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Abstract

The Northern Nordeste of Brazil has its short rainy season narrowly concentrated around March–April, when the inter-
hemispheric 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.
The recurrent Secas (droughts) have a severe socio-economic impact in this semi-arid region. In drought years, the pre-sea-
son (October–January) rainfall is scarce, the interhemispheric SST gradient weakened and the basin-wide southerly (north-
erly) wind component enhanced (reduced), all manifestations of an anomalously far northward ITCZ position. Apart from
this ensemble of Atlantic indicators, the Secas also tend to be preceded by anomalously warm equatorial Pacific waters in
January. During El Niño years, an upper-tropospheric wave train extends from the equatorial eastern Pacific to the north-
ern tropical Atlantic, affecting the patterns of upper-tropospheric topography and divergence, and hence of vertical motion
over the Atlantic. The altered vertical motion leads to a weaker meridional pressure gradient on the equatorward flank of
the North Atlantic subtropical high, and thus weaker North Atlantic tradewinds. The concomitant reduction of evapora-
tion and wind stirring allows for warmer surface waters in the tropical North Atlantic and thus steeper interhemispheric
meridional thermal gradient. Consequently, the ITCZ stays anomalously far North and the Nordeste rainy season becomes
deficient.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Northern Nordeste of Brazil (Fig. 1d) is a particularly attractive target for circulation and climate diag-
nostics. It has a semi-arid climate with a short rainy season narrowly concentrated around March–April and
large variations of precipitation from year to year. The Secas, or droughts, have a severe human impact (Has-
0079-6611/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Fig. 1. Surface circulation over the equatorial Atlantic and eastern Pacific, March 1958–1997: (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 m s�1; (d) divergence with isoline spacing of 5 · l0�6 s�1, and
convergence shaded. Bold solid line encloses Northeast Brazil (Nordeste), and F and Q denote the stations Fortaleza and Quixeramobim.

408 S. Hastenrath / Progress in Oceanography 70 (2006) 407–415
tenrath, 1985, pp. 363–365). Work since the 1970s has progressively documented the annual cycle of circula-
tion (Hastenrath and Lamb, 1977), has elucidated the circulation mechanisms of interannual climate variabil-
ity (Hastenrath and Heller, 1977; Covey and Hastenrath, 1978; Hastenrath, 1985, pp. 293–300; Hastenrath
and Druyan, 1993; Hastenrath and Greischar, 1993a; Curtis and Hastenrath, 1995; Hastenrath, 1995, pp.
302–309; Hastenrath, 2000a,b), and on this basis has developed methods for the seasonal forecasting of
Nordeste rainfall anomalies (Hastenrath et al., 1984; Hastenrath, 1985, pp. 339–344; Hastenrath, 1990; Has-
tenrath and Greischar, 1993b; Hastenrath, 1995, pp. 359–362; Greischar and Hastenrath, 2000). Drawing on a
sequence of studies at the University of Wisconsin, the present essay shall review the circulation mechanisms in
the tropical Atlantic sector that control the rainfall variability in the Nordeste, and sketch the way in which
Pacific El Niño events, through an ‘‘atmospheric bridge’’, affect the circulation of the Atlantic atmosphere–
hydrosphere system, and thus the Nordeste.

2. Annual cycle

The rainy season in the Northern Nordeste of Brazil is short and narrowly concentrated around March–
April, as is illustrated in Fig. 2 for two long-term stations. This particular seasonality in rainfall can only
be appreciated from analyses of the large-scale circulation setting. The annual cycle of circulation in the trop-
ical Atlantic sector has first been comprehensively documented in an atlas based on long-term ship observa-
tions (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 of Fig. 1a shows



Fig. 2. Annual cycle of rainfall at Fortaleza and Quixeramobim (ref. Fig. 1d).
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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. 1c). Also
embedded in the low pressure trough is the zone of largest convergence (Fig. 1d), the Intertropical Conver-
gence Zone (ITCZ).

The SST maximum hydrostatically favors the low pressure trough into which the airstreams flow from the
two hemispheres, and thus the position of the ITCZ (Hastenrath and Druyan, 1993; Hastenrath and Greis-
char, 1993a). In boreal summer, the SST maximum, near-equatorial lowe pressure trough, and ITCZ, are
all located far North, and the SST gradient is steep across the Equator. From September onward, the inter-
hemispheric 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 around March–
April (Fig. 2). 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.

