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ABSTRACT

It is proposed that a possible mechanism for the occurrence of severe droughts over northeast Brazil
is the establishment of a thermally direct local circulation which has its ascending brancn at about 10°N and
its descending branch over northeast Brazil and the adjoining oceanic region. The driving for this anomalous
circulation is provided by warming due to enhanced moist convection associated with warmer sea surface
temperature anomalies over the northern tropical Atlantic, and cooling associated with colder sea surface
temperature anomalies in the southern tropical Atlantic. The combined effects of thermally forced sub-
sidence and reduced evaporation and moisture flux convergence produces severe drought conditions over
northeast Brazil.

We have examined the monthly mean sea surface temperature anomalies over the tropical Atlantic and
rainfall anomalies over two selected stations (Fortaleza, 3°46’S 38°31'W and Quixeramobim, 5°12'S
39°18'W) for 25 years (1948-72). It is found that the most severe drought events are associated with the
simultaneous occurrence of warm sea surface temperature anomalies over north and cold sea surface
temperature anomalies over the south tropical Atlantic. Simultaneous occurrences of warm sea surface
temperature anomaly at 15°N, 45°W and cold sea surface temperature anomaly at 15°S, 5°W were always
associated with negative anomalies of rainfall, and vice versa.

A simple primitive equation model is used to calculate the frictionally controlled and thermally driven
circulation due to a prescribed heating function in a resting atmosphere. The heating function is designed
to simulate a heat source to the north and a heat sink to the south of the equator. This prescribed thermal
forcing produces a thermally direct circulation with ascending motion to the north and descending motion
to the south. Low-level cyclonic circulation and high-level anticyclonic circulation is generated to the
north of the equator and low-level anticylonic circulation and high-level cyclonic circulation is generated
to the south of the equator. The analytical solutions agree well with the resuilts of numerical experiments
carried out with a multilevel global general circulation model.

We also have carried out a series of numerical experiments to test the sensitivity of the GLAS (Goddard
Laboratory for Atmospheric Sciences) model to prescribed sea surface temperature anomalies over the
tropical Atlantic. It is found that the sea surface temperature anomaly patterns, which resemble the
observed ones during drought years, produce an intensified convergence zone, enhanced rainfall and low-
level cyclonic circulation to the north, and reduced rainfall and anticyclonic circulation to the south.
The reduction of rainfall over continental northeast Brazil is large enough to give further support to the
proposed mechanism. .

Since the sea surface temperature anomalies over the tropical Atlantic persist for several months, the
proposed mechanism could provide guidance for predicting droughts over northeast Brazil.

1. Introduction

The mean rainfall over northeast Brazil and its
interannual variability constitute one of the most
challenging yet unsolved problems of tropical
meteorology. Due to its geography (1-18°S, 35-
47°W), one would expect a rainfall distribution
typical of equatorial areas. However, the annual

t This work was performed during a visit to Goddard Labora-
tory for Atmospheric Sciences, GSFC/NASA.
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mean rainfall over this region, which is in the im-
mediate vicinity of the largest tropical forest, the
Amazon, is much smaller than the average equatorial
rainfall (Fig. 1). The region is known to have one of
the “‘earth’s problem climates’’ (Trewartha, 1961;
Ratisbona, 1976; Riehl, 1979). The mean annual
rainfall is less than 800 mm in most of the area, lower-
ing to 500 mm in its interior (Kousky and Chu, 1978),
and the rainfall amount exceeds 0.1 mm for only 60
days of the year (Ratisbona, 1976).

In the northern and central part of the northeast
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FiG. 1. Annual mean precipitation (10 mm) over Northeast Brazil
(from Kousky and Chu, 1978).

Brazil region, the seasonal distribution of rainfall
shows a sharp peak for March— April (Henry, 1922;
Aldaz, 1971; Strang, 1972), when the Intertropical
Convergence Zone (ITCZ) is in its extreme south-
erly position (Ratisbona, 1976). The influence of the
- ITCZ displacement on the regional rainfall has been
shown by Serra and Ratisbona (1942) and more re-
cently by Hastenrath and Heller (1977).

The southern part receives its maximum precipi-
tation from November to March with a peak in
December. This region is under the influence of
equatorward excursions of cold fronts as suggested
by Sampaio Ferraz (1925, 1929), Ratisbona (1976),
and has been recently well documented by Kousky
(1979). :

- On the east coast, the mean flow and land-sea
breeze influence is such that rainfall shows a noc-
turnal maximum along the coast and daytime maxi-
mum far inland up to 300 km (Kousky, 1980; Ramos,
1975). The coastal precipitation is also influenced
by westward propagating cloud clusters during
May-July, as shown by Yamazaki and Rao (1977).

It can be argued that the existence of this semi-
arid climate is due to the fact that the region is in the
vicinity of the trade wind inversion and also, be-
cause of its geography, the tip of northeast Brazil
(alternately referred to as the Northeast) protrudes

well into the area of permanent influence of the semi-.
permanent South Atlantic subtropical high. In addi-.

tion, local effects of topography and differential
albedo also seem to be important. For example,
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Charney’s (1975) explanation for self-maintenance
of a desert region has been shown to be applicable
for this region by Gomes Filho (1979).

The impact of climate fluctuations on the social
and economic life of the local population (more than
30 million) is enormous (Cunha, 1940; Marinho and
Reboucas, 1971; Rose, 1980). This is mainly because
of the large year-to-year variation of total rainfall
[the variability is greater than 40% in some interior
areas (Kousky, 1979)], with the occurrence of ex-
treme droughts and also floods in some years. Table 1
shows the years of major droughts. A comprehensive
evaluation of proposed methods for predicting
droughts in the Northeast appears in a report edited
by Carvalho (1973). More recently, the Brazilian
National Research Council (CNPq) has reviewed
several facets of the problem of the climate of this
region and its variability (Smagorinsky et al., 1980).

The relationship between frequency of sun spot
minima and droughts has been studied by Derby
(1885) and Hull (1942). Sampaio Ferraz (1950) even
issued drought forecasts based on the sun spot cycle.
Rainfall time series for Fortaleza (3°46’S, 38°31'W),
Ceara, which began in 1849, has been analyzed by
Markham (1974) and also by Strang (1979) who found
significant periods of 13 and 26 years. Jones and
Kearns (1976) have questioned the statistical sig-
nificance of Markham’s findings. S

Mossman (1919) indicated that the causes of
drought in the Northeast seemed to be global.

