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ABSTRACT

Targeted numerical modelling experimaents are conducted to complement the previous empirical
diagnostics of circulation mechanisms leading from sea surface temperature (SST) departures in the
equatorial Pacific in January to anomalies in the March-April rainy season of Brazil’s Nordeste. A weak
interhemispheric northward directed SST gradient in the Atlantic favors a more southerly position of
the hydrostatically controlled low pressure trough, embedded in which is the Intertropical Convergence
Zone (ITCZ), which is the main rainbearing system for the Nordeste. In addition, anomalously warm
waters in the equatorial Pacific in January tend to be followed by Nordeste drought. The underlying
chain of causalities has been explored by empirical diagnostics and numerical modelling. During
El Nino years, an upper-tropospheric wave train extends from the equatorial eastern Pacific to the
tropical North Atlantic, affecting the patterns of upper-tropospheric topography and divergence,
and hence of vertical motion over the Atlantic. This leads to a weaker meridional pressure gradient
on the equatorward flank of the North Atlantic subtropical high, weaker North Atlantic tradewinds,
an anomalously far northerly ITCZ position and thus Nordeste drought. The previous empirical
diagnostics are overall supported by the modelling experiments.

Keywords: circulation mechanisms, teleconnection, numerical modeling,equatorial Pacific, tropical
Atlantic, Nordeste rainfall

RESUMO: MECANISMOS DE TELECONEXOES DO NORDESTE DO BRASIL : MODELAGEM
NUMERICA E EVIDENCIA EPIRICA.

Experimentos especificos de modelagem numérica foram conduzidos para complementar diagnosticos
empiricos realizados anteriormente dos mecanismos da circulagdo que relacionam anomalias na
temperatura das dguas superficiais do Pacifico equatorial em janeiro com as chuvas subsequentes em
margo-abril no Nordeste. Um gradiente térmico fraco (no sentido norte) no Atlantico favorece a uma
posic¢ao mais meridional do cavado de baixa pressdo, controlado hidrostaticamente, dentro do qual
se encontra a Zona de Convergéncia Inter-Tropical (ITCZ), que ¢ a principal fonte de chuvas para o
norte do Nordeste. Além disso, 4guas anomalamente mais quentes no Pacifico equatorial em janeiro
tendem a ser seguidas por secas no Nordeste. Pesquisas de caracter diagnostico e de modelagem tem
buscado estabelecer a causalidade nesta cadeia de eventos que interligam anomalias de temperatura
nas aguas superficiais do mar e precipitagdo. Durante anos de El Nifo, aparece um trem de ondas na
alta atmosfera que se estende do Pacifico equatorial oriental até o Atlantico norte tropical, afetando
assim os campos de geopotencial e divergéncia na alta troposfera e, consequentemente, os movimentos
ascendentes sobre o Atlantico. Tudo isto conduz a um fraco gradiente meridional de pressao no lado
equatorial da célula de alta pressdo do Atlantico norte, a alisios mais fracos no Atlantico norte ¢ a
um posicionamento da ITCZ mais ao norte, que sdo associados a seca no Nordeste. Os diagndsticos
empiricos concordam com os experimentos de modelagem numérica.

Palavras-chave: mecanismos circulatorios, teleconexao, modelagem numerica, Pacifico equatorial,
Atlantico tropical, chuvas do Nordeste
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1. INTRODUCTION

The Northern Nordeste of Brazil (Fig. 1d) has its
short rainy season narrowly concentrated around March-
April, when the interhemispheric southward gradient of sea
surface temperature (SST) is weakest and the Intertropical
Convergence Zone (ITCZ), which is the main rainbearing
system for the Nordeste, reaches its southernmost position in
the course of the year (Hastenrath and Lamb, 1977; Hastenrath,
1985, p.363-365). In drought years (Secas), the pre-season
(October-January) rainfall is scarce, the interhemispheric SST
gradient weakened and the basinwide southerly (northerly)
wind component enhanced (reduced), all manifestations of
an anomalously far northward ITCZ position (Hastenrath and
Heller, 1977; Hastenrath et al., 1984; Hastenrath, 1985, p.
293-300; 1995, p. 302-309; Hastenrath and Greischar, 1993a,
b; Greischar and Hastenrath, 2000). Apart from this ensemble
of Atlantic characteristics, the Secas also tend to be preceded
by anomalously warm equatorial Pacific waters in January
(Covey and Hastenrath, 1978; Curtis and Hastenrath, 1995).
The equatorial Pacific SST, through circulation processes
in the upper troposphere, affect the tropical Atlantic sector
(Hastenrath, 2000). These empirical findings from a sequence
of studies at the University of Wisconsin have been presented
in a recent synthesis (Hastenrath, 2006). The objective of the
present study is to complement these empirical diagnostics with
targeted numerical modeling experiments. Section 2 introduces
the computer model, section 3 summarizes the empirical
background, section 4 presents the numerical modelling
experiments, and a synthesis is offered in the closing section
5.

