2614

MONTHLY WEATHER REVIEW

Southern Northeast Brazil

RosANE RODRIGUES CHAVES AND IRACEMA FONSECA ALBUQUERQUE CAVALCANTI

Center for Weather Prediction and Climate Sudies, National Institute for Space Research, Sao Paulo, Brazil

(Manuscript received 5 December 2000, in final form 15 March 2001)

ABSTRACT

The atmospheric circulation features associated with rainfall variability during the main rainy period of the
region of southern Northeast Brazil (SNEB) are determined through principal components analysis and cluster
analysis. Daily rainfall, NCEP reanalysis, and OLR data are used from 1979 to 1997. The analyses are performed
considering a large area including South America and the Pacific and Atlantic Oceans and also considering a
regional areaover tropical South America. Theinfluence of synoptic systems, aswell asthe phenomenaassociated
with their variability, such as El Nifio—Southern Oscillation (ENSO) and baroclinic waves over the Pacific Ocean
and South America are discussed. Positive (negative) rainfall anomalies over SNEB are related to cold (warm)
episodes in the tropical Pacific. On the intraseasonal timescale there are interrelationships among the South
Atlantic convergence zone (SACZ), Balivian high, and the northeast upper-cyclonic vortex. It is noted that rainy
periods in sNEB are associated with a northward displacement of the SACZ, an upper-level cyclonic vortex
situated over the Atlantic Ocean, intense convection over the eastern Amazon, and an eastward shift in the
position of the Bolivian high. At low levels the flow is directed from the Amazon toward the SNEB and there
is a shift of the South Atlantic subtropical anticyclone eastward with a weakening of the southeast trade winds
over the northeast coast. The dry pattern is associated with a southward displacement of the SACZ, an upper-
level cyclonic vortex either close to or over the continent, and a westward displacement of the Bolivian high.
In this case, the low-level flow is directed from the Amazon to the south and there is a strengthening and/or
westward shift of the South Atlantic anticyclone with an intensification of the southeast trade winds along the
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Atmospheric Circulation Features Associated with Rainfall Variability over

northeast coast.

1. Introduction

The region of southern Northeast Brazil (SNEB) is
an areaof approximately 1 million kmz, located between
9°-18°S and 37°-46°W (Fig. 1). Most of SNEB expe-
riences large spatial and temporal rainfall variability and
the climate variations have important economic and so-
cial consequences. In contrast to the northern northeast,
where the mechanisms that produce rainfall variability
have been extensively studied (e.g., Hastenrath and
Heller 1977; Mouraand Shukla 1981; Nobre and Shukla
1996) the sSNEB has, until recently, received relatively
less attention from the research community. The knowl-
edge of the rainfall mechanisms and its variability in
this region, where the droughts are memorable and a
recurring problem, is important in the search for better
management of the agriculture and economy of the re-
gion. Intense precipitation over the coastal area, which
causes sliding soil and loss of lives, is also a social
problem and deserves attention.
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The main rainy period of the SNEB is November—
December—January, with maximum rainfall in Decem-
ber (Kousky and Chu 1978), associated with penetration
of frontal systems or their remains to lower latitudes
(Kousky 1979). At times, these frontal systems act to
initiate and organize tropical convection over eastern
Brazil (e.g., Kousky 1985), resulting in the formation
of the South Atlantic convergence zone (SACZ), which
features a band of cloudiness oriented northwest—south-
east, from the Amazon region to the subtropical Atlantic
Ocean (Kousky 1988; Kousky and Cavalcanti 1988).
Another system that has a pronounced effect on the
convection over NEB is an upper-level cyclonic vortex
near the northeast coast. The genesis of the vortex is
closely related to the development of a strong upstream
upper-tropospheric ridge that intensifies because of |ow-
level warm advection associated with an equatorial-
moving cold front (Kousky and Gan 1981).

In the northern portion of SNEB the rainfall reaches
a second maximum from February to April, as a con-
sequence of the southernmost displacement of the in-
tertropical convergence zone (ITCZ; Kousky and Chu
1978). Coastal areas receive their maximum rainfall
from April to June associated with frontal systems and
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Fic. 1. The sNEB region: 9°-18°S and 37°-46°W.

enhanced nocturnal convergence due to local land-sea
temperature contrasts (Kousky 1979).

