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ABSTRACT

The mechanisms of climate anomalies in the Amazon basin were explored from surface climatological and
hydrological series, upper-air, and satellite observations. The paper is focused on the March-April rainy season
peak in the northern portion of Amazonia. Case studies for the,;moderately wet year 1986 (WET), showed a
relatively far-southerly location of the Atlantic near-equatonal trough, and embedded intertropical convergence
zone (ITCZ); strong ascendmg motion and vigorous convection over the Amazon basin, contrasting with
pronounced subsidence off the west coast of South America; and weak subtropical westerly jets (STWJ) in both
hemispheres. In contrast, the extremely dry El Nifio year 1983 (DRY), featured a more northward located
ITCZ: subsidence over the Amazon basin; ascending motion and convective rainfall to the west of the Andes;
and strong STWJ.

In synthesis from these analyses, some major mechanisms of extreme rainfall events in northern Amazonia
stand out, but only for the late austral summer, when the ITCZ in the tropical Atlantic-South American sector
attains its southernmost position, as the intense summertime convection over Amazonia is an important com-
ponent of the ITCZ. Thus, ascending motion over the northern part of the Amazon basin with an anomalously
far-southward displaced ITCZ appears compatible with subsidénce to the west of the Andes during the high
phase of the' Southern Oscillation (SO), which is ‘defined by anomalously high /low pressure at Tahiti/Darwin.
In contrast, ascending motion and convection over the easternmost equatorial Pacific, as is common during
extreme events of the low-SO phase, require compensatory subsidence, and this may interfere with convection

to the east of the Andes. However, hydrometeorological anomalies in Amazonia are not prevailingly related to

the SO.

1. Introduction

As one of the three quasi-permanent centers of in-

tense convection embedded in the equatorial trough’ :

zone, the Amazon basin may play a pivotal role in the
functioning of the global climate system. The copious
rainfall feeds the largest freshwater stream of the world.
The associated abundant latent heat releaSe makes the

overlying atmospheric column one of the most-pow- -

erful fuel boxes of the general circulation. The Amazon

cipitation, and in turn plays a role of its own in the
terrestrial-atmospheric hydrological cycle. Deforesta-
tion as a result of human activities in the course of
recent decades is altering the conditions at the lower
boundary of the atmosphere. Concern about this hu-
man interference is manifold (reviews in Salati et al.
1979; Hastenrath 1991; Dickinson 1986). With the
prospects of such long-term modifications to the global
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climatic system caused by interference with the Ama-
zon biosphere, the current functioning ‘of the atmo-
sphere—land—ocean system in the equatorial Americas
is of crucial mterest as a reference against which future
evolutions may be compared. Beyond the description
of the average annual cycle of circulation and climate
over the region, an understanding is needed of the gen-

~eral circulation mechanisms involved in the “natural”

climatic variability in the Amazon basin. Drawing on

.. comprehensive . observational eviden omprisin,
jungle owes its existence in part to this generous pre- - P © ce. .comp g

conventional surface meteorological and hydrological
series, satellite-derived estimates of tropical convection,
and global upper-air analyses, this paper presents case
study analyses of circulation characteristics for two
contrasting extreme years in the Amazon basin. .

3. Observations and'data analysis e

»

The database _for this study consists of surface hy-

.drometeorologlcal data, satellite estimates of tropical

convection, sea surface temperature (SST) taken from
the Comprehensive Ocean Atmospheric Data Set
(COADS), and global near-surface and upper-air
analyses from the European Centre for Medium-Range

‘Weather Forecasts (ECMWF).

