospheric circulation pattern related to the sea surface
temperature anomalies in the tropical Atlantic (Hastenrath
& Heller, 1977; Moura & Shukla, 1981). According to
Hastenrath (1990), droughts in northeast Brazil can be due
to an anomalously far northerly position of the intertropical
convergence zone (ITCZ), reduced northeast trades and
accelerated cross-equatorial flow from the southern
hemisphere and anomalously warm surface waters in a
zonal band across the tropical North Atlantic, contrasting
with negative SST anomalies south of equator. The
association with southern oscillation (SO) minima may
come through the displacement of the near-equatorial
trough northward. Hastenrath et al. (1984) and Hastenrath
(1990) formulated prediction schemes involving zonal and
meridional wind components over limited areas of the equa-
torial Atlantic, SST in tropical North and South Atlantic,
SO index and pre-season rainfall itself in northeast Brazil,
as predictors. A particularly interesting aspect is the
relationship between the rainfall in northeast Brazil and
the coastal wind in that region, through its effect on the
positioning of the ITCZ. Servain & Seva (1987) indicated
that the position of ITCZ was well-related to the minimum
of the meridional component of the wind stress. Xavier &
Xavier (1997) utilised this relationship for locating the
position of the ITCZ in individual months and for
predictions of rainfall.

Regarding periodicities, Markham (1974) reported a
significant period near 13 years for rainfall at Fortaleza,
Ceara. Kousky & Chu (1978) reported spectral peaks of 3-
S years for Northern NE, 2-3 years for Southern NE and
10-20 years for several stations in NE Brazil. Hastenrath
& Kaczmarczyk (1981) showed that climatic variability
was concentrated in different regions and, NE Brazil had a
preference for 2.5, 5, 10 and 13-21 years. Chu (1984)
examined data for Northern and Southern NE for 1911-
1974 and found maximum power in the frequency bands
12.7-14.9,4.5-4.9 and 2.2-2.4 years and examined the phase
relationship between raintall and surface circulation
patterns. Kane & Trivedi (1988) made a Maximum Entropy
Spectral Analysis of the annual rainfall series for the various
parts of NE Brazil. Recently, Sperber & Hameed (1993)
reported a phase locking of NE Brazil precipitation with
SST (sea surface temperatures) in the Pacific and Atlantic
sectors.
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In the present paper, we use the 12-month running
means of rainfall, centered 3 months apart, so that at least
8-12 data points per cycle would be used for estimating the
QBO cycle. Also, we use MESA (Maximum Entropy
Spectral Analysis) which detects peaks much more
accurately than the broad bands reported by other workers,
mentioned above.

DATA

Data for NE Brazil rainfall were available from
FUNCEME (Fundagiio Cearense de Meteorologia e Re-
cursos Hidricos) and CPTEC/INPE as monthly means. Data
for 50mb (stratospheric) wind were obtained from Venne
& Dartt (1990) who give a four-station average of monthly
mean zonal wind at Gan (0.7°S, 73.2°E), Balboa (8.9°N,
79.6°W), Singapore (1.4°N, 103.9°E) and Canton (2.8°S,
171.7°W). Data for SO index (T-D) were obtained from
Parker (1983) and were updated from Meteorological Data
Reports. EEP-SST values were obtained from Angell (1981,
and further private communication). Atlantic SST indices
were obtained from Servain (1991) and SST and Wind stress
data near NE Brazil coast were kindly supplied by Dr.
Servain & Dr. Vianna privately.

METHODS OF ANALYSIS

Most of the parameters have strong seasonal variations.
For study of larger periodicities, the seasonal variation was
eliminated by calculating 12-monthly running means and
values centered 3 months apart (4 values per year) were
used for analysis.

For spectral analysis, we us MESA (Maximum
Entropy Spectral Analysis, Burg, 1967; Ulrych & Bishop,
1975) which detects periodicities very accurately. The
conventional BT (Blackman & Tukey, 1958) method gives
power estimates at certain frequencies only, viz., k/2m
where k=1, 2, ... , m and m is the lag, generally
recommended as 25% of the data length. MESA gives
estimates for any chosen frequency and the frequency steps
can be chosen as close as one needs. For example, in a 100
data point sample, periods near 2.00 can be studied as
closely as DT=0.01 and the accuracy is so good that 2.10
can be distinguished from 2.20 confidently. However,
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MESA has one defect. The power estimates are not very
reliable (Kane & Trivedi, 1982). Hence, we use MESA only
for detecting possible peaks T, (k=1 to n) and these T, are
used in the expression:

=4, + Z [ak Sin(27t / T,)+b, Cos(2n1 1 T,) ]+ E
k=1

=A,.+i I'A_Sin(27t1/71.+¢k)+E e

k=1

where f(t) is the observed series and E the error Factor.
The parameters A , (a, b)) and their standard errors are
obtained by a Multiple regression analysis (MRA,
Bevington, 1969). From these, the amplitudes r, and their
standard error ¢ (same for all r_in this methodolo gy) can
be estimated. In MESA, there is a variable called LPEF
(length of the prediction error filter). At low LPEF, only
small periodicities are revealed. For higher LPEF, larger
periodicities are revealed (even those approaching the to-
tal data length) but lower periodicities show peak-splitting.
Our experience shows that an LPEF of 50% of the data
length reveals quite satisfactorily all periodicities up to
about half the data length (e.g. T up to 50 in a 100 data
point sample). Higher periodicities do appear but the error
may be 10% or more (e.g. T=80+8).