The sNEB experiences large spatial and temporal
rainfall variability. Although the coastal area receives
annually 1500 mm or more (Fig. 2), theinterior receives
rainfall between 400 and 800 mm, values typical of
semiarid regions. In isolated areas of this region the
annual rainfall reaches values above 1000 mm, asso-
ciated with topography (Kousky and Chu 1978). In the
western sSNEB the annual precipitation reaches values
above 1000 mm, associated with the convection of the
Amazon region. During the summer months western
Northeast Brazil can be affected by the Bolivian high
(Cavalcanti 1986). This system is characterized by an
anticyclonic circulation in the upper troposphere, which
is found climatologically near 15°S and 65°W (e.g., Ta-
najura 1996). The circulation results, in part, from the
release of latent heat through convection (Silva Dias et
al. 1983).

The climate of the NEB is associated with the local
Hadley and Walker circulations. Anomaliesin the Walk-
er circulation can produce subsidence over the region
that can also be affected by the large-scale subsidence
associated with the Hadley cell when the ITCZ is dis-
placed northward (Nobre and Molion 1988). The inter-
annual variability of the NEB rainfall can be associated
with El Nifio—-Southern Oscillation (ENSO) through
combined effects of the variations in intensity and po-
sition of the local Hadley and Walker circulations. Neg-
ative rainfall anomalies occur over NEB in El Nifio
years (Kousky et al. 1984). Analyzing the interannual
variability of the normalized rainfall anomalies, Rao et
al. (1997) observed below or near average annual rain-
fall over sSNEB for the El Nifio years of 1983, 1987,
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and 1992, and above average rainfall in La Nifia years
of 1984 and 1989.

The purpose of this study is to objectively identify
daily circulation patterns associated with different
weather conditions in SNEB. Different circulation pat-
terns produce different weather, and changesin the fre-
quency of occurrence of these circulation patternsresult
in changes in the regional rainfall. Thus it is possible
to explore the causes of change in rainfall by identifying
daily circulation patterns responsible for different re-
gional regimes and by analyzing the frequency of their
occurrence and examining the relationship between the
circulation patterns and regional rainfall. This analysis
is performed through principal components analysis
coupled with cluster analysis as in Zhang et al. (1997).

This paper is organized as follows. In section 2 the
datasets and main methods used in this study are de-
scribed. In section 3 the characteristics of circulation
patterns associated with rainfall variability over the
SNEB are presented and discussed. A brief summary
and our conclusions are given in section 4.

2. Data and methodology
a. Data

The rainfall data used in this study were extracted
from daily station datasets obtained from the Brazilian
National Agency for Electric Energy and Hydrological
Resource Management of Bahia State. The station data
wereinitially checked for missing data, and only stations
with less than 5% missing data were considered. In this
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way 99 stations were selected from 1979 to 1997 and
the missing data were estimated by interpolating data
from neighboring stations. Daily analyses of wind at
850 and 200 hPa, relative vorticity at 200 hPa (1979—
97), and specific humidity at 700 hPa (1979-96) from
the National Center for Atmospheric Research—National
Centersfor Environmental Research (NCEP-NCAR) re-
analysis archive were used, with resolution of 2.5° lat-
itude-ongitude (Kalnay et a. 1996). The third dataset
corresponds to daily OLR data from National Oceanic
and Atmospheric Administration/Cooperative Institute
for Research in Environmental Sciences Climate Di-
agnostics Center (Liebmann and Smith 1996) with 2.5°
latitude—longitude grid from 1979 to 2000.

b. Methodology

To include features of the Pacific and Atlantic Oceans
associated with therainfall over the SNEB, the areafrom
the international date line eastward to 0° and 60°S to
35°N is considered in the atmospheric characteristic
analysis. A regiona analysis of the atmospheric vari-
ables is aso performed, applying the method again to
the area from the equator to 25°S and 85°-20°W to
highlight the characteristics of the systems that act over
tropical South America. In both cases the average of
precipitation in the area comprising 9-18°S and 37°—
46°W is taken.