Walker (1928) suggested a possible relationship be- .-

tween the Southern Oscillation and rainfall over the
Northeast, but he did not feel confident to issue fore-

- casts even though two-thirds of the droughts could

have been foretold correctly by his formula with the
data available at that time. Extending Walker’s
ideas, Serra (1945, 1956, 1973a,b,¢) has extensively
studied the relationship between rainfall variability
in the Northeast and the ‘‘World’s Weather.
Namias (1972) showed a relationship between the
interannual variation of rainfall at Quixeramobim
(5°12'S, 39°18'W) and the cyclonic activity near

TABLE 1. Years of major droughts in northeast Brazil. Asterisks
indicate years of extreme droughts. (Sources: Mossman 1919;
Sampaio Ferraz, 1950; Hastenrath and Heller, 1977).

1603 1711 1804 1900*
1614* 1721 1809 - 1902-03
1692 1723-24* 1810 1907
1736-37 1816-17 1915*
1744-46 1824-25* 1919*
1754 1827 1932-33
1760 1830-33 1936
1772 1845 . 1941-44*
1776-77* 1877-79* 1951
1784 1888-89 1953
1790-94* 1891 1958*
1898 1980
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Newfoundland during winter and spring of the
Northern Hemisphere. Caviedes (1973) finds that
drought in the Northeast is a simultaneous event
with the occurrence of El Niiio off the Ecuador-
Peru coast. It has thus been suggested that the two
climatic hazards are linked to Walker’s Southern
Oscillation (Hastenrath and Heller, 1977; Covey and
Hastenrath, 1978; Bjerknes, 1969). More recently,
Hastenrath and Heller (1977) have shown strong
evidence that the seasonal displacement of the cir-
culation complex comprised by the low-pressure
trough embedded in the North Atlantic confluence
axis between the North and South Atlantic highs
seems to explain the rainfall variability in the
northern part of northeast Brazil. They show that
dry years are characterized by a northward dis-
placement of both subtropical Atlantic highs.

Observational evidence of a possible relationship
between sea surface temperature (SST) anomalies
over the Atlantic and rainfall over Northeast Brazil
has been presented by Markham and McLain (1977)
and Hastenrath and Heller (1977). Markham and
McLain (1977) correlated December SST, over the
South Atlantic area west of Africa, with January,
February and March rainfall at Fortaleza and
Quixeramobim, explaining half of Ceara’s rainfall
variance. Hastenrath and Heller (1977) and Hasten-
rath (1978) show that in years of droughts, SST
anomalies in the tropical Atlantic display a pattern
of positive values to the north and negative values
to the south of equator. For wet years the pattern
is essentially reversed. They have pointed out an in-
verse relationship between the rainfall over north-
east Brazil and Guyana. This relationship is attrib-
uted to the northward displacement of the ITCZ.
Since the locations of the ITCZ during dry and wet
years are not different by more than 2—3° of latitude,
it is not clear if the convergence zone as defined by
Hastenrath and Heller (1977) is a critical deter-
minant of droughts over the Northeast.

The observational evidence presented by Hasten-
rath and Heller (1977) and Markham and McLain
(1977) leads us to postulate that a possible dynami-
cal mechanism responsible for the occurrence of
droughts over northeast Brazil is the simultaneous
existence of a heat source to the north and a cold
sink to the south of the equator. The localized
dynamical circulation associated with such a thermal
forcing will produce ascending motion and low-
level cyclonic vorticity to the north and descending
motion and low-level divergence to the south over
the Northeast and its adjoining oceanic region. Since
the tropical SST anomalies and the associated moist
convective processes provide an efficient mecha-
nism to generate vertically distributed heat sources,
we examined the distribution of SST anomalies over
tropical Atlantic for the 25-year period (1948-72),
originally prepared by Bunker (1976). We were
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struck by the consistency of SST anomaly patterns
in relation to extreme precipitation regimes over the
Northeast. For example, during the three major
drought years of 1951, 1953 and 1958 warm SST
anomalies occurred to the north and cold SST
anomalies to the south of the equator. It was ob-
served and later verified by numerical experiments
with the GLAS model, that the warm SST anomalies
over the oceanic region around 15°N, 45°W were
more effective than the anomalies further east near
the African coast in determining the low precipita-
tion regime over northeast Brazil. The SST anomaly
pattern chosen by Rowntree (1976) is not related to
droughts over northeast Brazil because the warmest
anomaly occurs off the African coast where the
climatological mean temperature of the ocean is
relatively low. The spatial structure and the loca-
tion of SST anomalies seem to be an important
factor in determining its impact on the precipitation
over the Northeast. In the next 'section we present
the observations of SST anomalies and their rela- .
tionships to rainfall at selected stations in north-
east Brazil. ‘

In Section 3, we present the results of an analytical
study in which we have used a simplified form of
the linearized primitive equations for a resting
atmosphere to calculate the response to a prescribed
thermal forcing that can be produced by simultane-
ous existence of a warm SST anomaly and en-
hanced moist convection to the north and a cold SST
anomaly to the south of the equator. The analytical
results show a thermally direct circulation with
ascent over the region of heating and descent over
the region of cooling. Although the model is ex-
tremely simple, it provides a good physical insight
to interpret the results of a more complex general
circulation model.

In Section 4, we present the results of a series of
numerical experiments carried out to test the sensi-
tivity of the GLAS model to prescribed SST anomaly
patterns. The results of these experiments are in
agreement with the observations and provide further
support to the validity of the proposed mechanism
for .droughts over northeast Brazil. Since the SST
anomalies persist for several months, there seems
to be some potential for predicting droughts over
northeast Brazil.

2. Observational evidence of relationship between
SST anomaly and rainfall

Hastenrath and Heller (1977) studied 60 years of
SST anomalies over the tropical Atlantic and their
relationship with annual rainfall over northeast
Brazil. They presented composite charts of SST
anomalies for 10 extreme dry years and 10 extreme
wet years during the period studied (1912-72). For
the ten driest years in northeast Brazil, the com-
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TABLE 2. Monthly mean (1849-1978) precipitation (mm) for
Fortaleza and Quixeramobim (Namias, 1972).