2. THE COMPUTER MODEL

Numerical experiments were performed with the
International Center for Theoretical Physics AGCM (SPEEDY
for Simplified Parametrizations, primitivE Equation DYnamics)
described in detail elsewhere (Molteni, 2003; Kucharski etal.,
2006; Herceg Bulic and Brankovic, 2007). The model is based
on a hydrostatic spectral dynamical core (Held and Suarez,
1994), and it uses the vorticity-divergence form described by
Bourke (1974). The parameterized processes include short- and
long-wave radiation, large-scale condensation, convection,
surface fluxes of momentum, heat and moisture, and vertical
diffusion. Convection is represented by a mass-flux scheme
that is activated where conditional instability is present, and
boundary layer fluxes are obtained by stability-dependent bulk
formulae. In this study, the AGCM is configured with eight
sigma levels in the vertical and with a spectral truncation at
total wavenumber 30. Furthermore, land and ice temperature
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anomalies are determined by a simple one-layer thermodynamic
model. SPEEDY has a model climatology of 1952-92.

In a first phase, experiments were conducted on the
chain of causalities leading from SST anomalies in the eastern
equatorial Pacific to the lower-tropospheric pressure distribution
over the tropical Atlantic in January. In a second phase, it is
desirable to explore the causality chain leading from lower-
tropospheric pressure and wind departures in January to the
evolution of anomalous pressure and wind fields in April.
As SPEEDY is an atmospheric general circulation model, it
is not designed to handle the atmosphere to ocean forcing.
Accordingly, we must here be content to explore the forcing
of observed SST on the overlying atmosphere in the tropical
Atlantic sector, in particular the lower-tropospheric pressure
and wind fields.

3. EMPIRICAL BACKGROUND

The annual cycle of circulation in the tropical
Atlantic sector has been comprehensively documented in an
atlas based on long-term ship observations (Hastenrath and
Lamb, 1977). Fig. 1 presents a selection of maps for March,
based on the Comprehensive Ocean-Atmosphere Data Set,
COADS (Woodruff et al., 1987). The map Fig. la shows a
band of warmest surface waters (>28°C) across the equatorial
Atlantic. A trough of lowest pressure (Fig. 1b) sits broadly over
the warmest surface waters. Embedded in the low pressure
trough is the confluence between the Northeast trades and the
cross-equatorial airstream from the southern hemisphere (Fig.
Ic). Also embedded in the low pressure trough is the zone of
largest convergence (Fig. 1d), the Intertropical Convergence
Zone (ITCZ). From September onward, the interhemispheric
SST contrast decreases, and the complex of SST maximum,
low pressure trough, and ITCZ, shift southward, reaching a
southernmost position around March-April. The ITCZ is the
major rainbearing system for the Nordeste and thus determines
the timing and narrow concentration of the rainy season. After
April, the waters of the tropical North Atlantic warm, the
interhemispheric SST gradient steepens, and the complex
of SST maximum, low pressure trough and ITCZ migrate
northward, away from the Nordeste.

The characteristics of interannual variability of
circulation and rainfall should be appreciated in context with the
average annual cycle. Thus, during DRY as compared to WET
years the interhemispheric SST gradient is steepened and the
complex of SST maximum, low pressure trough and ITCZ stay
farther North, away from the Nordeste (Hastenrath and Heller,
1977; Hastenrath et al., 1984; Hastenrath, 1985, p. 293-300,
339-344; Hastenrath and Greischar, 1993a, b; Hastenrath,
1995, p. 359-362).
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Figure 1 - Surface circulation over the equatorial Atlantic and eastern
Pacific, March 1958-97.