Besides spectral analysis, we carry out a cross-
correlation analysis, which shows, firstly, whether two
parameters are well-related (correlations above, say, 0.5)
and secondly, with what phase shift, if any.

RESULTS OF VISUAL INSPECTION

Fig. 2 shows a sample plot for the rainfail at Fortale-
za, Ceara (4°S, 39°W), for 1951-1969. The top plot (1a)
shows 3 monthly rainfall totals (DJF, MAM, JJA, SON),
The peak rainfall is in MAM but varies considerably from
year to year (300 to 1300 mm). The seasonal variation is
eliminated (or considerably minimized) in the 12-monthly
running averages shown in Fig. 2(b) as thin lines (4 points
per year). An oscillatory structure is visible though not
uniformly all through. To isolate it from long-term
variations, 3-year running means were calculated and are
shown as the smooth, thick line in Fig. 2(b) while the
difference between the thin and thick line is shown in Fig.
2(c). We will, hereafter, call this FR (12-36). The QBO,
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Figure 2 - (a) Fortaleza rainfall, 3-monthly values (DJF,
MAM, JJA, SON) for 1951-1969); (b) 12-monthly (4
season) running means FR (12) (thin line) and 3-year (12
season running means FR (36) (smooth, thick line); (c) the
difference FR (12-36) of 12-monthly and 3-year running
means; (d) the difference FR (12-48) of 12-monthly and 4-
year running means and (e) the difference FR (12-60) of
I12-monthly and 5-year running means,

Figura 2 - (a) Precipitagdo pluviométrica em Fortaleza,
para dados de trés meses (DJF, MAM, JJA, SON) para o
periodo de 1951-1969, (b) Médias moveis para 12 meses
(4 estagoes) FR(12) (linha fina) e média movel para 3 anos
FR (36) (suavizagdo, linha espessa); (¢) Diferenga entre
as médias moveis de 12 meses e 3 anos, FR (12-36); (d)
Diferenga entre as médias moveis de 12 meses ¢ 4 anos,
FR (12-48); (¢} Diferenga entre as médias moveis de 12
meses e 5 anos, FR (12-60).

QTO are now clearly visible, though the peak spacing is
irregular. To check whether subtracting the 3-year means
caused any distortion of the QBO, QTO, we calculated 4-
year (16 season) and S-year (20 season) running means
and subtracted these from the 12-monthly running means.
The residues are shown in Fig. 2(d) as FR (12-48) and in
Fig. 2(e) as FR (12-60). Fig. 2(c, d, €) are very similar to
each other. Hence, we will use FR (12-36) as a good
representative of the QBO, QTO, corrected for long-term
trends.
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POWER SPECTRUM ANALYSIS

Fig. 3(a) shows the MESA spectra for 1951-1990, (or
the 12-monthly means I'R (12) and the residuals IFR (12-
36). In FR (12), T=2.006, 3.50, 5.2, 11.5 and 28 ycars are
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Figure 3 - (a) MESA (Maximum Entropy Spectral
Analysis) of the 12-monthly means FR (12) and the
difference FR (12-36) of 12 monthly and 3-year means of
Fortaleza rainfall serics (1951-1990). Numbers indicate
periodicity peaks in years and (b) amplitudes of the various
periodicities observed in IFR (12) and FR (12-36) of For-
taleza rainfall and in 50mb zonal wind, Southern
Oscillation Index Tahiti minus Darwin (T-D) atmospheric
pressure and EEP-SST (equatorial eastern Pacific sea
surface temperature). The hatched portions indicate 2s
limits.
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prominent peaks. In FR (12-36), T=2.07 and 3.50 years
(QBO and QTO) amplitudes remain intact, while T=5.2,
I'.5 and 28 year amplitudes have reduced considerably,
as expected. Thus, for studying QBO and QTO only, FR
(12-36) would be quite adequate. In Fig. 3(a), the ordinate
is log (Power) and in FR (12), T=11.5 years seems (o have
overwhelming power, followed by T=3.50 and T=2.06
years, while T=5.2 and 28 years have lesser power.
However, our experience has been that in MESA, these
relative proportions are not reliable (Kane & Trivedi, 1982).
Hence, a Multiple Regression Analysis (Eq. 1) was carried
outusing all these periodicities (as also some of the smaller
ones) as T,. The amptitudes are shown in Fig. 3(b). For FR
(12), T=11.5 year is still the largest peak and T=28 years,
the second largest, while T=3.5 and 5.2 years are almost
equal and T=2.07 only slightly lesser. These results are for
40 years data (1951-1990) and, with 5-10% error, are si-
milar to the periodicities T=2.07, 3.6, 12.9, 25.1 years
reported by Kane & Trivedi (1988) for the longer (1849-
1976, 128 ycars) series of Fortaleza, FFor R (12-36), T=2.07
and 3.5 years are the most prominent and of comparable
amplitudes, followed by additional QBO peaks at T=2.3
and 2.49 years, while T=4.4 and 5.2 years are comparable
to cach other but of reduced size. Thus, FR (12-36) is not
useful for studying periods exceeding 4.0 years. The
hatched portion indicates the 2s limit (95% confidence level,
a priori) and the periodicities mentioned above are
significant far above the 2s limit.