Principal components analysis (PCA) was performed
coupled with cluster analysis to determine the atmo-
spheric patterns associated with precipitation over the
sNEB. The PCA approach identifies circulation patterns
based on the magnitude and signal of the daily score
for each principal component retained, while PCA com-
bined with cluster analysis classifies circulation patterns
by performing cluster analysisinthe daily scorefor each
principal component retained. The cluster analysisisthe
logical and most appropriate statistical tool for finding
groups of meteorological fields that resemble each other
according to certain assigned criteria (Molteni et al.
1990). In the literature examples of the use of cluster
analysis include grouping daily weather observations
into synoptic types (Kakstein et al. 1987; Zhang et al.
1997) and defining weather regimes from upper-air flow
patterns (Mo and Ghil 1988). Details of this method can
be found in Wilks (1995, 419-427). The method of
clustering used in this work is a K-means algorithm,
based on Hartigan and Wong (1979). The objective is
to find group definitions and memberships for a pre-
defined number of groups, which minimize the sum of
square distance within the set of the cluster. Thismethod
was also adopted by Mo and Ghil (1990) and Zhang et
al. (1997). As shown by Gong and Richman (1992) this
method coupled with PCA can provide the most sepa-
rable system of cluster.

PCA was applied only to the daily anomalies of spe-
cific humidity at 700 hPa, relative vorticity at 200 hPa,
and wind at 850 and 200 hPa. The precipitation data
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were used in the cluster analysis. The K-means method
was performed in the time series of the first four prin-
cipal components classifying each day in a determined
cluster. Thefirst four principal components were chosen
based on the plot of the eigenvalues versus the number
of the eigenvector. In the clustering criterion the cor-
relation between the centers of clusters should not ex-
ceed athreshold taken as 0.36 (Mo and Ghil 1988). The
fraction of the variance explained by the first four PCs
was 7.7% for specific humidity, 7.2% for OLR, 9.5%
for relative vorticity, and 13.3% and 14.4% for winds
at 850 and 200 hPa, respectively.

In order to evaluate the link between the occurrence
of a specific atmospheric pattern and rainfall, a perfor-
matic index (PI) of clusters was calculated (Zhang et
al. 1997). The Pl was used to determine the relationship
between a specific atmospheric large-scale or regional
pattern and the spatial average daily rainfall over the
sNEB region. Thisindex is defined as a measure of the
relative contribution of a specific circulation pattern in
the total amount of rainfall. The mean daily rainfal
within cluster i is compared with the climatol ogical dai-
ly mean rainfall:

_ Rin
~ RIn’

where n; is the number of occurrences of a specific
pattern, R, the total amount of precipitation during these
n, days, and (R/n) represents the climatological daily
average of the period of ndays. If P, isgreater (smaller)
than 1.0, the specific pattern has (has no) significant
contribution in the precipitation of the considered pe-
riod. Table 1 shows the PI, the number of elements used
in the composites, and the number of elements of each
cluster to the rainy and dry patterns of the variables
cited above.

Two main clusters, which are more associated with
precipitation anomalies over sSNEB, were considered
and the composite technique was performed to obtain
composites of meteorological fields associated with
rainy and dry cases. An exclusion criterion was used
for the composites: only members, having a correlation
above 0.8 with the center of the cluster, were used (Mo
and Ghil 1988). The statistical significance of the com-
posites was calculated applying the Student’s t-test.

Pl

3. Results
a. Main rainy season over the SNEB

To verify the rainy season for the period 1979-97,
harmonic analysis was applied to the monthly average
rainfall of the 99 stations mentioned above and also
through histogram monthly rainfall. Figure 3 shows the
amplitudes and phases of the first and second harmonic
of monthly average rainfall over the SNEB. The ratio
between the amplitude of the second and first harmonic
is much smaller than 1 in most of the SNEB. Thus the
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TABLE 1. Performatic index (PI), number of elements used in the composites (NC), and number of elements of each cluster (NA) of the
rainy and dry patterns on the sNEB.