. Fortaleza Quixeramobim

Month 3°46'S, 38°31'W 5°12'S, 39°18'W
Jan 92 43
Feb 185 88
Mar 299 171
Apr 336 160
May 234 102
Jun 117 39
Jul 57 20
Aug 23 9
Sept 18 4
Oct 15 3
Nov 17 6
Dec 37 16
Total 1430 661

posite chart of March and April mean SST anomalies
shows a large area of positive departures northward
of the equator up to 30°N from Africa to the Carib-
bean region, and an area of negative departures
southward of the equator extending from Africa to
northeast Brazil. For the ten extreme wet years the
chart of composite SST anomalies shows a pattern
which is essentially the reserve, with warm SST
anomalies to the south and cold SST anomalies to the
north of the equator. This latter pattern resembles
the third SST principal component calculated by
Hastenrath (1978).

Markham and McLain (1977) have calculated the
correlation between mean monthly SST anomalies,
over 5° latitude-longitude quadrants in the South
Atlantic, and the January, February, March rainfall

200

100 -
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for Fortaleza and Quixeramobim. For the period
1947-67, their correlation maps show a westward
displacement of the area of higher correlation, begin-
ning in November, increasing in December and dis-
appearing in April. Based on this, Markham and
McLain (1977) established a correlation formula for
predicting rainfall over northeast Brazil, given
December SST in the selected 5° X 5° square (7.5°S,
2.5°W) where the correlation is highest. Their
explanation for the high correlation is that a warm
SST anomaly over the equatorial South Atlantic
deepens the moist layer-and increases rainfall, while
a cold SST anomaly decreases wind flow and re-
duces convection over northeast Brazil. The results
of Markham and McLain (1977) are quite consistent
with other studies on relationships between tropical
SST anomalies and rainfall. For example, Shukla
and Misra (1977) found a positive correlation be-
tween SST anomalies over the Arabian Sea and
rainfall over the Indian monsoon area. They also
found an inverse relationship between SST anomalies
and wind strength, which was noted by Markham
and McLain (1977) for the South Atlantic.

In the present study, we have used 25 years of
SST data (averaged over 10° latitude-longitude
squares) for the period 1948—72 (Bunker, 1976) over
both the South and North Atlantic to calculate the
correlation between March SST anomalies and mean
rainfall for March, April and May at Fortaleza
and Quixeramobim. Table 2 gives the monthly mean
precipitation at these two stations. The precipitation
shows a pronounced peak for the 3-month period of
March, April, May, which represent more than 62%
of the total precipitation. Fig. 2 shows the rainfall
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FIG. 2. Average rainfall departures for March, April, May at Fortaleza and Quixeramobim.
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time series for Fortaleza and Quixeramobin. The
mean and standard deviation of Fortaleza’s rainfall
is twice that of Quixeramobin.

The correlation between March SST anomalies
and normalized rainfall departures for the tropical
North and South Atlantic is shown in Fig. 3. In the
South Atlantic, we find a large area of high positive
correlation in agreement with Markham and McLain
(1977). In the North Atlantic, however, we find a
region around 15°N, 45°W with negative correlation
values (values greater than 0.33 and 0.39 are signifi-
cant at 90 and 95% confidence levels, respectively).
Although this negative area in the North Atlantic
is not as large as the positive area in the South Atlan-
tic, we have found that it has a very important
dynamical effect on the rainfall in northeast Brazil.
The correlation coefficients presented in Fig. 3 are
smaller than those found by Markham and McLain
(1977). This is because we are using a longer time
series (25 years) and SST is averaged over 10° lati-
tude-longitude areas in contradistinction to Mark-
ham and McLain’'s 5° X 5° areas. We also are look-
ing at SST anomalies and rainfall anomalies for
different months.

The positive correlation found in the South
Atlantic could be explained as follows: warm SST
and increased evaporation over the ocean increase
the moisture flux convergence and rainfall over the
Northeast because the southeast trade winds flow
directly toward northeast Brazil. On the other hand,
cold SST decreases evaporation and reduces con-
vection as indicated by Markham and McLain
(1977). However, the major finding in the present
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study is that simultaneous occurrence of warm SST
anomalies to the north and cold SST anomalies
to the south reinforces the severe droughts over the
northeast. This fact is illustrated in Fig. 4 which
presents the 25-year rainfall deviations plotted as a
function of SST anomaly in the 15°N, 45°W area
(abscissa) and the mean of SST anomalies in the 15°S,
5°W and 5°S, 25°W areas (ordinate). These areas
contain the highest correlation coefficients. It is
striking that in the lower right quadrant of Fig. 4 all
the rainfall departures are negative with the highest
values being farthest away from the origin. In the
upper left quadrant all rainfall departures are-
positive.

Looking at the actual monthly mean SST anomaly
maps for extremely dry and extremely wet years
in the Northeast, we find that the composite SST
patterns of Hastenrath and Heller (1977) seem to
appear also on an individual basis (droughts in 1951,
1953, 1958 and yet years in 1964, 1967). Since the
mean sea surface temperature itself is quite warm
(Hastenrath and Lamb, 1977) in the north, the SST
anomalies are quite effective in producing a response
in the atmosphere. An increased evaporation en-
hances deep convection in the ITCZ with ascending
motion to the north and descending motion over
northeast Brazil and the neighboring oceanic area.
This local direct cell has a strong dynamical influ-
ence on the flow over the Northeast because it pro-
duces low-level divergence and reduces the regional
rainfall. A possible reason for not finding large nega-
tive correlations to the north could be the dynamical
nature of this relationship between SST anomaly

20N |

20E

F1G. 3. Correlation coefficients between sea surface temperature over the Atlantic
and average rainfall for Fortaleza and Quixeramobim.
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and rainfall. Whereas a warmer SST produces an
intense ITCZ and associated descending motion
over the Northeast, a colder SST in the north does
not necessarily induce rising motion and enhanced .
precipitation over the Northeast. Therefore, this
relationship seems to be much stronger for severe
drought events than compared to wet years.
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The autocorrelation functions for SST anomalies
at 15°S, 5°W and at 15°N, 45°W are given in Fig. 5.
The strong persistence of SST anomalies (above
white noise at 99% confidence level for up to six
months) in these two areas suggests a potential for
prediction of drought occurrence in northeast Brazil.
It is interesting to note (Fig. 5) that SST anomalies
in the south (15°S, 5°W) are more persistent than in
the north (15°N, 45°W).