However, it may be noted that the 12-monthly running
means arc obtained by calculating running means over four
consecutive scasonal (3-monthly) values. Hence, even
though there are 4 points per ycar, there is only one

Figura 3 - (¢) MESA (Maximum Entropy Spectral Analysis -
Andlise da Mdaxima Entropia Espectral) para as médias de 12
meses FR(12) e para as diferengas FR (12-36) da precipitagdo
pluviométrica de Fortaleza no periodo de 1951-1990; (b) Am-
plitudes das virias periodicidades observadas em FR (12) ¢
em IR (12-36) da precipitagdo pluviomdtrica de Fortaleza ¢
e 30mb de vento zondl, Indice de Oscilagdo Meridional Tahiti
menos Darvwin (T-D) da presséo atmosférica ¢ EEP-SST (Equa-
torial Eastern Pacific Sea Surface Temperature - Temperature
da Superficie do Oceano Pacifico Equatorial Oriental). A por-

¢do hachurada indica os limites 2s.
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independent point per year. Hence, the 2s limits (hatched
portions) shown in Fig. 3 (and in later similar figures) are
in reality, equivalent to s levels only. Hence, peaks will be
significant at a 95% confidence level only if these protrude
above 2 times the hatched area. In FR (12-36) in Fig. 3(b),
many of the QBO, QTO peaks do exceed the 4s level.

The other plots in Fig. 3(b) are for 50mb wind, SO
index (T-D) and EEP (equatorial eastern Pacific) SST.
Similarities or dissimilarities between periodicities do not
necessarily imply physical relationships or lack of these.
But a comparison of these spectra indicates the following:

[DThe 50mb wind shows only QBO peaks, and no
other periodicities (QTO etc.). The SO index (T-D) and
EEP-SST have spectra very similar to each other and
different from the 50mb wind spectra, with more emphasis
in the QTO (3.5 years) and 4-6 year region. Since Fortale-
za rainfall also has a similar pattern, it is tempting to
conclude that rainfall is more related to the ENSO
phenomenon than to the stratospheric wind.

2)All these parameters have QBO. MESA is very
accurate in this region and the several peaks in the QBO
region are probably all meaningful. Three specific bands
seem to be involved viz. 2.00-2.15, 2.30-2.50 and 2.65-
2.85 years. In 50mb wind, T=2.35 is most prominent. In
rainfall 2.07 years is most prominent; but 2.31 and 2.49
are also significant. In (T-D) and SST, all these QBO exist,
but not very significant. Thus, one may argue that the
rainfall QBO is contributed at least to some extent by the
50mb wind QBO. There seems to be a possibility that part
of stratospheric wind QBO and the ENSO phenomena may
be interrelated. Rasmusson et al. (1990) asserts that the
ENSO has a biennial mode, dissimilar to the stratospheric
wind QBO. But Gray et al. (1992) hypothesize a mechanism
by which stratospheric QBO influences ENSO variability
while Geller & Zhang (1991) and Geller et al. (1997)
illustrate a mechanism by which SST variations modulate
tropical wave activity and force a stratospheric zonal flow
with the same period as SST-QBO.

3)T=3.5 years in rainfall is exactly similar to those of
(T-D) and SST. T=5.2 years in rainfall may or may not be
related to the T=4.8 and 6.4 years of (T-D) and SST. T=11.5
years of rainfall is seen is SST but not in (T-D).

Table 1 lists the periodicities significant above a 4s
(in reality, 2s) level, for 1951-1990 data.

Earlier workers mentioned broad bands near 2.2-2.4,
4.5-4.9 and 12.7-14.9 years (Chu, 1984). Our finer analysis
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Periodicity ranges (years)

2.00-230 2.31-2.60  2.6-3.0 3.0-4.0 4.0-7.0

Parameter

(1951-1990)

IFR (12-36) 2.07 231,249 3.5 44,52
50 mb wind 2.05 2.35 2.68, 3.0

(1-D) 2.42 35 4.8,6.3
SST 3.5 4.8, 6.4

Table 1 - Periodicities significant at a 95% confidence level,
for 1951-1990, for Fortaleza rainfall, 50mb wind, (T-D)
and Pacific SST.

Tabela | - Periodicidades significativas ao nivel de confian-
¢a de 93%, para 1951-1990, para a precipitagdo
pluwviométrica de Fortaleza, ventos de 50mb, (T-D) ¢ SST no

Pacifico.

reveals very narrow periods (e.g. 3.5 years) prevailing in
many of these parameters. It is tempting to consider 3.5
and 5.2 years as third and second harmonics of sunspot
cycle (10-11 years), but this may be a chance coincidence.