(a) sea surface temperature , with isotherm spacing of 2 °C and with
area above 28°C shaded;

(b) sea level pressure, with isobar spacing of 2 mb, and with area
below 1012 mb shaded;

(c) resultant wind direction and speed, with isotach spacing of 2

ms’l;

(d) divergence with isoline spacing of 5 x 10 5!, and convergence
shaded. Bold solid line encloses Northeast Brazil (Nordeste), and F
and Q denote the stations Fortaleza and Quixeramobim.

In addition to such ensemble of characteristics in the
tropical Atlantic sector, the DRY events also tend to be preceded
by anomalously warm waters in the eastern equatorial Pacific in
January (Covey and Hastenrath, 1978; Curtis and Hastenrath,
1995). An exploration of the underlying mechanisms (Curtis
and Hastenrath, 1995) showed that in the evolution towards a
DRY event, the Atlantic tradewinds weaken anomalously from
January to March, and that due to the concomitantly weakened
wind forcing the surface waters of the tropical North Atlantic
warm anomalously through April. This sets the scene for an
anomalously steep interhemispheric northward SST gradient,

Revista Brasileira de Meteorologia 117

stronger southerly (weaker northerly) wind component, and
thus anomalously far northward ITCZ position and deficient
Nordeste rainfall.

This exploration (Curtis and Hastenrath, 1995)
raises the question: what causes the weakened North Atlantic
tradewinds during Pacific warm events? Early theoretical and
modeling studies (Egger, 1977; Opstegh and Van den Dool,
1980; Webster, 1981; Hoskins and Karoly, 1981; Horel and
Wallace, 1981; Nobre and Moura, 1984; reviews in Hastenrath,
1985, p. 266-283; 1995, p. 282-288) suggested a role of the upper
troposphere in large-scale linkages. These studies stimulated the
notion of “atmospheric bridge” (Lau and Nath, 1996; Klein et al.,
1999; Alexander et al., 2002). The issue of the NCEP-NCAR
40-year Reanalysis (Kalnay etal., 1996) opened the prospect of
an empirical evaluation. An evaluation for WARM as compared
to COLD Pacific waters in January (Hastenrath, 2000) revealed
in the upper-tropospheric topographies a wave train from the
equatorial Pacific to the tropical North Atlantic; the associated
pattern of departures in upper-tropospheric flow and divergence
entails diminished subsidence on the equatorward flank of the
surface North Atlantic subtropical high. This serves to decrease
the pressure there, which weakens the meridional pressure
gradient and thus the North Atlantic tradewinds. The further
consequences of weak North Atlantic tradewinds following
Pacific WARM January are known from the earlier study. Our
findings (Curtis and Hastenrath 1995; Hastenrath 2000) are
supported by later papers (Nobre and Shukla 1996; Enfield and
Mayer 1997; Klein et al. 1999: Alexander et al. 2002; Giannini
et al. 2004).

Figs. 2, 3, and 4 place the chain of causality recognized
in the three studies (Covey and Hastenrath, 1978; Curtis and
Hastenrath, 1995; Hastenrath, 2000) into context. For the
analysis presented in Fig. 2 the WARM ensemble consists of the
years 1958, 1966, 1969, 1970, 1973, 1983, 1987, 1988, 1992,
1995; and the COLD ensemble of the years 1963, 1965, 1967,
1968, 1971, 1974, 1975, 1976, 1985, 1989. For the analysis
presented in Fig. 3 the WARM ensemble consists of the years
1958, 1966, 1969, 1970, 1973, 1980, 1983, 1987, 1988, 1992;
and the COLD ensemble of the years 1950, 1955, 1956, 1957,
1968, 1971, 1974, 1976, 1985, 1989. For details reference is
made to the recent review (Hastenrath, 2006).