3. A simple analytical study

This study is aimed at understanding the linearized,
steady-state, equatorial atmospheric response to a
prescribed distribution of diabatic *heating associ-
ated with a SST anomaly. '

a. The model equations

The linearized dynamics of hydrostatic, steady-
state perturbations on a resting stratified atmos-
phere, in an equatorial beta plane, driven by differ-
ential heating and controlled by friction, can be
written as "

d¢
u—yv=——, 1
€ P ox D
0
ev+yu=—-—¢, 2)
dy
ow du ov
e 3)
ap Ox oy
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_r,
S(p)

These equations have been nondimensionalized
(Pedlosky, 1979) by scaling the eastward and north-
ward distances x and y by L; the pressure p by P
(=1000 mb); the eastward and northward velocities
u and v by V; the vertical velocity w by (PV/L); the
geopotential ¢ by (B8L2V); the constant Rayleigh
friction € by (BL); the diabatic heating by (S¢/xL);
the static stability S(p) by a typical value S,
= (HyN,)?, where H, is the scale height and N, the

w =

C))

Brunt-Viisalla frequency; 8 = 2{l/a (=2.28 x 107!t ~

m~!'s™'), V = 10 m s™). The length scale L is of
the order of the equatorial Rossby radius of deforma-
tion [Lg = (S¢/8%)'4] and is taken equal to 10 m,
corresponding to the distance of maximum heating
(near the ITCZ in the North Atlantic) from the
equator.

The prescribed diabatic heating, which is an
idealization of a warm SST anomaly to the north
and a cold SST anomaly to the south, is assumed
to be of the form

4(x,y,p) = Q(P)X () Y(y). &)

The distributions of Q, X and Y are shown in Fig. 6.
The function Q(p) corresponds to a vertically dis-
tributed heating associated with the effective warm
SST anomaly, which enhances deep convection near
the ITCZ. The function X(x) gives the east—west
extent of the heating in the Atlantic and Y(y) is taken
positive and narrow to the north, and negative, weaker
and broader to the south of equator. The functional
form of X(x) is taken as e **2 and that of Y(y) as
e vz Y4 a,H,(y), where the constants a, are
given in Fig. 6 and H;(y) is the ith-order Hermite
polynomial.

The boundary conditions require the motions to
be equatorially confined (i.e., the solutions decay
for large | y |), and are bounded in the east-west direc-
tions. In the vertical, the mass flux is zero at the
ground (taken flat) and at the top of the atmosphere.
Thus, we will take @ = 0 at the top and bottom of
the atmosphere.

From (1)-(4) we can form an equation for v (the
vorticity equation):

8% v ov
€ — + —
ay? dx? ox

+ €

i) a)\a .
(el o
oy ox /ap \S(p).
It can be seen that the solution of (6) is completely
determined by the distribution of heating and the
boundary conditions for v.

With the heating as given by (5), v admits solu-
tions of the form
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F1G. 6. X, Y and p structure of the prescribed
diabatic heating function.

v(x,y, p) = A(p)V(y, x). Y
Then, Eqs. (6) and (7) give
d(p )

A(p) = —|— , 8

») = = (S(p)Q(p) ®
% #vV a8V
€ + —
ay? dx? ox

dy dx
= eX(x) — —yY(») —. 9
= €X(x) o (y)dx €)

The solution of (9) is found by expanding V' in a
series of Hermite functions which obey the bound-
ary conditions V — 0 as |y| — o, Then

Voy) = 3 Vi),

n=0

where y,(y) = e ¥"2H,(y) is the nth-order Hermite
function, such that

(10)

j Yulimdy = 727 1B (n
and -
d*y, ) .
dy? =n(n = Do — (n + Yoy, + Al’-’n+2- (12)

[Note: If time variation and a constant basic zonal
advection are included in (1)-(4), one arrives at
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2 2 a
EX L g2 L0ty —(ﬂ”—)
dy* ax*  ox op\ §
i}
ALY
dy dx,/ap\S
where
0
A=l vl =% vl
ot ox ot 0x

and U and ¢ are the nondimensional zonal velocity
advection and time, scaled by (BL?) and (BL),
respectively. The vertical structure of the solution
will not simply separate as in (8), but, by taking
solutions of the form uv(x,y,p,?) = Re X
X ¥, elks=ody (y)A,(p)(Lindzen), 1967; Pedlosky,
1979), one has to solve an eigenvalue-eigenfunction
problem to separate out the vertical and horizontal
structures for the forced problem.]
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with

9

Fe= | m
I

Making a Fourier transformation of (13), by taking

V2 Lx,
VaeV,_, + [—e(n + V5) — ek? + ik]V,

dy
dy

dy :l(,n. 1/22nn !)—1
(14

Ga ywndy](wmz"n!)-l

0

1

Va(k) = Ve~ %dx,

+ e(n + D(n + 2V,

= ex(k)F, — D(K)G, = ©,, (15)

Eq. (9) then becomes where
2
Vo + iiﬁ + VaeV,_, — e(n + 12)V, ) ® o
dx? dx x(k) = —— I X(x)e *zdx
dx vam ) (16)
+ e(n + )(n + 2)Vp4e = eXF,— — G,, (13) , 1 “ dX
. d . D(k) = —— — e~ krdy = ikx(k
- %) VZWJ_wdxe x(k)
The system of équations (15) splits up inio two symmetries and can be written, for
n=20,2,4, .,as
e(— _;__ k2 + ik/e) €(1.2) Qcrvrrrencnonns f/o 6,
1 5 N ]
e(—) e(— — -k + lk/E) (3.4 0:--- vV, O,
4 2 _ \
1 ' 9 . .
0 e(z) e(— Sk ,k/e) v. | =1 e, (17)
0 e(l)
: 4
0 \
andvforrvl =1,3,5...
E(_ %_ k2 + ik/e) €2.3) Q--cvrcrrrrerns f/l O,
1 7 . - -
e(—) e(— — ke + zk/e) €(4.5) 0 v, 0,
4 ~— _ (18)
1 : .
0 e(z k V:S O;
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The two tri-diagonal matrix systems (17) and (18)
are solved by the matrix factorization method for
each k. The terms of the series (10) converge as
fast as 1/n for large n.