Monthly rainfall totals at stations in tropical South
America were collected for the périod 1961 87. The
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_spatial distribution of precipitation regimes throughout
tropical Brazil has been variously described (Kousky
1980; Molion 1987; Rao and Hada 1990; Figueroa and
Nobre 1990; Obregbén and Nobre 1990; Nobre et al.
1991; Meste 1991). The largest annual precipitation
totals are found within the domain indicated in Fig. 1
(Figueroa and Nobre 1990; Meste 1991) and the rain-
fall maximum occurs around March-April with a
slightly later peak at stations in the north. A companion
study (Marengo 1992) drawing on long-term obser-
vations also showed that surface circulation departures
in the tropical Atlantic sector tend to be most distinct
around March-April. Accordingly, a March-April
rainfall index for Northern Amazonia (NAR), was
compiled from 18 stations in this area (Fig. 1). The
index NAR is the all-station average normalized de-
parture from the 1967-86 mean of 7.4 mm per day
(Fig. 2a). Within the domain of NAR (delineated in
Fig. 1), a major rainfall maximum can be distinguished
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in the west separate from a minor nucleus near the
mouth of the Amazon during March-April (Meste
1991; Fig. 5 in Figueroa and Nobre 1990). For the
latter, diurnal circulations have been recognized as a
major factor (Kousky 1980).

As further hydrometeorological information, water-
level series were obtained from the Departamento Na-
cional de Aguas e Energia Elétrica (DNAEE), Brazil,
for the gauging sites at Manaus on the Rio Negro, Ob-
idos on the Amazon, Manacapurii on the Solimdes,
and Santarém and Itaituba on the Tapajos (Fig. 1).
From these, indices were constructed for the May-
June-July season of maximum water level (apparent
from the DANEE data), as normalized departures from
the 1967-87 mean. The delay of the maximum water
level reflects the hydrological lag with respect to the
core of the rainy season.

The highly reflective cloud (HRC) dataset is the re-
cord of subjectively identified areas of large-scale or-
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FIiG. 1. Orientation map of rainfall stations and regimes. Thin solid line delineates Amazon catchment, and heavy solid line domain for
which rainfall index NAR was compiled from the 18 raingage stations indicated by large dots and annual cycle diagrams, namely: Uaupes
(UA), Sdo Gabriel da Cachoeira (SG), Taraqua (TQ), lauareté (IA), Iquitos (IQ), Yurimaguas (YU), Benjamin Constant (BC), Fonte
Boa (FB), Coari (CO), Santarém (ST), Porto de Moz (PZ), Altamira (AL), Oriximina (OX), Obidos (OB), Parintis (PA), Manaus (MN),
Barcelos (BA). Raingage stations outside the NAR domain are entered as small dots without letter symbols. Also shown by large dots are
the river gauging sites of Rio Negro at Manaus (MN), Solimdes at Manacapuri (MA ), Amazon at Obidos (OBY, and Tapajés at Santarém
(ST) and ltaituba (IT).
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FIG. 2. Time series of rainfall in northern Amazonia and May-
July water-level indices for the Amazon basin. Arrows indicate 1983
~and 1986. See Fig. | for domain of rainfall index and locations of
river gauging sites (DNAEE 1989). (a) Rainfall index NAR for
Northern Amazonia (normalized departures from 1967-86 mean of
7.4 mm day~’, standard deviation of 0.6 mm day '), from raingage
network; (b) water-level index of the Amazon (normalized departures
from 1967-87 mean of 443 cm, standard deviation of 53 cm, at
Obidos, 01°54'S, 54°30'W) for May-July; (c) water-level index of
the Solimdes river (normalized departures from 1967-87 mean of
620 cm, standard deviation of 99 c¢m, at Manacapurd, 03°13'S,
60°35'W) for May-July; (d) water-level index of the Tapajoés river
(normalized departures from 1967-87 mean of 345 cm, standard
deviation of 45 cm, at Santarém, 02°35'S, 54°43'W) for May-July;
(e) water-level index of the Tapajos river (normalized departures
from 1967-87 mean of 487 cm, standard deviation of 53 cm, at
Itaituba, 04°16'S, 55°58'W) for May—-July;

composed of many individual convective cells known
as cumulus clusters. For the band 25°N-25°S, counts
of days with HRC were made for 1°-square areas, and
then combined into 5°-square areas. The measure-
ments of outgoing longwave radiation (OLR) from
scanning radiometers carried aboard National Oceanic
and Atmospheric Administration (NOAA) polar or-
biting satellites were compiled with a 2.5°-lat-long res-
olution (Janowiak et al. 1985; Gruber et al. 1987).