Fig. 2 based on the NCEP-NCAR upper-air dataset and
COADS depicts the upper-air conditions for Pacific WARM as
compared to COLD January. A wave train from the equatorial
Pacific to the tropical North Atlantic is apparent in the map of
200 mb topography (Fig. 2a). Relevant are the accompanying
patterns of divergence and vertical motion (Fig. 2b and c).
Thus, associated with the characteristics of 200 mb topography
(Fig. 2a) is the difference pattern of 200 mb divergent flow and
divergence (Fig. 2b).
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Figure 2 - Empirical analyses of January fields of differences between ten-year ensembles of Pacific WARM minus COLD (a, b, ¢, d, e), and of
1958-97 mean conditions (f, g). The difference maps shown are of (a) 200 mb topography, with isoline spacing of 40 gpm (geopotential meters)
poleward of 20°N, 20 gpm equatorward of 20°N, and 10 gpm for domain inside rectangle and thin dashed lines indicating negative values; heavy
dashed line highlights wave train from equatorial Pacific to tropical North Atlantic; rectangle encloses domain shown in the maps (b) to (g); (b)
200 mb divergence with isoline spacing of 1 x 10 s and dashed lines indicating negative values; (c¢) 500 mb omega vertical motion, with isoline
spacing of 10* mb s and dashed lines indicating negative values or upward motion; (d) 1000 mb topography with isoline spacing of 20 gpm and
dashed lines indicating negative values. The Atlantic 1958-97 mean maps are of (f) 1000 mb topography with isoline spacing of 20 gpm; and (g)
SST with isoline spacing of 2°C. Open circle, triangle, cross, and accompanying arrows serve to identify extrema in the difference map (c) and to
indicate their location in the mean maps (f) and (g). Shading denotes significance of differences at 5% level according to t-test.
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Concordant with the upper-tropospheric divergence
(Fig. 2b) is the mid-tropospheric vertical motion (Fig. 2c).
Comparison with the map of long-term mean 1000 mb
topography (Fig. 2f) shows that subsidence is reduced on the
equatorward side of the North Atlantic subtropical high, and
ascending motion weakenend in the realm of the near-equatorial
trough. This serves to decrease the 1000 mb topography in the
North and to raise it in the South, during the Pacific WARM as
compared to COLD years (Fig. 2d), resulting in greatly weakened
meridional pressure gradient. Fig. 2e should be compared to
Fig. 2g: the largest warm differences are located to the North
of the band of warmest surface waters in the long-term mean.

The seasonal evolution of Atlantic patterns for WARM
as compared to COLD Pacific January is presented in Figs. 3
and 4 based on NCEP-NCAR. The SST maps Figs 3a to d
bear out positive temperature differences in the tropical North
Atlantic increasing from January through April, which implies a
steepening of the interhemispheric southward thermal gradient.
The causes and the consequences of these anomalous SST
patterns should be considered with reference to the maps in Fig.
4. Thus, the anomalous warming of the tropical North Atlantic
is in large part due to reduced latent heat flux, wind stirring and
Ekman pumping (Curtis and Hastenrath, 1995) resulting from
the weakened North Atlantic tradewinds (Figs. 4e to h and 4i
to ). In turn, the SST anomalies (Figs. 3ato d) hydrostatically
affect the pressure field (Figs. 4a to d).

The maps 4a to d show for Pacific January WARM
minus COLD ever larger deficits of surface pressure over the
tropical North Atlantic from January to March. Such evolution
of the surface pressure field entails a progressive weakening
of the meridional pressure gradient in the realm of the North
Atlantic tradewinds. Consistent with this, the total wind speed
in the realm of the North Atlantic tradewinds weakens from
January to March (Figs. 4e to h). Complementing the maps
of total wind speed (Figs. 4e to h) are the maps of differences
in resultant wind vector (Figs. 4i to 1), illustrating further the
progressive weakening of the North Atlantic tradewinds from
January to March. The positive differences in the equatorial belt
in April (Figs. 4h and 1) reflect the enhanced cross-equatorial
flow from the southern hemisphere in response to the steepened
meridional pressure gradient (Figs. 4a to d), which in turn is
consistent with the steepened temperature gradient (Fig. 3a to d).