Rainy pattern Dry pattern
PI NC NA PI NC NA
Specific humidity 700 hPa 17 168 202 0.7 191 470
Outgoing longwave radiation 12 120 241 0.5 118 378
850-hPa wind 15 162 338 0.7 102 468
200-hPa wind 20 155 414 0.7 119 190
200-hPa vorticity 12 138 338 0.7 173 468

first harmonic or the annual cycle explains most of the
variance, with phase angle around 360°, indicating that
during the period 1979-97 the maximum of rainfall in
most of the region occurs between December and Jan-
uary. These are the same months determined earlier by
Kousky and Chu (1978) and Rao and Hada (1990) for
different historical periods. Along the northeast coast of
SNEB the first harmonic shows that maximum rainfall
occurs between April and July, with most of the variance
being explained by the annual cycle. Consistent with
this, Rao et al. (1993) found that in this region the
maximum rainfall occurs between May and June. Along
the south coastal areas of SNEB there is little seasonal
variation of precipitation, which is probably related to
the year-round penetration of cold frontal systems in
this area (Kousky 1979). However, if the inland areas
are also considered, the main rainy season over the
SNEB is November—January (NDJ), as shown in the
histogram of the monthly average rainfall (Fig. 4).

b. Large-scale and regional atmospheric patterns

Hereafter, the patterns associated with positive and
negative rainfall anomalieswill be referred asrainy and
dry patterns, respectively. In the rainy pattern of OLR,

low values of OLR extend NW-SE from the Amazon
region to the Atlantic Ocean, associated with the cloud
band of the SACZ (Fig. 5a). The dry pattern shows a
different SACZ configuration, indicating that variability
in the position and intensity of the SACZ exertsastrong
influence on precipitation over sNEB (Fig. 5c). This
feature is reflected in the anomalies, which show neg-
ative values in the rainy pattern associated with en-
hanced convection in the SACZ, and positive values
over this region in the dry pattern (Figs. 5b,d). The
positive and negative anomalies in the regiona OLR
analysis show clearly the influence of the SACZ on
precipitation over sNEB (Figs. 5¢,f).

Positive OLR anomalies over the eastern Amazon and
the northeast coast of South America (SA) in the dry
pattern indicate weaker than average convection in these
areas (Fig. 5d). Suppressed convection is observed over
southern SA in the rainy pattern whilein the dry pattern
there is enhanced convection over southern SA. This
out-of-phase configuration between NEB and southern
SA has been noticed in several studies (Casarin and
Kousky 1986; Kousky and Cavalcanti 1988; Nogués-
Paegle and Mo 1997; Cavalcanti 2000). Also observed
in the OLR anomaly field is the association between the
SACZ, South Pacific Convergence Zone (SPCZ), and
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the Atlantic ITCZ (Figs. 5b,d). In the rainy pattern the
ITCZ is less intense over al of the equatorial Atlantic,
while in the dry pattern the ITCZ is more intense in the
west tropical Atlantic. Opposite behavior is noted rel-
ative to the SPCZ. The rainy pattern is associated with
intensification of the tropical sector of the SPCZ and
the dry pattern with reduction of convection in this sys-
tem.

The contrast between the dry and rainy patterns can
also be seen in the humidity fields at 700 hPa (Figs.
6a,c) and in the anomalous humidity fields (Figs. 6b,d).
The rainy pattern features more moisture over eastern
Amazonia and in the region of the SACZ than the dry
pattern (Figs. 6a,c). The anomalies are enhanced in the
regional analysis, where the patterns show positive
anomalies over sNEB oriented NW-SE in therainy case
and with the opposite configurationin thedry case (Figs.
6e,f). The anomalies over sSNEB are related to a north-
ward displacement of the SACZ in the rainy pattern and
a weakened or southward-displaced SACZ in the dry
pattern. It is also evident that the specific humidity
anomalies over sNEB are the same sign as those over
the Amazon and are opposite in sign to the anomalies
farther south. Over the tropical Pacific the humidity is
greater in the dry pattern than in the rainy pattern. Thus
specific humidity anomalies over SNEB have an inverse
relationship to those of equatorial Pacific (Figs. 6b,d),
which can show arelationship between ENSO and rain-
fall variability over SNEB.

In order to verify the large-scale and low-frequency
influence on these patterns, the OLR anomalies were
calculated for the El Nifio periods of NDJ 1982/83,
1986/87, 1994/95, and 1997/98 (Fig. 7), and La Niha
periods for NDJ 1984/85, 1995/96, 1988/89, and 1999/
2000 (Fig. 8). It can be seen that the configuration of
El Nifio has similar characteristics to the dry pattern,
with positive OLR anomaliesin the region of the SACZ
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and negative anomalies over the equatorial Pacific
Ocean. In La Nifa episodes the convection is above
average only in 1984/85 and 1999/2000. In 1995/96
there are normal conditions over the sSNEB region and
below average convection in 1988/89. The above nor-
mal precipitation over NEB, in La Nifia episodes seems
to be associated with the influence of synoptic systems
that can affect the convection in the region when they
are not submitted to the large-scale subsidence that oc-
curs in El Nifio episodes.