After solving (17) and (18), the solution is trans-
formed back to x space by the inverse Fourier
transformation

Valx) = \/—% J i

which is evaluated by Hermite integration with the

20-point formula (Abramowitz and Stegun, 1965).
Once v is known we calculate # from (3), using

(4) and (5), through an expansion similar to (10), i.e.,

U.(k)
= [~V + (1 + DVppy — x(Ka, k7. (19)

After having « and v we compute the geopotential
¢ from (1) to get

®,(k) = ileU, — ¥3Vpy — (n + DV,pidk' (20)

The ‘‘vertical velocity’ w is given directly by (4).
The mean meridional circulation can be calculated
by integrating (3) and (4) with respect to x:

Va(k)e*zdk,

-

0
_[v]=

—[X()NY(y)A(p);
dy
[ )= Jw ( )dx @1
[w] = —[X(X)]Y(y)pS~0(p)
[X(x)] = V27

Similarly, the east—west circulation can be ob-
tained by integrating (3) and (4) with respect to y:

0
55 (1} = “XIYMIAp); )
X

{C )}

{w} = = X(xH{Y)}pS'0(p)
(YD)} = V2m(a, + 2a, + 12a,) ~ 0.4 )

Thus, we can see that only the even terms in the
expansion of Y(y) in Hermite functions contribute
to the east-west circulation. '

Il

r ( )dy L. (22)

—c0

b. Results of the analytical study

The meridional circulation (21) has maximum
ascending motion and convergence where the heat-
ing is maximum (near the ITCZ region) and descend-
ing motion and divergence to the south in the region
of cooling. Similarly, the east—west circulation (22)
has its longitudinal structure given by the x-variation
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of the heating function X(x) and depends on the net
heating { Y(y)}.

Fig. 7 shows, for € = 0.1 (10-day dissipation
time), the circulation established at low levels in
response to the horizontal distribution of heating
shown in Fig. 6. The geopotential and relative vortic-
ity fields are shown in Figs. 8a and 8b, respectively.

The major result of this simple model is the estab-
lishment of a region of low pressure and cyclonic
vorticity to the north and high pressure and anti-
cyclonic vorticity to the south, but displaced west-
ward and poleward with respect to the locations of
maximum ascent and descent. Calculations with
€ = 0.01 and € = 0.5 show that as ¢ is decreased the
low and the high move and become more elongated
further westward. This is explained by the fact that
in our model the slow westward moving Rossby
modes, unlike the Kelvin waves, are most excited
by the heating. The response becomes stationary
by frictional effects, such that the smaller the dis-
sipation the further westward the modes can travel.
These results are in good agreement with some class
of motions described by Gill (1980) and numerical
calculations of Webster (1972). A comparison of Fig.
7 with Fig. 16b shows that this simple model is able
to capture the main features of the anomalous cir-
culation as simulated by the GCM experiment,
described in the next section.

The results of this simple analytical study elucidate
a possible mechanism for drought occurrence over
northeast Brazil. This mechanism is essentially the
establishment of a dipole type of anomalous heat
source with heating to the north and cooling to the
south and this can be accomplished by warm and
cold SST anomalies in the tropical north and south
Atlantic, respectively. The low-level anticyclonic
vorticity and high pressure south of equator provides
low-level divergence of moisture flux due to bound-
ary-layer friction (not included in our simple model)
and decreases rainfall over northeast Brazil.

4, A numerical experiment

We have carried out a series of numerical experi-
ments to test the sensitivity of the GLAS general
circulation model to prescribed anomalies in sea sur-
face temperature over the tropical Atlantic. In this
section we present the results of one such experi-
ment. The results of other experiments are briefly
described in the next section.

a. The GLAS climate model

The general circulation model used for this study
has been described by Shukla ez al. (1981). Thisis an
improved version of the earlier GLAS model
described by Halem et al. (1979). The main improve-
ments, which have lead to a more realistic simula-
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Fic. 7. Struciure of analytical wind field at low levels.

tion of winter and summer circulations, are an im-
. provement in the treatment of surface fluxes of heat
and moisture and a better definition of the boundary
conditions of sea surface temperature and sea ice.
It is a global model with nine sigma-coordinate
levels in the vertical between the earth’s surface
and 65 mb, and resolves the distribution of oceans,
continents and large mountain ranges reasonably
well. The horizontal resolution is 4° in latitude and
5°in longitude. The longitudinal grid length along a
latitude circle changes to 10° in longitude between
the latitudes 66 and 78° and 20° in longitude between
82 and 90°. The climatological monthly mean sea
surface temperature and sea ice is prescribed at each
ocean point and changes for each calendar day. The
initial snow cover and snow depth is prescribed but
the model determines its own snow cover in the
course of integration. The heat exchanges at the
surface take place through sensible and latent heat
fluxes which depend upon the surface wind, thermal
stability and vertical gradients of temperature and
moisture. The model contains precipitation due to
supersaturation clouds and due to low, medium and
deep moist convection. Rain falling through a dry
layer is allowed to evaporate. The longwave radia-
tion calculation is done every 5 h and the shortwave
radiation calculation is done every 30 min. The
dynamically generated clouds vary continuously in
space and time and affect the shortwave and long-
wave radiation fluxes. The initial conditions of soil

> X

moisture are determined by the observed initial
humidity near the surface and the future evolution
of the soil moisture is determined by a simple ground
hydrology model which accounts for the rainfall,
evaporation and runoff at each land grid point.
Shukla et al. (1981) have examined the simula-
tions by this model. The model simulates the global
sea level pressure and global distribution of precipi-
tation realistically. The stationary wave variance
simulated by the model is much better than the
earlier versions of the model and is in excellent
agreement with the observed climatological station-
ary wave variance. The structure and magnitudes
of the simulated cyclone-scale variance also is very
well simulated. The low-frequency planetary waves
are not well simulated. The simulated variances
and covariances of momentum, heat and moisture
have been compared only with the climatological
observations for the Northern Hemisphere because
a reliable climatology of variances and covari-
ances and their interannual variability has not yet
been compiled for the Southern Hemisphere. The
simulation of the mean fields for the Southern
Hemisphere is also quite reasonable. It should be
pointed out, however, that an underlying assump-
tion in carrying out the sensitivity experiments with
general circulation models is that, although the
model may not be perfect in reproducing the mean
climate, it could provide realistic estimates of the

perturbations in the mean climate in response to a
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F1G. 8a. Structure of the geopotential field superimposed on the wind field.

prescribed external forcing. For example, the mean albedo over the Northeast prescribed for the mean
precipitation over northeast Brazil in the mean simulation. This does notinvalidate the model to test
simulation is larger than the observed precipitation. its sensitivity to prescribed changes in sea surface
This could have been due to low values of surface temperature because the simulations with SST
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F1G. 8b. Structure of analytical vorticity field corresponding to Fig. 7. Negative values are shaded.
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anomaly will also contain the same albedos and
other boundary conditions as the mean simulation.

b. The experiment

The model was first integrated for 90 days with
climatological sea surface temperature. The mean
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F1G. 9a. Sea surface temperature (°C) for January used in the control run.