3. Circulation mechanisms of droughts

The cartoon in Fig. 3 compacts the results from diagnostic research spread over two decades (Hastenrath
and Heller, 1977; Moura and Shukla, 1981; Hastenrath et al., 1984; Hastenrath, 1985, pp. 293–300; Hasten-
rath and Druyan, 1993; Hastenrath and Greischar, 1993a,b). The maps of Figs. 3a and b illustrate the depar-
tures in the large-scale atmosphere–ocean setting characteristic of extremely DRY (Fig. 3a) and extremely
WET (Fig. 3b) years in the Nordeste. Thus, during the DRY years the interhemispheric SST gradient is stee-
pend, which Fig. 3a simplistically depicts by warm in the North and cold in the South. The steepened SST
gradient entails a more northerly position of the SST maximum. As a consequence, the confluence between
the airstreams from the two hemispheres sits far North, and along with that the rainbearing ITCZ. Fig. 3b
for the Nordeste WET years shows departures broadly opposite to those in the DRY years, namely weakened
interhemispheric SST gradient, a more southerly ITCZ position, and anomalously cold rather than warm
Pacific waters.

In context with the discussion in Section 2 it is noted that the circulation departure patterns characteristic of
DRY and WET years broadly conform to the contrasts between the boreal summer dry season and late boreal
winter rainy season in the course of the annual cycle; essential factors being the interhemispheric SST gradient
and corresponding latitude position of the ITCZ. Apart from these indicators in the tropical Atlantic sector,
Figs. 3a and b also show an association with SST in the eastern equatorial Pacific, with January Pacific warm
(cold) anomalies accompanying DRY (WET) years in the Nordeste. The underlying circulation mechanisms
are the subject of the next section.

4. Teleconnections with ENSO

The relation of climate anomalies in the tropical Atlantic sector with the Pacific El Nino phenomenon has
been explored in a sequel of studies over the past three decades (Covey and Hastenrath, 1978; Curtis and Has-
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Fig. 3. Schematic illustration of the characteristic circulation departures during (a) DRY and (b) WET years in Northern Northeast
Brazil. During DRY as compared to WET years the interhemispheric SST gradient is enhanced, the Northeast tradewinds weaker, the
cross-equatorial airstream from the Southern hemisphere weaker, and the enclosed wind confluence along with the ITCZ are displaced
northward. Along with this the pre-season rainfall in the Nordeste is reduced, and the equatorial Pacific waters are anomalously warm.
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tenrath, 1995; Hastenrath, 2000a,b). A study in the 1970s (Covey and Hastenrath, 1978) showed that Pacific El
Nino events are typically followed by warming in much of the tropical Atlantic, but the underlying mecha-
nisms of such developments remained enigmatic.

Early theoretical and modeling studies (Egger, 1977; Opsteegh and Van den Dool, 1980; Webster, 1981;
Hoskins and Karoly, 1981; Horel and Wallace, 1981; Nobre and Moura, 1984; reviews in Hastenrath,
1985, pp. 266–283; Hastenrath, 1995, pp. 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).

A series of investigations (Hastenrath and Heller, 1977; Hastenrath et al., 1984; Hastenrath, 1990; Hasten-
rath and Greischar, 1993b; Greischar and Hastenrath, 2000) aimed at forecasting the precipitation anomalies
of the March–June rainy season in Brazil’s Nordeste from information through the end of January. The most
indicative precursors of a deficient rainy season are deficient pre-season (October–January) precipitation in the
region itself, steep interhemispheric southward thermal gradient, and basin-wide enhanced southerly
(decreased northerly) wind component in the Atlantic, all manifestations of anomalously far northerly ITCZ
position. Apart from this ensemble of Atlantic indicators, the Secas also tend to be preceded by anomalously
warm equatorial Pacific waters in January.

In an attempt at understanding some of the mechanisms linking the Pacific SST to subsequent Nordeste
rainfall, Curtis and Hastenrath (1995) documented the anomalous seasonal evolution of circulation in the
Atlantic following warm Pacific in January. Nobre and Shukla (1996), Enfield and Mayer (1997), Klein
et al. (1999), and Giannini et al. (2004) later confirmed their findings. Curtis and Hastenrath (1995) showed
that from January to March Atlantic trade winds weaken anomalously, and that due to the concomitantly
weakened wind forcing the tropical Atlantic surface waters warm anomalously through April. This sets the
scene for an anomalously steep interhemispheric southward SST gradient, stronger southerly (weaker north-
erly) wind component, and thus anomalously far northward ITCZ position and deficient Nordeste rainfall.
The study thus advanced the understanding to a new frontier defined in the question: what are the causes
of the weakened North Atlantic tradewinds during Pacific warm events?