The SST for the tropical Atlantic and eastern Pacific
were extracted from the COADS dataset for the band
30°N-30°S and averaged for 2°-square areas. For de-
tails about the. COADS set, refer to Slutz et al. (1985)
and Oort et al. (1987).

The ECMWF global upper-air analyses for the years
1980~-87 were obtained from the National Center for
Atmospheric Research (NCAR), Boulder, Colorado.
We used here the 1000- and 200-mb topography and
wind fields, and the 500-mb vertical velocity. The ar-
chived vertical velocity is calculated from the surface
pressure and initialized horizontal winds on model
levels by solving the continuity equation. The analysis
procedures used at ECMWEF, the occasional changes
in these procedures, and the biases in the analysis and
background data are described in Trenberth and Olson
(1988) and Hoskins et al. (1989).

3. Interannual variability of rainfall and river levels

Figure 2 illustrates the variation of hydrometeorol-
ogical conditions in the Amazon basin over recent de-
cades, from raingage measurements and river-level re-
cords. These figures show an era of wetter climate in.
the 1970s, with a change to prevailingly drier years in
the past decade. During the 1980s, for which the
ECMWEF global upper-air analyses are available, the
raingage and river records consistently indicate the El
Nifio year 1983 as extremely dry, and 1984 and 1986
as much wetter by comparison.

For the case study analysis of contrasting years, the
extremely dry El Nifio year 1983 (DRY), was the ob-
vious candidate to illustrate dry conditions. Regarding
a counterpart year with more nearly average conditions,
1984 has been studied before (Philander 1986; Kayano
et al. 1988) in different context and for different sea-
sons, and found to be a somewhat unusual year. pore-
over, the raingage records in the northern and eastern
portions of the Amazon basin (Fig. 2a) indicate that
March-April 1986 was if anything somewhat wetter
than 1984. On balance, 1986 (WET) was chosen to
represent the wet case. Evidence for the contrasting
years 1986 and 1983 are presented in Table 1, Fig. 3,
and Figs. 5-7. To complement'these analyses, Figs. 4
and 8 also offer a limited comparison of the 1983 with
the 1984 conditions.

- For the chosen WET and DRY events, Table 1 sum-
marizes the seasonal evolution of Rio Negro water lev-
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- TABLE 1. Seasonal evolution of departures of Rio Negro water level, in cm, and of Manaus rainfall, in mm,
during WET event 1985-86 and DRY event 1982--83,
Rio Negro level (cm) Manaus rain (mm)
Mean Mean

Season WET DRY (1903-87) WET DRY (1941-88)
Sep-Oct +146 +88 2060 +64 -3l 100
Nov-Dec +187 +88 1879 +2 +44 202
Jan-Feb +235 +78 2184 +37 —193 261
Mar-Apr +41 -162 2455 +19 -101 325
May-Jun +60 -101 2716 +30 —49 184

els and of rainfall at Manaus (Fig. 1). Anomalously
high stands of water level began in September-October
1985 and grew largest in January-February 1986. In
1983, rainfall deficiencies became most pronounced
during January--February, while the deficit of the water
level continued to aggravate to March—April.

4. Circulation and convection over the tropical
Americas

This section is devoted to the detailed case study
analysis of March~April circulation in the represen-
tative WET year 1986 and DRY year 1983 in Ama-
zonia, with a limited comparison of 1983 versus 1984
conditions. In addition to surface marine and conti-
nental hydrometeorological records, the study relies on
analyses of the upper-air circulation and satellite mea-
surements of tropical convection. Thus it meaningfully
complements a-companion -paper (Marengo 1992),
confined to surface information but spanning the past
four decades. ' '