CROSS-CORRELATION ANALYSIS

Fig. 4 shows the cross-correlation results, The top plot
shows a maximum correlation of ~0.4 and a phase shift of
~2-3 seasons i.e. Fortaleza rainfall maxima occurring 2-3
seasons before the 50mb westerly wind maxima. The small
correlation, though highly significant (0.40+0.07), is not
very encouraging. But, in the next two plots also, the For-
taleza rainfall shows low correlations with equatorial
eastern Pacific SST or SO index (T-D). Low correlations
(~0.4) between NE Brazil rainfall and SO index or Pacific
SST have been reported earlier (Ropelewski & Halpert,
1987, Rogers, 1988; Aceituno, 1988) but have been
interpreted as indications of meaningful relationships
between these parameters. By the same token, a relationship
between Fortaleza rainfall and 50mb wind may be
considered as meaningful. The exact mechanism needs
further investigation. For the Indian summer monsoon,
amongst several parameters, the 50mb ridge-trough east-
west extent over northern hemisphere during winter
(Thapliyal, 1984) and westerly wind at 10mb (Bhalme et
al., 1987) seem to be important, For NE Brazil rainfall, the
empirically based prediction methods of Hastenrath (1990)
have not yet included stratospheric winds as a parameter.

The fourth plot in Fig. 4 shows correlation between
(T-D) and Pacific SST. As expected, the correlation is very
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Figure 4 - Cross-correlations between Fortaleza rainfall
parameter FR (12-36) and 50mb wind, EEP-SST and (T-
D) and, between each other.

Figura 4 - Correlagdo cruzada entre os pardmetros da
precipitagdo pluviométrica de Fortaleza FR (12-36) ¢ 50mb
de vento zonal, EEP-SST e (T-D), ¢ entre cada outro.

high and negative (-0.8) as expected, as (T-D) minima are
very well associated with SST maxima. The other two plots
show low but significant correlations (0.30+0.08) between
ENSO and 50mb wind, due to the QBO part being similar.
Whether this implies an impact of ENSO on the
stratospheric winds (or vice versa) is a mute question.

ATLANTIC PARAMETERS

In the Atlantic region, the temperature variations are
dissimilar in the northern and southern hemisphere. Fig. 5
shows a plot of various parameters. The top plot (a) shows
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Figure 5 - Plots for 1951-1990 of: (a) Fortaleza rainfall
[2-monthly running means FR (12} (thin lines) and
superposed 3-year running means FR (36) (smooth, thick
line); (b) difference FR (12-36); (¢) 50mb equatorial zonal
wind; (d) Southern Oscillation Index (T-D) (Tahiti minus
Darwin atmospheric pressure); (e) equatorial eastern Pacific
SST (sea surface temperature); (f) North (N) Atlantic SST;
(g) South (S) Atlantic SST; (h) (N+S)/2; (i) (N-S)/2; (j) NE
Brazil coast SST; (k) NE Brazil coast wind stress and for
(I, m, n, o, p, q) Rainfall in northern, eastern and southern
NE, [2-monthly (thin line), 3
superposed line) and (12-36) values.

-year (smooth, thick

Figura 5 - Curvas para o periodo de 1951-1990 de: Médi-
as moveis de 12 meses da precipitagdo pluviométrica de
Fortaleza (linha fina) superpostas as de 3 anos FR (36)
(linha espessa). (a) Diferenga FR (12-36), (b) Vento zonal
equatorial 30mb; (c¢) Indice de Oscilagido Meridional (T-
D) (pressdo atmosférica Tahiti menos Darwin); (d) Pacifi-
co oriental equatorial SST (temperatura da superficie do
mar); (e) Atlantico norte SST: (f) AtiGntico Sul SST; (g)
(N+S)/2; (h) (N-S)/2; (i) Costa do nordeste do Brasil SST;
() Intensidade do vento na costa do nordeste do Brasil, (1,
m, n, 0, p, ) Precipitagiio pluviométrica no norte, leste e
sul do nordeste, linha fina (12 meses), linha espessa (3
anos) ¢ (12-36).
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the 12-monthly running means (thin lines) of Fortaleza
rainfall FR (12) and the 3-year running means (thick line)
IR (36). The next plot (b) shows thew difference FR (12-
36). The third plot {c) shows the [2-monthly running means
of 50mb wind. The plots (d) and (¢) are 12-monthly running
means of SO index (T-D) and EEP-SST while the in-
between rectangles show El Ninos (full = strong; hatched
=moderate; blank = weak). (T-D) minima and SST maxima
arc painted black and, in general, coincide with each other
and with moderate or strong El Ninos. 1976-77 is a glaring
exception when ElINino and SST maximum occurred in
1976 while (T-D) minimum occurred in 1977. Deser &
Wallace (1987) have pointed out such dephasings.

The plots (1) and (g) show 12-monthly running means
of the SST indices for northern N (28°N-5"N) and southern
S (5°N-20°S) Atlantic as given in Servain (1991). Plot (h)
is their average (N-+S)/2 while plot (i) is their average
difference (N-S)/2. Moura & Shukla (1981) mention that a
simultaneous occurrence of warm waters in (he (ropical
North Atlantic and cold waters in the equatorial South
Adantic, induce a meridional circulation cell, with
subsidence over NE Brazil. However, plots (f) and (g) do
not seem (o show opposite variations (Atlantic dipole) all
the time. The plot (j) shows SST variations near the NE
Brazil coast (see Fig. 1) and plot (k) shows the zonal pseudo-
wind stress (product of the intensity of the eastward wind
velocity and the total wind speed) in the same region.