Fig. 4. January maps of differences between 10-year ensembles of Pacific WARM minus COLD (a–e), and of 1958–1997 mean conditions
(f and 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–g);
(b) 200 mb divergence with isoline spacing of 1 · 10�6 s�1 and dashed lines indicating negative values, and divergent wind component with
arrows scaled at 2� latitude for 1 m s�1; (c) 500 mb omega vertical motion, with isoline spacing of 10�4 mb s�1 and dashed lies indicating
negative values or upward motion; (d) 1000 mb topography with isoline spacing of 20 gpm and dashed lines indicating negative values. The
Atlantic 1958–1997 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 and bold arrows denote significance of differences at 5% level according to t-test.
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Exploration of this ‘‘atmospheric bridge’’ from the Pacific to the Atlantic had to wait for appropriate
upper-air information. The issue of the NCEP-NCAR 40-year Reanalysis (Kalnay et al., 1996) opened new
prospects. An evaluation for warm as compared to cold Pacific waters in January (Hastenrath, 2000a,b)
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 divergent 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 (Curtis and Hastenrath, 1995).

While the present synthesis of our explorations over the past quarter century (Covey and Hastenrath, 1978;
Curtis and Hastenrath, 1995; Hastenrath, 2000b) focuses on the eastern Pacific to Atlantic sector, recent
papers on ‘‘atmospheric bridge’’ in part extend to larger domains. In particular, Klein et al. (1999) evaluated
surface and satellite observations, whereas Lau and Nath (1996) and Alexander et al. (2002) used numerical
modeling. Lau and Nath’s (1996)maps do not capture the low-latitude Atlantic. Klein et al. (1999), Alexander
et al. (2002), and Giannini et al. (2004) support the earlier findings of Enfield and Mayer (1997), Giannini et al.
(2004) expand on the earlier results in the following respect. Instead of contrasting Pacific WARM against
COLD years, they compare a reference normal with COLD and WARM ensembles, respectively, and on these
grounds find a closer association for Pacific COLD years. The later papers (Lau and Nath, 1996; Enfield and
Mayer, 1997; Klein et al., 1999) do not mention the earlier surface studies (Curtis and Hastenrath, 1995), and
some (Alexander et al., 2002; Giannini et al., 2004) do not refer to the previous upper-air findings (Hastenrath,
2000b).