a. ‘Se'a surface temperature -

The March-April SST conditions during two con-
trasting years are documented in Fig. 3, with Fig. 3a
referring to 1986 WET, Fig. 3b to 1983 DRY, while
'Fig. 3¢ maps the difference between the two years. To-
gether, the three panels of Fig. 3 reveal for the extreme
El Nifio year 1983, as compared to the more nearly
average year 1986, considerably warmer waters not
only in the equatorial eastern Pacific but also in a broad
band extending from the Caribbean across the tropical
North Atlantic. In detail, the zone of warmest.surface
waters is located distinctly farther south in 1986 (Fig.
3a) as compared to 1983 (Fig. 3b). The SST difference
pattern 1984 minus 1983 (Fig. 4b) resembles Fig. 3¢
in showing negative values in the equatorial Pacific
and most of the tropical North Atlantic, contrasting
with positive values in the south Atlantic. These char-
acteristics of the SST distribution in the selected years
are consistent with the companion paper on the inter-
annual variability in the past four decades, and are
further relevant to the circulation of the lower atmo-
sphere, to be discussed in the following section.

b. -Near-surface:circulation

Figure 5 displays the 1000-mb geopotential height
(Figs. 5a,b,c) and wind field (Figs. 5d,e,f ). During
WET (Fig. 5a) as compared to DRY (Fig. 5b), the
North Atlantic subtropical high is stronger, the south
Atlantic high weaker, the enclosed near-equatorial low-
pressure trough is located farther south, and concom-
itant with these features the meridional pressure gra-
dient appears steepened over the low-latitude North
Atlanti¢, but reduced to the south of the equator. All
of these characteristics of the contour /pressure fields

) ‘ 3 c
1 8st. |
| WWET-DRY

F1G. 3. Sea surface temperature in (a) March-April 1986 WET,
contour interval 2°C; (b) March-April 1983 DRY, contour interval
2°C;(c) WET-DRY, zero line heavy,’contour interval 1°C, positive
areas indicated by dot raster.
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FIG. 4. Difference maps, March-April 1984 minus 1983; (a) highly reflective clouds HRC in days; (b) sea surface temperature SST,
contour interval 2°C; (¢) 200-mb wind, isotach spacing 5 m s™'; (d) 1000-mb wind, isotach spacing 2 m s~'.

are concordant with the salient features of the SST pat- position of the zone of warmest surface waters during
terns described in section 4 and Fig. 3, namely the WET (Fig. 3a) as compared to DRY (Fig. 3b).
colder tropical North Atlantic and the more southerly The 1000-mb wind fields during the two contrasting
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FI1G. 5. 1000-mb circulation patterns during March-April 1986 WET [(a), (d)], March-April 1983 DRY [(b), (e)], and the difference
WET minus DRY [(c), (f)]: (a) 1000-mb geopotential height, in gpm, WET, (b) 1000-mb geopotential height, in gpm, DRY, (¢) WET-
DRY 1000-mb geopotential height, in gpm, (d) 1000-mb wind, in m s~!, WET, (e) 1000-mb wind, in m s~', DRY,(f) WET-DRY 1000-
mb wind, in m s™'. The contour intervals are 2 m s~! for the wind in (d), (e), (f), 20 gpm for geopotential height in (a), (b), and 10 gpm
in (c¢). Zero line heavy in (c, f).
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extreme years (Figs. 5d,e,f) broadly agree with the '

contour patterns (Fig. 5a,b,c). Thus during WET as
compared to DRY, the North Atlantic trades appear
accelerated and the southeast trades appear reduced
(Fig. 5d,e,f ), consistent with the steepened meridional
pressure gradient over the North Atlantic and the
weakened gradients south of the equator (Fig. 5a,b).
Indeed, the difference map, Fig. 5f, shows nicely the
stronger northeast trades during WET as compared to
DRY, and northwesterly difference vectors in the realm
of the southeast trades of the south Atlantic! In accor-
dance with the varying intensity of the trades over the