Since the Atlantic data are for a shorter period (1964-
1990, 27 years) and the spectral characteristics may change
slightly from period to period, MESA was performed for
1964-90 also for all the parameters. Fig. 6 shows the am-
plitudes tor 12-monthly mean series. For Fortaleza rainfall,
50mb wind, (T-D) and EEP-SST, the peaks in Fig. 6 for
1964-90 differ slightly from those of Fig. 3 for 1951-90,
indicating that the peaks may not be fully stationary. In the
Atlantic, (N-S) shows the largest peak at 12.3 years,
temptingly similar to 12.5 years in Fortaleza rainfall. Thus,

Figure 6 - Spectra for 1951-1990 for the 12-monthly
running means of various parameters. The hatched portions
indicate 2s (a priori) limits,

Figura 6 - Lspectro para o periodo de 1951-1990, para as
médias moveis anuais dos varios pardmetros. As por¢des

hachuradas indicam os limites 2.
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the long-term peaks in the Fortaleza rainfall are probably
due to Dipole effect in the low latitude Atlantic SST.

The most prominent peak at 2.33 years in the 50mb
wind for 1964-1990 (not very different from the 2.35 year
peak in 1951-1990), is not seen in any SST, Atlantic or Pacific
parameter, nor in the Fortaleza rainfall. Thus, this peak is
stratospheric only. On the other hand, the smaller peak at
2.64 years and the still smaller one near 2.00 years in
stratospheric wind QBO are seen in (T-D) and EEP-SST
(2.05-2.10; 2.57) and may be indicative of links between
stratospheric wind and ENSO. Gray et al. (1992) have
described hypothetical mechanisms by which QBO of lower
stratospheric zonal winds alters the distribution of intensc
deep convective activity throughout the tropical west Pacilic,
while Geller & Zhang (1991) and Geller et al. (1997) explo-
re a mechanism by which SST variations modulate tropical
wave activity which may force stratospheric zonal flow with
the same period as the QBO of SST.

The plots in the bottom part of Fig. 6 show spectra for
sea-surface temperatures near the NE Brazil coast. Here,
3.6 and 4.8 ycars arc the prominent peaks, similar to N and
S Atlantic SST. A smaller peak at 2.29 years resembles
more the 50mb wind peak 2.33 years than the Atlantic SST
peaks in this band. For wind stress ncar NE Brazil coast,
the QBO peaks (2.20, 2.64 years) match the (N--S) Atlantic
SST peaks (2.12, 2.64 years) but 3.3, 4.2, 5.6, 9.8 malch
only roughly with (N+S) SST peaks 3.7, 5.4, 9.5 years.

Table 2 shows the periodicities significant above a 4s
(in reality, 2s) level, for the shorter period 1964-1990.

Perindicity ranges (years)
Parameter 200-230 0 231260 26-30 3040 4080 70-140
(1964-1990)
IR (12) 216 R 55 125
50 mb wind 200 233 204 32 48
(T-D) 257 s 48
SST 257 33 49
N (ATL) 210 36 109
S (ATL) 216 38 54,77 139
(N+SATL 212 2064 37 54 95
(N-S)ATIL. 2,21 306 58 123
SST(NEBR) 229 36 48 105
WIND(NE BR) 220 2064 33 42,506 98

Table 2 - Periodicities significant at a 95% confidence level,
for 1964-1990, for Fortaleza rainfall, 50mb wind, (T-D),
Pacific SST and Atlantic parameters.

Tabela 2 - Periodicidades significativas ao nivel de confi-
anga de 95%, para 1964-1990, para a precipitagdo
pluviométrica de Fortaleza, ventos de 50mb, (T-D) ¢

pardmetros de SST no Pacifico e no Atldntico.
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Fig. 7(a,b) show the cross-correlations. Fortaleza
rainfall (FR [2) (Fig. 7a) has a low correlation (0.30) with
North Atlantic SST and a higher (0.45) correlation with
South Atlantic SST and moderate (0.40) correlations with
(N+8) and (N-S). The correlation with (N-S) is probably
duc to the common 12.5 years periodicity. The rainfall
corrclations are higher with SST of NE Brazil coast (0.5),
and also with NE Brazil coast wind stress (0.4). Thus, the
local environment seems to be of greatest importance.
However, these cannot be useful for prediction purposes,
because the phases coincide. On the other hand, the raintall
maxima (zero line) occur a few seasons afier the North
and South Atlantic (N or S or N+8) SST maxima. Thus,
the December-January Atlantic SST warming could be an
indicator of cxcess rainfalls. The (N-S) coincides with
rainfall maximum and has no prediction potential.

How is the castern equatorial Pacific (EEP) SST related
to the Atlantic SST? Fig. 7(b) shows the cross-correlations.
There is good corrclation with North Atlantic SST
(0.65+0.05) but lesser with South Atlantic SST (0.45:0.006),
good co;'relation with (N+S) (~0.6) and much lesser with
(N-S) (~0.25). Correlation between EEP-SST and NE Brazil
coast SST is also high but with a phase shift of ~3-4 seasons.
Thus, whereas some relationship is indicated, the Atlantic
and Pacilic parameters are not fully related. Only about
40% variance is common.