VOLUME 38

January sea surface temperature over the Atlantic
is shown in Fig. 9a. The initial conditions were
taken from the observations of 1 January 1975. Then
the SST anomaly shown in Fig. 9b was superim-
posed over the climatological sea surface tempera-
ture and the SST anomaly was assumed to be con-
stant for 90 days. Starting from the atmospheric

20N

208

1

F1G. 9b. Sea-surface temperature anomaly (°C) for the anomaly run. Thick lines enclose
area A (upper) and area B (lower).

sow
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initial conditions identical to the first run, the model
was integrated again for 90 days. We will refer to
these two integrations as the control run and the
anomaly run, respectively. It was found that after 60
days the differences between the two runs, especially
in the polar regions, were very large. We have not
yet investigated the structure and mechanism of
the response after 60 days. In the present paper we
have analyzed the results of first 60 days which is
considered an adequate length of integration to test
the sensitivity of tropical SST anomalies.

It would have been more appropriate to integrate
the model equations starting from the initial condi-
tions of March. However, since we were mainly in-
terested in the differences between the control run
and the anomaly run, the present model runs were
considered to be adequate to give the model re-
sponse of the prescribed SST anomalies. It is rea-
sonable to assume that after the first 30 days of
integration the model forgets the initial conditions
almost completely. Moreover, a 90-day integration
(control run) was already available to us and we had
to make only the anomaly run for 90 days.

c. Sea surface temperature anomaly

Sea surface temperature anomalies in low lati-
tudes are considered to be one of the important
forcings for interannual variability of monthly
means (Charney and Shukla, 1981). Due to a highly
nonlinear relation between temperature and satura-
tion vapor pressure, small SST anomalies change
evaporation and moist convection substantially.
The anomalous thermal wind also is relatively larger
in the tropics. Earlier numerical experiments have
shown significant response of monsoon circulation
to SST anomalies over the Arabian Sea (Shukla,
1975) and large local and midlatitude response to
SST anomalies in other parts of tropics (Rowntree,
1976; Julian and Chervin, 1978).

In the present study we have examined the re-
sponse of the GLAS model to SST anomalies over
the tropical Atlantic. The SST anomaly pattern was
chosen to correspond to that given by Hastenrath
and Heller (1977) for drought over northeast Brazil.
Fig. 9b shows the SST anomaly used for the numeri-
cal experiment. The magnitudes of the anomalies
were chosen to be comparable to the maximum
values observed during the 25-year period. Thus, the
SST anomalies used in this experiment are larger
than actual observed anomaly in any year, but not
larger than 0.5-1.0°C.

d. Results of numerical experiments

We have examined the time-averaged and transient
characteristics of the response due to the prescribed
SST anomaly. We present below the differences be-
tween the anomaly run and the control run for sea
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level pressure, geopotential height, rainfall, wind
field, evaporation, vertically integrated moisture
flux convergence and meridional circulation. We
have looked into the global structure of the re-
sponse and we present only those global fields which
were found to be relevant for our analysis and
interpretation. Therefore, we have mainly presented
and emphasized the structure of the response in a
limited region in the neighborhood of the tropical
Atlantic.

c. Rainfall

Fig. 10 shows the 15-day running mean time
series of daily rainfall averaged over the areas A
and B (shown in Fig. 9) for control and anomaly
runs. Although the spatial resolution is not adequate
to resolve small-scale phenomena, the natural vari-
ability of the model shows spatially inhomogeneous
structure and, it is therefore necessary to average
the daily rainfall over sufficiently large areas. Area B
contains the northeast Brazil region and the neigh-
boring oceans with a cold SST anomaly. Area A
includes the region of warm SST anomaly. The rain-
fall over area A increases due to the warm SST
anomaly and a shift of the ITCZ from area B in the
control run to area A in the anomaly run. In the
anomaly run the mean rainfall in area A remains
larger than the control run for all 90 days. The rain-
fall in the control and anomaly runs is comparable
for the first 10 days but for days 20-60, the anomaly
run has less rainfall than the control run. Although
the 60- or 90-day mean rainfall for area B is smaller
for the anomaly run compared to the control run, the
difference is not systematic after 60 days. Internal
model adjustments make the two rainfall series in-
distinguishable during days 60-90. We have not
examined as to how the internal dynamics affected
by the SST anomaly in turn affects the rainfall over
the regions of our interest. The results clearly show,
however, that for first 60 days the rainfall decreases
to the south and increase to the north. Sixty-day
integrations are considered adequate to detect the
influence of tropical SST anomalies (Washington .
and Chervin 1979).

We also examined the daily time series of other
dynamical fields to explain the large fluctuations in
rainfall between days 60 and 90. Fig. 11 shows the
daily time series of zonally averaged sea level pres-
sure differences between the control run and the
anomaly run. The differences exceed 30 mb in the
north polar regions and 15 mb in the south polar
regions. A similar calculation for differences be-
tween longitudes 60°W and 10°E show similar large
values over larger parts of the polar regions. These,
being just the average of differences and not the root-
mean-square (rms) differences, are very large and
suggest a possible manifestation of the global-scale
response. In the present study we have not investi-
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_ gated the structure of the dynamical response after
60 days and we have confined our analysis to the
time averages for the first 60 days only. For cal-
culating the lag-correlation functions of daily rain-
fall, we have used the complete 90-day time series.
Followmg Leith (1973) and Shukla (1975), we cal-
culated the values of o2, a measure of error in
estimating the time mean for period T (=30 days):

202 T
(TTZ = J
T " Jo

(1 - %)R(T)dr.

90N

Here o? is the standard deviation of daily rainfall
values. For calculating the lag-correlation function
R(7), we use the positive definite estimate of covari-
ance function.

N
R(m) =[N 3 {x(t + 7) — x}{x(¢t) — x}]
t=1 .