The influence of the NEB upper-level cyclonic vortex
on the SNEB precipitation can be seen in the vorticity
anomaly fields (Fig. 9). The cyclonic vorticity associ-
ated with the NEB upper-level vortex is located over
the Atlantic Ocean in the rainy pattern and over eastern
Amazonia and NEB in the dry pattern. This system is
characterized by subsidence in the central part (Kousky
and Gan 1981), inhibiting the convection when it isover
the region. In this anomalous vorticity pattern a wave
train extends from the Pacific Ocean to NEB in both
cases, but with different phases (Figs. 9a,b). These pat-
terns are similar to the high-frequency patterns of me-
ridional wind that are associated with the displacement
of frontal systems over South America, as discussed by
Kousky and Cavalcanti (1997) and Cavalcanti and Kay-
ano (1999). Theresults of the present study indicate that
besides the influence of the upper-level vortex position
on the precipitation over SNEB thereisalso theinfluence
of frontal systems, which follow the wave train pattern.
These results agree with those of Kousky (1979) who
showed the relation between precipitation over SNEB
and the arrival of frontal systems. The wavetrain pattern
can also contain the center of action associated with
blocking situation in the southeast South Pacific, where
an anticyclonic vorticity occurs in the rainy pattern. In
this way, the blocking situation would be related to ex-
cessive rainfall over SNEB, which is consistent with the
anomal ous trough over southeastern South Americaand
anticyclonic vorticity associated with excessive con-
vection over SNEB.

In the regional patterns of vorticity at high levels
(Figs. 9¢c—) the main differences between the wet and
dry patterns are related to the Bolivian high and the NE
trough. The Bolivian high is displaced southward and
the NE trough is over the NE region in the dry pattern.
In the wet pattern the anticyclonic vorticity of the Bo-
livian high extends over al of tropical South America
and the NE trough is located over the Atlantic Ocean.
The regional anomaly fields enhance these character-
istics.

One of the contrasts between dry and wet cases, as
seen in the high-level wind field, is in the position and
intensity of the Bolivian high (Fig. 10). This system is
more intense and farther north in the wet pattern (Figs.
10a,b). This implies a strong anticyclonic circulation
and stronger winds over subtropical South America in
the wet case. This configuration is also related to the
SACZ, which was previously associated with upper sub-
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tropical jets by Kodama (1993). The differences ob-
served in the eastern South Pacific suggest that the
strong bifurcation of the flow in the wet case is asso-
ciated with the confluence and strengthening of wind
over South America. In this case there is also a strong
wavy flow at middle and subtropical latitudes that af-
fects the Bolivian high circulation. The intensification
and weakening of the Bolivian high can be seen in the
anomalous fields (Figs. 10c,d). The regiona patterns
enhance the characteristics of the Bolivian high and the

northeast upper-level vortex (Fig. 11). The Bolivian
high is displaced northeastward and the upper-level
trough is located over the tropical Atlantic in the rainy
pattern (Fig. 11a). In the dry pattern the Bolivian high
is displaced southward and the upper vortex is located
over Northeast Brazil (Fig. 11b). The anomalous pat-
terns enhance these characteristics (Figs. 11c,d).

The main differences between the rainy and dry pat-
terns of the low-level wind field are found in the position
of the subtropical Atlantic anticyclone, in the intensity
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of the Atlantic trade winds and in the flow over SA (Fig.
12). In the rainy pattern the South Atlantic anticyclone
is displaced eastward and there is convergence of winds
over SA and the Atlantic Ocean far north of the con-
vergence observed in the dry pattern, where the sub-
tropical Atlantic anticyclone is displaced westward. In
the anomalous field, aternating cyclonic and anticy-
clonic circulation flows extend from the Pacific Ocean
eastward to SA in both the wet and dry cases, resulting
in the establishment of cyclonic circulation (wet pattern)
and anticyclonic circulation (dry pattern) over sNEB.
The differences between the wet and dry cases are