The maximum correlations (at ~2 season phase shift)
between Fortaleza rainfall and S. Atlantic SST, N. Atlantic
SST, 12 monthly running means of (T-D), Pacific SST and
50mb wind were 0.52,0.32,0.25, 0.18 and 0.11 (decreasing
order). We shifted Fortaleza rainfall values 2 seasons earlier
and conducted a multivariate analysis. The single variable
correlation between rainfall and South Atlantic SST (0.52)
increased to a multiple correlation of 0.69 when North
Atlantic SST was also considered, but remained ~0.69 when
(T-D), Pacific SST and 50mb wind were added to the list
of variables one by one. Thus, the Atlantic sector SST seems
to play a major role while Pacific SST, SO index and 50mb
wind do not seem to be of much consequence. On the other
hand, the NE coastal parameters viz. SST and Wind stress
are each highly correlated to Fortaleza rainfall (0.66 and
0.57) and when considered together in a bivariate analysis,
gave a multiple correlation of 0.76 which increased to 0.80
when one more variable S. Atlantic SST was added but
increased only slightly (0.81) by adding the other
parameters. The northeast Brazil coastal parameters (SST
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Figure 7 - Cross-correlations between: (a) Fortaleza rainfall
12-monthly running means FR (12) and the Atlantic SST
parameters N, S, N+S, N-S and the NE Brazilian coastal
SST and Wind Stress and (b) equatorial eastern Pacific sea
surface temperature EEP-SST and the Atlantic SST and
NE Brazilian coastal SST.
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and wind stress) probably affect the Fortaleza rainfall
through changes in the ITCZ locations (Servain & Seva,
1987; Xavier & Xavier, 1997)

NONUNIFORMITY OF NE BRAZIL RAINFALL

Though NE Brazil is drought-prone, the characteristics
of rainfall in all parts of NE are not similar (Kousky &
Chu, 1978; Kousky, 1979; Chu, 1983, 1984; Rao et al.,
1993). To check the spatial variability, we selected several
locations mostly on or near the NE Brazil coast as shown
in Fig. 1(b).

Fig. 8(a) shows the monthly average rainfalls for 1951-
1985, confirming that whereas locations in northern NE
have maximum rainfall in March-April, the maximum shifts
to the middle of the year for eastern NE even up to 12°S,
and at southern latitudes, to later months. Fig. 8(b) shows
the spectra for these locations. As can be seen, the spectra
are varied. The QBO is prominent in northern NE and very
prominent in some eastern NE locations. T ~3.5 years seems
to be significant in almost all locations. T ~4.3 years appears
in some locations while T=(4.6-7.1) years and (9.0-11.7)
years appear in others. Chu (1984) mentions a phase lag of
~1.3 years between northern and southern NE rainfalls for
the [2.7-14.9 year band, approximately out of phase for
the 4.5-4.9 year band and approximate coincidence for the
2.2-2.4 year band. In Fig. 8(b), the only periodicity seen in
all locations is near 3.5 years; but even this varies in the
range (3.3-3.6) years. Part of this variation could be due to
idiosyncrasies of individual locations. Hence, we combined
the data into 3 major groups viz. Acarau, Fortaleza, Pen-
déncia, Jodio Camara representing northern NE;
Canguaretama, Recife, Maceio, Aracaju, Alagoinhas
representing eastern NE; and, [lhéus, Condeuba, Januaria
representing southern NE. The lower part of Fig. 5 shows
the plots of the 12 monthly running means (thin lines), the
3-year (36 season) running means (superposed smooth,

Figura 7 - Correlagdes cruzadas entre: (a) Médias moveis
anuais FR (12) da precipitagéio pluviométrica de Fortaleza
¢ os pardmetros Atldnticos SST: N, S, N+S, N-Se SST e a
tensdio do vento do litoral do NE brasileiro; (b) EEP-SST
(Temperatura da Superficie do oceano Pacifico Leste Equa-
torial) e SST Atldntico e SST do litoral do NE brasileiro.
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Figure 8 - (a) Average monthly rainfalls for 1951-1985 at
various locations at or near the NE Brazil seacoast and (b)
Spectra of rainfall series (1951-1985). The hatched portions
indicate 2s (a priori) limits.

Figura 8 - (u) Médias mensais da precipitagdo
pluviomdétrica para o periodo de 1951-1985 em varios lo-
cais do litoral do nordeste brasileiro; (b) Espectro das s¢é-
ries de precipitagdo pluviométrica para o periodo de 1951-

1985. As por¢aes hachuradas indicam os limites 2s.

thick line) and the difference (12-36). Some peaks are
clearly recognizable and similar for all the three locations
but others are not clear or similar. Fig. 9(a) shows the spectra
(amplitude estimates) for the periodicities in the [2 monthly
running mean. For QBO, northern NE has small
periodicities at 2.03, 2.45 years, the eastern NE region has
strong periodicities at 2.26 and 2.60 years, and southern
NE has no significant QBO. Periodicities 3.5 and 4.5 years
are prominent everywhere, while periodicities in the range
(9.6-11.3) are also present in the three regions. The larger
periodicities (34, 35, 37 years) in a 35 years sample are not
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Figure 9 - (a) Spectra of the northern, eastern and southern
NE average rainfall series for 1951-1985. The hatched
portion indicates 2s (a priori) limits and (b) cross-
correlations between northern, eastern and southern NE
rainfalls.