N
X [N7V Y {x() — 217,
t=1 :

where x is daily rainfall and N = 90.
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Fic. 11. Latitude-time cross section of differences between zonally averaged
sea level pressure (mb) for anomaly and control runs.
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We first detrended the 90-day time series of daily
rainfall over areas A and B by fitting a parabola. The
value of o for 30-day mean rainfall over warm SST
(area A) and cold SST (area B) were found to be 0.13
and 0.16 mm day~', respectively. Such small values
of o, are due to negative values of the autocorrela-
tion function. For area A the ratio (Au/oy), (where
Ap is the difference of mean rainfall for the anomaly
and control runs) was found to be 6 and 7 for 30-day
(day 31-60) and 60-day (day 31-90) mean rainfall,
and —10 and -5 for similar 30- and 60-day mean
rainfall over area B. If instead of a parabola, only
the 90-day mean was removed from the time series,
the values of o, for areas A and B were 0.45 and
0.49 mm day?, respectively. The ratio (Au/or) was
1.7 and 2.1 for 30- and 60-day mean rainfall over
area A, and 3.3 and 1.8 for area B. In either case the
ratio is found to be larger than unity.

Fig. 12a shows the ratio of 60-day mean differ-
ences between the anomaly and control runs, and
standard deviations among 60-day means for nine
runs with an earlier version of the model (Halem
et al., 1979) with identical boundary conditions.
Ideally, we would have preferred to integrate the
present model for several years to determine the
natural variability of the model for climatologically
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prescribed sea surface temperatures; however, due
to limitations of computing resources we could
not carry out such long integrations. The internal
dynamics of the model can produce seemingly large
differences even in the absence of prescribed forc-
ings due to SST anomalies and it requires rigorous,
but not necessarily illuminating, statistical signifi-
cance tests to determine the significance level of the
result. Here we are not searching for a possible re-
sponse but we have used the general circulation
model to verify the validity of a mechanism sug-
gested by analysis of observations and results of a
simple analytical model. :

The maximum values of the ratio are found to
occur over the region of ITCZ displacement. Since
the ITCZ is displaced northward, the maximum
positive departures occur over the regions of the
ITCZ in the anomaly run and maximum negative
departures occur in the region of the ITCZ in the
control run. In the following analysis we have
examined a limited region only. There is also found
to be a large ratio for south tropical Pacific and other
smaller regions for which we have not studied the
physical reality of the response.

Fig. 12b shows the 60-day mean rainfall differ-
ences between the anomaly and the control runs.

180w 160 140 120 100 80 60 40 20

20 40 60 80 100 120 140 160 180E

FiG. 12a. Ratio of 60-day mean rainfall difference (anomaly-control) and standard deviation among 60 day mean rainfall
’ for nine control simulations.
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F1G. 12b. Difference (anomaly-control) of 60-day mean rainfall (mm day~?).

The differences were smoothed by a 5-point smoother

except along 2°N and 2°S where no averaging was
done across the latitudes. There is a clear increase
in the rainfall over warm SST anomalies to the north
and a decrease in the rainfall over cold SST anomalies
to the south. Most of the northeast Brazil region
shows a decrease in the rainfall. Although the maxi-
mum reduction of the rainfall occurs over the oceans
adjacent to northeast Brazil, the differences over the
land are large enough to support the basic proposed

mechanism. Although there is not sufficient observed
rainfall data over the oceans to document this phe-
nomenon, it is our conclusion, based on these nu-
merical and analytical results, that the drought over
the Northeast occurs in association with a reduction
in the rainfall over a larger region adjacent to north-
east Brazil. An increase in the rainfall over northern
South America, in association with droughts over
the Northeast, is found to be consistent with the
observational findings of Hastenrath and Heller

CONTROL ANO_MALY
40°N )w\/
20°N

A\ 20°S -

80°W 40°W - 0° 40°E

80°W 40°W 0°

FI1G. 12¢c. Monthly mean rainfall (10-2 mm h~?!) for control and anomaly run.



. DECEMBER 1981

ANTONIO D. MOURA AND JAGADISH SHUKLA

2669

208

o "‘-.2:5_#‘-—:...‘-
=50 =]

- 5‘,.'--
Bprah-d .

\

80w sow

FiG. 13. Differences (anomaly-control) of 60-day mean evaporation.

(1977). The northward displacement of the ITCZ is
seen more clearly in Fig. 12c.

f. Evaporation and vertically integrated moisture
flux convergence

We have attempted to clarify the mechanism of
the rainfall reduction over the Northeast by examin-
ing the moisture budget over the whole region. Figs.

13 and 14 give the 60-day mean differences for,
evaporation and vertically integrated moisture flux
convergence, respectively. The reduction in the
evaporation over the ocean adjacent to the North-
east is negligibly small. The largest reductions (0.5-
0.75 mm day™!) in evaporation occur around 20°S,
5°W and similar increases in evaporation occur
around 15°N, 40°W. These areas coincide with the
areas of coldest and warmest SST anomalies. The

-
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N
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F1G. 14. Differences (anomaly-control) of 60-day mean vertically integrated
moisture flux convergence.
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reduction in the rainfall over the coldest anomalies
is not as large as the reduction in evaporation be-
cause, due to changes in circulation, a northward
shift of subtropical high is nearly compensated by
an increase in the vertically integrated moisture flux
convergence. An apparent similarity in the patterns
of vertically integrated moisture flux convergence
differences and rainfall differences suggests that
most of the reduction in rainfall over northeast
Brazil and adjoining oceans is dynamically con-
trolled. A northward shift of the ITCZ and descend-
ing motion to the south of equator causes a decrease
in the moisture flux convergence and reduction in the
rainfall. The maximum increase in the vertically
integrated moisture flux convergence along 10°N is
associated with low-level convergence over the
warm SST anomaly and a northward shift of the
North Atlantic subtropical anticyclone, which also
gives rise to reduced moisture flux convergence
further north.

g. Meridional circulation

Fig. 15 shows the differences of the first 60-day
mean meridional circulation averaged between 50°W
and 5°E. The anomalous meridional circulation
shows an ascending branch with maximum vertical
motions between 5 and 10°N and a descending
branch to the south of the equator. It is this descend-
ing motion over the northeast Brazil region which
is one of the most important factors in producing
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the drought. We have not explained here why a SST
anomaly over the North Atlantic produces a merid-
ional circulation whose scale is ~2000 km; how-
ever, it is comparable to the Rossby radius of de-
formation for equatorial motions. Descending mo-
tion to the south of the equator reduces the vertically
integrated moisture’ flux convergence, which,
coupled with reduction in evaporation over the
ocean, reduces rainfall in the Northeast. '

h. Circulation at 850 mb

" Fig. 16a shows the monthly mean wind vectors
for days 16-45 at 850 mb for the control and anomaly -
runs. In the control ‘run the center of the North
Atlantic subtropical anticyclone is at about 20°N,
whereas in the anomaly run it is further north. The
northerly flow to the east of the center is more
organized and stronger. Similarly, the South Atlan-
tic subtropical anticyclone also has moved north-
ward. The anomalous vorticity and divergence fields
(not shown) also were examined and it was found
that vorticity increased to the north and divergence
increased to the south of the equator. These results
are consistent with the observational findings of
Hastenrath and Heller (1977) who found that the
composite circulations for drought years were
‘‘characterized by an equatorward expansion of the
South Atlantic and a poleward retraction of the
North Atlantic high.”” Fig. 16b shows the difference
between the wind vectors for the anomaly and con-
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FiG. 15. Difference of 60-day mean meridional circulation (10'® g s~!) averaged between
the longitudes 50 and 5°W. o
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FiG. 16a. Monthly mean wind vectors for control and anomaly run at 850 mb.