In synthesis from Figs. 2, 3 and 4, the weakened lower-
tropospheric meridional pressure gradient over the Atlantic
in January (Figs. 2d and 4a), due to the upper-tropospheric
teleconnection from the Pacific, entails weakened North Atlantic
tradewinds in January (Figs. 4e and i). As a consequence the
tropical North Atlantic surface waters warm anomalously (Figs.
3 a to d), which causes a further slackening of the meridional
pressure gradient (Figs. 4a to d), which is conducive to further
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Figure 3 - Empirical analyses of the patterns of Atlantic SST differences
between ten-year ensembles of Pacific January WARM minus COLD,
for (a) January, (b) February, (c) March, and (d) April. Thick solid line
denotes zero, isoline spacing is 0.5°C, and thin dashed lines denote
negative values. Shading indicates areas for which the difference is
significant at the 5% level according to t-test. Straight dotted lines
enclose domain covered in Figs. 4 and 6.

slowdown of the North Atlantic tradewinds (Figs. 4e to h and i
to 1). The steepened interhemispheric temperature and pressure
gradients leads to enhanced southerly flow in the equatorial
zone in April (Figs. 4h and 1). Due to the anomalously warm
waters and low pressure in the tropical North Atlantic, the
near-equatorial low pressure trough and embedded ITCZ (Fig.
1) are displaced northward, resulting in deficient rainfall in
Brazil’s Nordeste.
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Areviewer kindly called our attention to a recent article
(Souza et al., 2005) with complementary findings: unfavorable
for Nordeste rainfall the joint occurrence of anomalously
warm waters in the equatorial Pacific and steep northward SST
gradient in the Atlantic; favorable for the Nordeste rainfall
the combination of cold equatorial Pacific waters with weak
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meridional SST gradient in the Atlantic. The latter pattern is
conducive to a more southerly ITCZ position, and consistent
with that Souza et al. (2005) find in a meridional-vertical transect
enhanced upward motion over the Nordeste; vertical motion
departures over the Nordeste in a zonal-meridional transect
along the Equator being small by comparison.

Figure - 4 Empirical analyses of the patterns of differences between ten-year ensembles of Pacific January WARM minus COLD, for January (a, e,
i), February (b, f, j), March (c, g, k), and April (d, h, I). The Atlantic maps shown are of 1000 mb topography (a, b, ¢, d) with isoline spacing of 1
m; surface resultant wind speed (e, f, g, h) with isoline spacing of 1 ms™'; and resultant wind vector (i, j, k, 1) with indicated scaling of 10 degrees
latitude/longitude for 5 ms™. Thick solid lines denote zero, and thin dashed lines negative values. Shading indicates areas for which the difference

is significant at the 5% level according to t-test.
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4. TARGETED EXPERIMENTS

The empirical diagnostics summarized in the preceding
section 3 indicate a chain of causality leading from SST
anomalies in the equatorial Pacific to circulation and climate
departures in the tropical Atlantic sector. To complement these
empirical diagnostics, targeted numerical experiments were
conducted. From an index series of January SST in a key region
of the eastern equatorial Pacific, documented in previous work
(Curtis and Hastenrath, 1995; Hastenrath, 2000), ensembles of
contrasting extreme years were identified, within the 1952-92
time span of the SPEEDY archive. The ensemble of the ten most
extreme WARM years (1958, 66, 69, 70, 73, 80, 83, 87, 88, 92)
has an average departure of +1,27°C, and the ensemble of the
ten most extreme COLD years (1963, 65, 67, 68, 71, 74, 75,
76, 85, 89) a departure of -0.82 °C from a long-term reference
mean (26.18°C for 1949-68).

In the SPEEDY model, as sole forcing the aforementioned
departures of +1.27°C for WARM and -0.82°C for COLD
January were prescribed in the rectangle 176.25 - 93.75°W,
9.278°S — 9.278°N (see Fig 5a), with otherwise global
climatological 1952-92 SST, for 100 runs of WARM and 100
runs of COLD through the annual cycle. Results are presented
in the January maps in Fig. 5. These should be appreciated in
context with the empirical analyses in Fig. 2. Thus, the map
of differences in 200 mb topography in Fig. 5a shows a wave
train from the equatorial Pacific to the tropical North Atlantic,
similar to Fig. 2a. The wave train in 200 mb topography in Figs.
2aand 5a is also captured in another recent SPEEDY modeling
experiment (Herceg Bulic and Brankovic, 2007). Associated
with the pattern in Fig. 5a is the difference pattern of 200 mb
divergence, Fig. 5b, which resembles Fig. 2b in major features.
Concordant with the upper-tropospheric divergence (Figs. 5b
and 2b) is the mid-tropospheric vertical motion (Figs. 5¢ and
2c¢). Broadly compatible with the comparison of Figs. 2¢ and
f is the relationship between Figs. 5¢ and f, in that subsidence
appears reduced on the equatorward side of the North Atlantic
subtropical high, and ascending motion weakened in the realm of
the near-equatorial trough. This favors the reduction of the 925
mb topography in the North and rise in the South, during Pacific
WARM as compared to COLD years (Fig. 5d). Comparing Fig.
Seto g, the largest differences are found to the North of the band
of warmest surface waters in the long-term mean, similar to the
comparison of Figs. 2e to g.