Figura 9 - (a) Espectro das séries médias da precipitagdo
pluviométrica no periodo de 1951-1985, para as regides
norte, leste e sul do NE brasileiro. As por¢des hachuradas
indicam os limites 2s; (b) Correlagdes cruzadas entre as
precipitagdes pluviométricas do norte, leste e sul do NE

brasileiro.

reliable and are, probably indicative of long-term trends,
visible in the thick line (3-year mean) plots of Fig. 5.
Table 3 shows the periodicities significant above a 4s
(in reality, 2s) level, for the period 1951-1985, for the
rainfall series at individual locations and their 3 groups.
The overall lags or leads can be obtained by a cross-
correlation analysis. Fig. 9(b) top shows the results for
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Periodicity ranges (years)
Rainfall series 2.00-230 231-260 26-30 30-40 40-80 70-140
(1951-1985)
Acarai 35 4858 1.7
Fortaleza 33 510 1.5
Pendéncia 5 60 107
Jodo Camara 33 42
Canguatretama 2359 2.96 35 10.0
Recife 71
Maceid 146
Aracaji 34 99
Alagoinhas 36 61 90
Ihéus s 94
Condeiiba 34 58 I3
Janudria 70 12,6
North NIE BR 2.03 245 kK| 45,59 10.9
Last NE BR 226 2.60 id 96
South NE BR RIN 43 1.3

Table 3 - Periodicities significant at a 95% confidence level,
for 1951-1985, for rainfall at various locations.

Tabela 3 - Periodicidades significativas ao nivel de confi-
anga de 95%, para 1951-1985, para a precipitagdo
pluviométrica em vdrias localidades.

rainfalls of northern NE versus eastern NE and indicates
reasonably good correlation (exceeding 0.5) at zero lag.
But correlations of northern and eastern NE with southern

NE are very low, indicating that rainfall characteristics of

southern NE are very different from those of northern or
eastern NE Brazil, as was evident in Fig. 9(a) also.

Fig. 10 shows the cross-correlations of the three NE
Brazil rainfall series (a) N-NE, (b) E-NE, (c) S-NE versus
50mb wind, T-D and EEP-SST in rows [, 2, 3, Atlantic
SST parameters N, S, (N+S) (N-S) in rows 4, 5, 6, 7 and
NE Brazilian coast SST and WIND STRESS in rows 8, 9.
The full lines show correlations between 12 monthly
running means and thus, include effects of QBO, QTO and
all other larger periodicities including long-term trends. To
know the relationships for QBO, QTO only, and the (12-
36) values of all the parameters were used for correlation.
The dashed lines in Fig. 10 represent such correlations. The
results are summarized in the Conclusions.

CONCLUSIONS

Our results are contained mainly in Fig. 6-10 and the
main conclusions are as follows:

1) Analysis of the 12 monthly running means centered
3 months apart (4 values per year) by Maximum Entropy
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Spectral Analysis reveals periodicities much more
accurately than the use of one value per year. For data from
1951 onwards, results are as follows (see Fig. 6, 7, 9, 10).

2) In the QBO region, only 50mb wind had very
prominent periodicities, the largest one at 2.33 years, a
smaller one (~2/3 magnitude) at 2.64 years and a still
smaller one at ~2.00 years.

(T-D) and EEP-SST had small QBO at (2.05-2.10)
and 2.57 years.

N (North) and S (South) Atlantic SST had QBO at
(2.10-2.16) years. (N+8) and (N-S) showed an additional
peak at (2.64-2.70) years which was seen in the Wind Stress
also at NE Brazil coast.

The NE Brazil coastal SST showed a peak at 2.29 years
while Wind Stress showed 2.20 years. Thus, whereas (T-
D) or Atlantic SST did not show any peak near the
prominent peak of 50mb wind at 2.33 years, the NE coastal
Wind Stress did show a peak at 2.29 years.

In the NE rainfall series (Fig. 9), small QBO was
observed at 2.03 and 2.45 years in northern NE, 2.26 and
2.60 years in eastern NE and no significant QBO in southern
NE raintall. None of these tally exactly with the 50mb wind
peaks (~2.00, 2.33 and 2.64 years); but some connection
may cxist between 50mb wind and terrestrial phenomena
like (T-D), EEP-SST and the various rainfalls through QBO
near 2.00 and 2.50 years. Gray et al. (1992) have described
hypothetical mechanisms by which QBO of lower
stratosphere zonal winds alters the distribution of intense
deep convective activity throughout the tropical west
Pacific. Conversely, Geller & Zhang (1991) and Geller et
al. (1997) explore a mechanism by which SST variations
modulate tropical wave activity, which may force
stratospheric zonal tflow with the same period as the QBO
of SST.