stressed in the regional analysis (Fig. 13). In the rainy
pattern there is weakening of the trade winds with low-
level flow from the Amazonia region toward sNEB. In
the dry pattern, the opposite situation occurs with in-
tensification of winds over SNEB and flow from Ama-
zonia shunted farther south toward southeastern Brazil.
The contribution of the Amazon convection in deter-
mining the preferred position of the SACZ was consid-
ered by Liebmann et al. (1999). Enhanced low-level
convergence in the region of the SACZ was also related
to the Amazon convection by Figueroa et al. (1995).
The results are also consistent with those found by Chu
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(1982) who showed, using radiosonde data and monthly
precipitation of November and December over the
SNEB, that in the dry years the South Atlantic anticy-
clone and southeast trade winds were stronger than in
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the rainy years. These patterns are consistent with the
influence of the SACZ on sNEB. The direction of low-
level flow and the moisture transport are important to
the location of the SACZ. Nogués-Paegle and Mo
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line 0.5 X 1075 s71) at 200 hPa associated with the rainy (@), (c), and (e) and dry (b), (d), and (f) patterns over

the sNEB from NDJ for 1979/80 to 1996/97.

(1997) related excessive rainfall over subtropical SA to
strong northerly flow at low levels, and Kodama (1992)
indicated that the moist transport by low-level windsis
an important mechanism in the moisture supply to the
convergence zones. The results show that besides the
upper-level influence, the location and strengthening of
the SACZ is controlled by the west periphery of the
South Atlantic anticyclone and the flow from the Am-
azon region. The location of the SACZ over sNEB is
associated with the weakening and/or displacement of
the South Atlantic anticyclone eastward and conse-
quently with weaker southeast trade winds.

4. Conclusions

The characteristics of the atmospheric circulation as-
sociated with rainfall variability over SNEB were de-
termined by applying PCA coupled with cluster analysis
inthe NCEP-NCAR reanalysisdataand OL R associated
with daily rainfall data of NDJ, the main rainy period
of this region. The two main patterns associated with
positive and negative precipitation anomalies of several
variables over the SNEB were obtained for extended and
regional domains. The results show strong relations be-
tween rainfall variability over the SNEB and the posi-
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(a) rainy wind 200hPa (m/s) Pl=2.0 (b) dry wind 200hPa (m/s) Pl=0.7
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tions of synoptic systems and the ENSO phenomenon.
The negative rainfall anomalies over the SNEB are re-
lated to the negative phase of ENSO (EI Nifio), while
the positive anomalies can be associated with the oc-
currence of synoptic systems. The El Nifio influence can
occur directly through an east—west variation of thelocal
Walker circulation cell that can affect the conditions of
the Amazon and northeast or through teleconnections
with circulation features at higher latitudes.

A relationship between the rainfall anomalies over
the SNEB and the atmospheric anomalies over Amazon
region was found. The rainy pattern was associated with
convection on the eastern Amazon and consequently
with an eastward displacement of the Bolivian high. In
the wet case the NEB trough was located over the At-
lantic Ocean, alowing the displacement of the SACZ
northward, which affected sSNEB. In the dry pattern the
NEB trough was close to the northeast coast, the Bo-
livian high was displaced westward, and the SACZ was
displaced southward. The main features of thewind field
at high level are the wavy behavior of the flow at middle
latitudes, intense confluence over the west coast of
South America, and the positions of the Bolivian high
and the NEB vortex. Different phases of wave trains
over Pecific and South America were associated with
the rainy and dry patterns.

At low levels the noteworthy difference between the
rainy and dry pattern is identified in the intensity and
direction of the flow from the Amazon and from the
southeast trade winds. In the rainy pattern the wind
flows from the Amazon to the sSNEB, and the South
Atlantic anticyclone is displaced eastward with trade
winds less intense over SA. This configuration results
in moisture convergence over sNEB, alowing for the
development and organization of the SACZ north of its
normal position. In the dry pattern the South Atlantic
anticyclone is displaced westward, intensifying the
southeast trade winds over Brazil. In this case the wind
flows from the Amazon toward the southeast, displacing
the SACZ southward. Thus, the southern Northeast Bra-
zil region is affected by anomalies of the main mete-
orological summer systems over Brazil, which are in-
fluenced by the atmospheric conditions associated, in
part, with oceanic conditions in the tropical Pacific.
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