two hemispheres, the Atlantic near-equatorial wind

confluence is located distinctly farther south in WET
than in DRY (Fig. 5d and f). Over the eastern equa-
torial Pacific, there are some further noteworthy fea-
tures in the near-surface wind field: while 1986 WET
(Fig. 5d) shows the usual pattern of strong easterlies,
a characteristic of the extreme 1983 El Nifio year (Fig.
5e) was the appearance of surface westerly winds over
a broad zone of the equatorial Pacific. This extremely
anomalous event also dominates the difference map,
Fig. 5f. The wind difference pattern 1984 minus 1983
(Fig. 4d) is similar to Fig. 5f for 1986 minus 1983.
This case study analysis is consistent with the surface
circulation characteristic of anomalous rainy seasons
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in the Amazon basin derived from long-term data
sources (Marengo 1992).

Complementing the 1000-mb contour and flow pat-
terns in Fig. 5, Fig. 6 maps the divergence of the near-
surface wind field (Fig. 6a,b,c). Consistent with a more
southerly location of the wind confluence (Fig. 5d,e),
the near-equatorial band of maximum convergence in
the Atlantic-South American sector is found farther
south and appears more intense in WET (Fig. 6a) than
in DRY (Fig. 6b). This contrast between WET and
DRY is further illustrated in Fig. 6c.

¢. Upper-air circulation

Figure 7 maps the 200-mb wind (Figs. 7a,b,c) and
the 500-mb vertical motion patterns (Figs. 7d,e,f).
During WET (Fig. 7a) as compared to DRY (Fig. 7b)
the subtropical westerly jets (STWJ) of both hemi-
spheres appear relatively weak and displaced poleward.
During WET (Fig. 7a), westerlies are found over the
eastern equatorial Pacific, while easterlies prevail over
the.eastern equatorial Atlantic, and there is an indi-
cation of the Bolivian-Peruvian upper-tropospheric
anticyclone. In contrast, during DRY (Fig. 7b), the
STWIJ of both hemispheres appear accelerated and
shifted equatorward; easterlies cover the eastern equa-

FIG. 6. Divergence in 1075 s~ at 1000 mb (a), (b), (c) and highly reflective clouds HRC in days (d), (¢), (f) during March-April 1986
WET (a), (d), March-April 1983 DRY (b), (¢), and the difference WET minus DRY (c), (f). (a) wind divergence WET, (b) wind
divergence DRY, (c¢) wind divergence WET minus DRY, (d) HRC WET, (e) HRC DRY, (¢) HRC WET mihus DRY. Contour intervals
are 5 X 1075 s~! for wind divergence (a), (b), (c), and two days for the HRC (d, ¢, f). Zero line heavy. .
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FIG. 7. Upper-tropospheric circulation during March-April 1986 WET (a), (d), March-April 1983 DRY (b), (¢), and the difference

WET minus DRY (c), (f): (a) 200-mb wind in m s~!, WET, (b) 200-mb wind in m s™!,

DRY, (c) WET-DRY 200-mb wind in m's™!,

(d) 500-mb verucal velocity in 107* mb s™!, WET, (e) 500-mb vertical velocity in 10" mbs™, DRY, (f) WET-DRY 500-mb vertical

velocity in mb s~
velocity (in d), (e), (). Zero line heavy m(d e, ).

torial Pacific, while westerlies extend from the South
American continent across the equatorial Atlantic into
Africa, and the Bolivian—-Peruvian upper-tropospheric
anticyclone appears weakened and shifted westward.

Another upper-tropospheric anticyclone is located over

Panama, and the trough off Brazil is weak. The differ-
ence map, Fig. 7c, further highlights the contrasts be-
tween the two years, which are dominated by the un-
usual flow conditions of the extreme 1983 El Nifio year
with its anomalous easterly winds over the equatorial.
eastern Pacific, westerlies over the equatorial zone of
the Atlantic, and accelerated STWIJ. As with the lower-
tropospheric circulation, the wind difference pattern
1984 minus 1983 (Fig. 4c¢) is similar to that for 1986
minus 1983 (Fig. 7¢).