3) In the QTO region, S0mb wind had a small peak at
3.2 years, NE Brazil coastal wind stress had a peak at 3.3
years while (T-D), EEP-SST, Atlantic N, S, (N+8), (N-S)
and NE Brazil coastal SST had peaks in (3.5-3.8) year ran-
ge. In NE rainfall, all the three regions (northern, eastern,
southern) had prominent peaks at (3.4-3.5) years while
northern NE had a small peak at 3.1 years. Thus, ~3.5 years
seems to be a prominent periodicity pervading all the
terrestrial parameters. Surprisingly, this periodicity is
completely missing in the analysis of Hastenrath and
Kaczmarczyk (1990) who mention 2.5, 5, 10 and 13-2}
years for NE Brazil raintall for the period 1921-1972. Chu

2
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Figure 10 - Cross-correltions ot 12 monthly running Figura 10 - Correlagdes cruzadas das 12 médias maoveis
means (full lines) and (12-36) values (dashed lines) of mensais (linha cheia) e dos valores (12-36) (linhas
(a) northern NE; (b) castern NL; (¢) southern NL tracejadas) de: (a) norte; (b) leste; (¢) sul do NE, para as
rainfalls, with 30mb wind (row 1), (T-D) (row 2), ECP- precipitagdes pluviomdétricas, com vento de 50 mb (linha
SST (row 3), Atlantic SST, N, S, N+§, N-S (rows 4, 5, 1), (1-D) (linha 2), EEP-SST (linha 3), SST Atldntico, N, S,
6, 7) and NE Brazilian coast, SST (row 8) and Wind NAS, N-S (linhas 4, 3, 6 ¢ 7) ¢ SST du costa do NE brasilei-
Stress (row 9). ro (linha 8) ¢ tensdo do vento (linha 9).
(1984) also does not mention 3.5 years (only ~2.2-2.4 years both northern and southern NE rainfall. Earlier, Kousky &
and 4.5-4.9 ycars arc mentioned); but in Fig. 4 of Chu Chu (1978) mentioned a broad band 3-5 years.
(1984), small peaks near 3.5 years are seen. IUis likely that 5) Peaks near 5.5 years are seen in southern Atlantic
this period has come into prominence only recently (alter SST (also reflected in N+S and N-S) and NE Brazilian
1974). coastal Wind Stress and are reflected in Fortaleza rainfall
4) Pecaks in the (4.5-5.0) years band are scen (Fig. 6); but in northern NE rainfall (Fig. 9), this peak shifts
prominently in almost all parameters, including NE Brazil (o 5.9 years, in castern NE rainfall to 6.4 years, and is
rainfall in all the three regions, in agreement with 5 years missing in southern NE rainfall. In Fig. 4 of Chu (1984),
mentioned by Hastenrath & Kaczmarczyk (1989) for NE there is an indication of two peaks near 5.0 and 5.5 ycars,
Brazil and (4.5-4.9) years mentioned by Chu (1984) for though Chu has mentioned this band only as (4.5-4.9) years.
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6) Peaks a1 9.5, 9.6,9.8, 10.5, 10.9, 11.3, 12,3, 12.5,
13.9 (9.5-13.9 ycars) exist in many parameters. llastenrath
& Kaczmarczyk (1981) mention these as 10 and 13-21
years, while Chu (1984) mentions these as (12.7-14.9)
years, though Fig. 4 of Chu (1984) shows two peaks, once
near 10 and another near 16 years. Earlier, Kousky & Chu
(1978) had identified a broad band at (10-20) years,

7) Regarding cross-correlations, northern and castern
NE rainfall scem (o be fairly well correlated (0.75) with
each other (Fig. 9b) while southern NE rainfall is poorly
correlated (0.2 or less) with northern and castern NE
rainfall.

These results are in general agreement with those of
Kousky & Chu (1978), Hastenrath & Kaczmarczyk (1990),
Chu (1983, 1984), Rao ct al. (1993) and, besides giving
finer details of the periodicities involved, indicate that at
least for the northern and castern NE rainfall, the Atlantic
Nand S, SST and winds in S. Atlantic are the most important
parameters. The relationship becomes more intense when
parameters nearer to NE Brazilian coast arc considered;
but then the advantage of antecedence is lost. The role of
(T-D) or EEP-SST or 50mb wind seems to be comparalively
negligible.

For studying the dynamics of droughts in NE Brazil,
Moura & Shukta (1981) conducted numerical experiments
with a General Circulation Model and obtained satisfactory
results. The role of S0mb wind is not yet theorctically
explored for NE Brazil but the observed relationship is
weak. For floods and droughts in the Indian monsoon,
Khandekar (1996) proposéd a conceptual large-scale
atmospheric {low model, involving the Walker circulation
in the equatorial zonal plane associated with EI Nino, the
tropical easterly jet stream at 150mb centered around 12°N,
easterly/westerly phases of the QBO at 50mb and Eurasian
winter snow cover. For NE Brazil, a similar study is
warranted.

The characteristics ot northern NE and eastern NE
rainfall are almost similar but differ considerably from those
of southern NE rainfall for which Chu (1984) mentions
additional relationships with winds and SST of southeast
coast of Brazil (50°-10°W, 20°-30°S) or, in general, cold
fronts of the Southern Hemisphere (Kousky & Chu, 1978;
Kousky, 1979; Chu, 1983).

Overall, we are inclined to believe that the QBO, QTO
characteristics of northeast Brazil rainfall are related mainly
to the characteristics of the Atlantic parameters, including

Revista Brasileira de Geofisica, Vol. 16(1), 1998

those near the NE Brazil coast, though rainlalls in different
parts o' NI Brazil may be alfected in different proportions
by the different parameters,
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