Following up on the Pacific to Atlantic teleconnections
borne out by the January maps of Figs. 2 and 5, the further
evolution to April in the tropical Atlantic sector is of interest.
The SPEEDY model does not adequately handle the atmospheric
forcing on the upper ocean, as identified by the empirical
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research reported in section 3. Thus the modelling is here
confined to the hydrostatic forcing of SST (Fig. 3) on the
lower troposphere, and the wind field resulting from the lower-
tropospheric pressure.

The results of the numerical modelling driven by the
observed Atlantic SST patterns (Fig. 3) are presented in the maps
of Fig. 6. These should be appraised against the background
of the corresponding empirical diagnostics in Fig. 4. Thus the
modelled maps of 925 mb topography, Figs. 6ato d, should be
compared with empirical maps of 1000 mb topography in Figs
4ato d. The maps Figs. 6a to d depict the lower troposphere
rather than the surface conditions shown in Figs. 4a to d. With
this qualification, the two map sets agree in the major features:
negative differences intensifying from January into March
particularly in the North, positive differences in the South
decreasing, all resulting in steepened northward topography
gradients. Overall, the limit between negative differences in the
North and positive differences in the South is located farther
North in the modelled 925 mb maps (Figs. 6a to d) than in the
empirical 1000 mb maps (Figs. 4ato d). Similarly, the modeled
maps of 925 mb wind speed, Figs. 6e to h, should be compared
with the empirical maps of surface wind speed in Figs. 4e to h,
and also appreciated in context with the modeled maps of 925
mb topography, Figs. 6a to d. Thus, in broad agreement with
the empirical surface maps Figs. 4e to h, the lower-tropospheric
wind speed in Figs. 6e to h also features negative differences in
awide swath across the tropical North Atlantic. This is to be seen
in context with the weakened lower-tropospheric meridional
topography gradients borne out by Figs. 6a to d. The maps of
wind speed, Figs. 6¢e to h are complemented by the maps of
differences in resultant wind vector, Figs. 6 i to 1, which should
be viewed together with the empirical vector maps Figs. 4e to |,
always allowing for the distinction between lower-troposphere
versus surface. Indeed, in broad agreement the modelled lower-
tropospheric maps Figs. 61to I, as well as the empirical surface
maps 41 to 1, show eastward difference vectors, weakened
tradewinds, in the northern portion of the map area, and cross-
equatorial flow in the southern part of the map, increasing into
April. Consistent with the topography maps Figs. 6a to d, the
largest differences in zonal wind are found at somewhat higher
latitude than in the empirical surface maps. As plausible from
the hydrostatic forcing, the difference patterns of topography
and wind are more pronounced for the empirical 1000 mb (Fig.
4) than for the modelled 925 mb (Fig. 6). In conclusion from
this appraisal, the numerical modeling experiments for the
lower troposphere over the Atlantic, starting with the January
topography conditions and using the observed SST patterns
as forcing, yielded a January to April evolution of the lower-
tropospheric topography and wind patterns compatible with
the empirical evidence.
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Figure - 5 Numerical modelling of January fields of differences between Pacific WARM minus COLD (a, b, ¢, d, ¢) and of 1952-92 mean conditions
from SPEEDY archive (f, g). The difference maps shown are of (a) 200 mb topography, with isoline spacing of 20 gpm (geopotential meters), and
thin dashed lines indicating negative values; heavy dashed line highlights wave train from equatorial Pacific to tropical North Atlantic; dotted-line
rectangle encloses domain for which SST anomalies were prescribed in the computer experiment; solid-line rectangle indicates the domain shown
in the maps (b) to (g); (b) 200 mb divergence with isoline spacing of 1 x 10" s and dashed lines indicating negative values; (c) 500 mb omega
vertical motion, with isoline spacing of 10 mb s™ and dashed lines indicating negative values or upward motion; (d) 925 mb topography with
isoline spacing of 5 m and dashed lines indicating negative values; (¢) SST with isoline spacing of 0.5°C. The Atlantic 1952-92 mean maps
are of (f) 925 mb topography with isoline spacing of 20 m; and (g) SST with isoline spacing of 2°C. Shading denotes significance of differences
at 5% level according to t-test.