trol runs at 700 mb. An anomalous cyclonic cir-
culation is found to the north and anticyclonic cir-
culation to the south. :

In agreement with the earlier conclusions of
Charney and Shukla (1981), this study suggests that
the SST anomalies in low latitudes can change the
large-scale Hadley- and Walker-type circulations
which are otherwise stable with respect to dynamic
instabilities. It can be speculated that the inter-
annual variability of the location and intensity of

the subtropical highs may be related to the variability
of the tropical heat sources.

i. Sea level pressures

Fig. 17 shows the differences for the 60-day mean
sea level pressure between the anomaly and control
runs. A constant value of 1.23 mb was subtracted at
each grid point to show the gradients of the anomaly
field. As expected, hydrostatic negative departures
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FiG. 16b. Differences (anomaly-control) of 60-day mean wind vectors at 700 mb.
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FiG. 17. Differences (anomaly-control) of 60-day mean sea level pressure (mb.).

occur in association with warm SST anomalies to
the north of the equator and positive departures
occur to the south of equator. This is in qualitative
agreement with thé composite patterns for drought
years shown by Hastenrath. and Heller (1977), al-
though their observed sea level pressure anomalies
are not spatially homogeneous. Examination of daily
model-generated sea level pressure anomalies re-
vealed that large fluctuations occur due to large-
scale pressure oscillations associated with extra-
tropical disturbances.

Jj. Geopotential height

Fig. 18 shows the differences between the anomaly
and control runs for 30-day mean geopotential heights
at 850 mb. The difference field has similar structure
at 500 and 300 mb suggesting the barotropic nature
of the response. Although the natural variability of
monthly means during the Northern Hemisphere
winter is usually larger at middle latitudes, the
observed changes are larger than the natural vari-
ability of the model. These results seem to confirm
the suggestions by Namias (1972) and Meehl and

~van Loon (1979) that extratropical general circula-
tion in the Atlantic may be related to tropical vari-
ability. The present study suggests that the tropical
heat sources are the primary- driving mechanisms
for the observed teleconnections.

5. Conclusions

Observational analysis of 25 years of SST anoma-
lies over the tropical Atlantic and rainfall over

" spectively,

selected stations in northeast Brazil suggests that
simultaneous occurrences of warm SST anomalies
to the north and cold SST anomalies to the south
of the equator are related to droughts over the
Northeast. This is in agreement with earlier observa-
tional studies of Markham and McLain (1977) who
examined the SST anomalies only to the south of the
equator, and Hastenrath and Heller (1977) who pre-
pared the composite maps for drought years. A
simple analytical model with prescribed heating and

cooling to the north and south of the equator, re-

shows that meridional - circulations

forced by such a thermal forcing cause descending
motion and anticyclonic vorticity to the south and
ascending motion and cyclonic vorticity to the north.

These results have lead us to suggest that a pos-

sible mechanism for drought over northeast Brazil
is the intensification of the ITCZ to the north of the
equator, which occurs in association with warm SST
anomalies, and establishment of descending motion’
over northeast Brazil and adjoining oceans with cold
SST anomalies, which reduces moist convection and
rainfall. The simultaneous occurrence of warm SST
anomalies in the north and cold SST anomalies in
the south reinforces this mechanism. We have not
examined the stability of the ITCZ with respect to
symmetric displacements; however, based on
numerical experiments with a global general cir-

culation model, we conclude that sufficiently warm
SST anomalies (1-2°C), especially in the western
sector of tropical North Atlantic, where the mean

sea surface temperature is relatively high, tend to

anchor the ITCZ to the north and reduce rainfall in

the Northeast.
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We have carried out a series of numerical experi-
ments to test the sensitivity of the GLLAS general
circulation model to the prescribed SST anomalies
over the tropical Atlantic. When the prescribed SST
anomaly is similar to the composite patterns for
drought years given by Hastenrath and Heller (1977),
the model shows a reduction in the rainfall over
northeast Brazil. In two separate experiments (not
described here), it was found that a warm SST
anomaly over the western sector of the tropical
North Atlantic is much more effective than a warm
SST anomaly near the African coast. We have not
carried out the required numerical experiments to
determine the relative importance of warm SST
anomalies in the north and cold SST anomalies in
the south.

The results of the numerical experiments further
support the validity of the proposed mechanism.
Warm SST anomalies in the north and cold SST
anomalies in the south cause intensification and
northward displacement of the ITCZ. The vertically
integrated moisture flux increases to the north and
decreases to the south. The role of reduced evapo-
ration in the south and increased evaporation in the
north seems to be secondary for moisture balance.
The dynamical circulation forced by the diabatic
heat source in the north seems to be the most im-

portant determinant of the fluctuations of rainfall
over northeast Brazil. In the anomaly experiments,
the North and South Atlantic subtropical anti-
cyclones are displaced northward which is consis-
tent with northward displacement of the ITCZ and
is in agreement with the observations of Hastenrath
and Heller (1977) for drought years. The experi-
ments also show an increase in the rainfall over
northern South America in association with a de-
crease in the rainfall over the Northeast. This is
also in agreement with the observational evidence.
While examining the global response of the pre-
scribed SST anomalies we have also noticed tropi-
cal-extratropical teleconnections consistent with
the observations of Namias (1972) and Meehl and
van Loon (1979), and the model calculations of
Hoskins et al. (1977). We speculate that tropical
heat sources are the primary mechanisms for these
teleconnections.

We have not investigated the mechanisms which
produce these SST anomalies over the Atlantic.
However, these anomalies are found to persist for
several months and, therefore, they are potential
tools for predicting droughts in northeast Brazil.
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