Figs. 4–6, place the chain of causality recognized in the three studies (Covey and Hastenrath, 1978; Curtis
and Hastenrath, 1995; Hastenrath, 2000b) into context. Fig. 4 based on the NCEP-NCAR upper-air data set
and COADS depicts the upper-air conditions for Pacific warm as compared to cold January (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). A wave train from the equa-
Fig. 5. Maps of differences between 10-year ensembles of Pacific January WARM minus COLD, for January (a, e and i), February (b, f
and j), March (c, g and k), and April (d, h and l). The Atlantic maps shown are of sea level pressure (a–d), with isoline spacing of 1 mb;
surface resultant wind speed (e–h) with isoline spacing of 1 m s�1; and SST (i–l) with isoline spacing of 0.5 �C. 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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Fig. 6. Schematic diagram of mechanisms relating the Southern Oscillation to Nordeste rainfall: (1) Southern Oscillation; (2) Pacific-
Americas-Atlantic upper-tropospheric wave train; (3) anomalies in Atlantic upper-tropospheric topography; (4) upper-tropospheric
convergence on equatorward side of North Atlantic high; (5) mid-tropospheric subsidence on equatorward side of North Atlantic high; (6)
meridional gradient of surface pressure; (7) strength of Northeast tradewinds; (8) evaporation and wind stirring in tropical North Atlantic;
(9) interhemispheric southward SST gradient in Atlantic; (10) latitude position of Atlantic ITCZ; (11) Nordeste rainfall.
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torial Pacific to the tropical North Atlantic is apparent in the map of 200 mb topography (Fig. 4a). Associated
with this is the difference pattern of 200 mb divergent flow and divergence (Fig. 4b). Concordant with the
upper-tropospheric divergence (Fig. 4b) is the mid-tropospheric vertical motion (Fig. 4c). Comparison with
the map of long-term mean 1000 mb topography (Fig. 4f) shows that subsidence is reduced on the equator-
ward side of the North Atlantic subtropical high. This serves to decrease the 1000 mb topography in that lat-
itude band during the Pacific warm as compared to cold years (Fig. 4d), resulting in a greatly weakened
meridional pressure gradient. Fig. 4b should be compared to Fig. 4g: 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 Fig. 5 based on COADS (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). The maps of Figs. 5a–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 pres-
sure field entails a progressive weakening of the meridional pressure gradient in the realm of the North Atlan-
tic trade winds. Consistent with this, the total wind speed in the realm of the North Atlantic trade winds
weakens from January to March (Figs. 5e–h); the positive differences in the equatorial belt in April
(Fig. 5h) reflect the enhanced cross-equatorial flow from the southern hemisphere in response to the steepened
meridional temperature gradient (Curtis and Hastenrath, 1995). The anomalous weakening of the northward
SST gradient is mainly due to anomalous warming in the tropical North Atlantic. As detailed by Curtis and
Hastenrath (1995), this stems from the combination of three forcings all related to the weakened North Atlan-
tic trade winds during Pacific warm events. Most important are the reduced latent heat flux and wind stirring
in much of the tropical North Atlantic and anomalous downwelling equatorward of 20�N, with a further con-
tribution from increased net radiation resulting from the reduced cloudiness due to the diminished conver-
gence in the downstream portion of the North Atlantic trades. Thus, the maps of Figs. 5e–h of wind speed
should be compared with the SST maps of Figs. 5i–l, which bear out positive temperature differences in the
tropical North Atlantic increasing from January through April. The implied steepening interhemispheric
southward thermal gradient leads to a far northward ITCZ position and thus deficient rainfall in Brazil’s
Nordeste.

The causality chain from Southern Oscillation and El Niño to Nordeste rainfall documented in Figs. 4 and
5 is highlighted in the schematic flow diagram in Fig. 6. The Southern Oscillation (1) incites an upper-tropo-
spheric wave train (2), which affects the upper-tropospheric topography (3) and divergence (4) and hence ver-
tical motion (5) patterns over the Atlantic; the vertical motion (5) in turn influences the meridional pressure
gradient at the surface (6) and thus the North Atlantic tradewinds (7); this through altered evaporation and
wind stirring (8) modulates the interhemispheric meridional thermal gradient (9), which controls the latitude
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position of the ITCZ (10) and thus Nordeste rainfall (11). This causality chain also explains why the Atlantic
near-equatorial low pressure trough sits anomalously far North during boreal winter of the low/warm SO
phase (Hastenrath et al., 1987). Why the trough is located anomalously far South during the boreal summer
of the low/warm SO phase is an intriguing pending question?

5. Conclusions

Rainfall in the Northern Nordeste of Brazil stems prevailingly from a single well-organized quasi-perma-
nent component of the large-scale circulation, the Atlantic ITCZ. Both in the course of the average annual
cycle and in interannual variability rainfall is least with a far northerly ITCZ position, which has as further
manifestations a steep interhemispheric southward directed thermal gradient and basin-wide enhanced south-
erly (reduced northerly) wind component, as well as enhanced pre-season precipitation in the Nordeste. Apart
from these Atlantic indicators, the Secas also tend to be preceded by anomalously warm conditions in the east-
ern equatorial Pacific. An ‘‘atmospheric bridge’’ from the Pacific to the Atlantic consists of an upper-tropo-
spheric wave train, entailing anomalous upper-tropospheric divergence and vertical motion over the tropical
North Atlantic, which affects the surface meridional pressure profile and thus the North Atlantic tradewinds;
the altered windstress forcing modulates the SST pattern and particularly the interhemispheric thermal gradi-
ent. This, in turn, controls the latitude position of the ITCZ and thus Nordeste rainfall. Thus, the Pacific El
Niño phenomenon aggravates the Nordeste Secas through a chain of mechanisms involving the Atlantic
ITCZ. Ultimately, it is the strength and particularly the latitude position of the ITCZ which controls the short
rainy season of the Northern Nordeste.
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