Junho 2008

Revista Brasileira de Meteorologia 123

Figure - 6 Numerical modeling of fields of differences between Pacific January WARM minus COLD, for January (a, e, i), February (b, f, j), March
(e, g, k), and April (d, h, 1). The Atlantic maps shown are of 925 mb topography (a, b, ¢, d) with isoline spacing of 5 m; 925 mb resultant wind
speed (e, f, g, h) with isoline spacing of 5 ms™'; and 925 mb resultant wind vector (i, j, k, 1) with indicated scaling of 10 degrees latitude/longitude
for 5 ms™'. Thick solid lines denote zero, and thin dashed lines negative values. Shading indicates areas for which the difference is significant at

the 5% level according to t-test.

5. CONCLUSIONS

Work over the past three decades (Hastenrath and Heller,
1977; Hastenrath and Lamb, 1978; Curtis and Hastenrath,
1995; Hastenrath, 2000, 2006) has successively elucidated
the circulation mechanisms operative in annual cycle and
interannual variability of Northeast Brazil rainfall. The ITCZ
is the main rainbearing system for the Nordeste rainy season
centered around March-April. The ITCZ is embedded in the

near-equatorial trough of low pressure, which is hydrostatically
controlled by SST. Weak interhemispheric southward directed
SST gradient is conducive to a far southward position of the
trough and ITCZ, and thus Nordeste rainfall. Plausibly, seasonal
forecasting of the March-June rainfall in the Nordeste from
information through January (Hastenrath and Greischar, 1993b;
Greischar and Hastenrath, 2000) has as strongest precursors
pre-season rainfall in the region itself and indices of the fields
of meridional wind component and meridional SST gradient in
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the Atlantic, all causally related to the latitude position of the
ITCZ over the Atlantic.

In addition to these indicators in the tropical Atlantic
sector, SST departures in the distant equatorial Pacific show
an albeit weaker association with Nordeste rain: EI Nino tends
to be followed by warming in the tropical Atlantic (Covey and
Hastenrath, 1978) and by Nordeste drought. The causality chain
operative in such teleconnection has been explored in a sequence
of empirical investigations. Available numerical models invited
a complementary investigation with targeted modelling
experiments. Broadly consistent with the previous empirical
diagnostics, the experiments bear out, for Pacific WARM as
compared to COLD events, an upper-tropospheric wave train
extending from the equatorial eastern Pacific to the tropical
North Atlantic. This affects the patterns of upper-tropospheric
topography and divergence, and hence of vertical motion over
the Atlantic. Due to the altered vertical motion, the meridional
pressure gradient on the equatorward side of the North Atlantic
subtropical high becomes less steep, and consequently the North
Atlantic tradewinds weaken. Although the SPEEDY model is
not suited to handle the resulting reduction of latent heat flux,
wind stirring and Ekman pumping, leading to warmer surface
waters in the tropical North Atlantic, it does meaningfully
simulate the hydrostatic forcing of observed SST on the lower-
tropospheric pressure pattern. Weakened meridional pressure
gradient over the tropical North Atlantic in January results in
weaker tradewinds, leading to warmer surface waters, which
further hydrostatically lower the surface pressure, leading to
meridional SST and pressure gradients steepening from January
to April. This is then conducive to an anomalously far northerly
ITCZ position and Nordeste drought. Such combination of
targeted numerical modeling experiments with empirical
diagnostics appears desirable in the study of circulation and
teleconnection mechanisms operative in other tropical climate
anomalies.
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