Some remarks seem in order on the variations of
the STWJ. Accelerated jets around much of the globe
are known to be typical of warm events in the Pacific
or the low phase of the Southern Oscillation (SO) (Ac-
eituno 1989; review in Hastenrath 1991, 282-288).
One may conjecture that reduced convection over the
Amazon basin would by itself be conducive to weak
STWIJ in the American sector, but this may be over-
compensated by thermal influences from the upstream

!, Contour intervals are 5 m s~ for the 200-mb wind speed in (a), (b), (c), and 5 X 10~ mb s~ for the 500-mb vertical

- Pacific. In this spirit, STWJ variations related to the
+ convective activity over-South America deserve further
~study (Pedro Sllva Dias, personal commumcatmn
©1992).

The 500-mb vertical motion (Figs. 7d,e, f ) exhibits
patterns similar to'the divergence in the 1000-mb wind
field (Figs. 6a,b,c). The maps show for both years (Figs.

. 7d,¢) ascending motion over much of the' South Amer-

ican continent and in.a band across the tropical At-
lantic. However, this band appears broader, more or-
ganized, and located more to the south in WET as
compared to DRY, in agreement with the band of
maximum near-surface convergence ( Figs. 6a,b,g) and
the near-equatorial wind confluence (Figs. 5d.,e).
Highlighting the contrasts between the two years, the
difference map, Fig. 7f, shows the largest negative values
in a continuous band centered over the southern equa-
torial Atlantic.

d. Convection and rainfall

Figure 8 compares the precipitation distributions of

the contrasting years as obtained from the raingage

network on the South American continent, while Figs.
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6d,e,f map the convective activity derived from satellite
measurements of HRC over the broader sector from
the eastern Pacific across the Americas and the Atlantic
into tropical Africa. Charts constructed of OLR pat-
terns provide similar information on tropical convec-
tion as HRC, and are not reproduced here.

For WET, as compared to DRY, Fig. 8 shows larger
precipitation over a substantial portion of the NAR
domain (Fig. 1), but also in a band extending from
eastern Amazonia into northeast Brazil. This appears
consistent with the findings of Moura and Kagano
(1986), who called attention to the tendency for a con-
siderable zonal extent of rainfall anomalies, at times
stretching continuously from the eastern slope of the
Andes, across the Amazon basin and northeast Brazil,
into the equatorial Atlantic and Africa. The drought
conditions in northeastern South America during 1983,
in particular, have been variously noted (Aceituno
1988; Kayano et al. 1988; Hastenrath 1990b). While
the raingage network shown in Fig. 1 does not com-
pletely cover the Pacific coastal regions of Ecuador and
northern Peru, enhanced rainfall has been reported
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there for the 1983 El Nifio (Kousky et al. 1984; Horel
and Cornejo-Garrido 1986; Aceituno 1988; Kayano et
al. 1988). The rainfall difference map 1984 minus 1983
(Fig. 8d) also shows positive values in a large portion
of the Amazon basin, albeit with differences in the pat-
tern detail.

Figures 6d-f, displaying the satellite measurements
of HRC, afford a broader spatial perspective of large-
scale organized convection than the precipitation maps
(Fig. 8), limited as they are to the raingage network
over the South American continent. The HRC maps
(Fig. 6d,e) reveal for WET as compared to DRY a
more southward-located, organized, intense near-
equatorial convection band, a characteristic highlighted
further in the difference maps (Fig. 6f). The HRC dif-
ference patterns 1984 minus 1983 (Fig. 4a) share the
main characteristics of Fig. 6f for 1986 minus 1983.
The contrast in the convection patterns between these
two years is consistent with the broad zonally oriented
band of abundant rainfall apparent over the Amazon
Basin during WET as compared to DRY (Fig. 8a and
d). These differences in large-scale organized convec-

| 8

C

D

23 1984-83
-’ o o
Y '

/,rll ék) | A

LEA\3 025

30 1R 7

20S

FIG. 8. March-April rainfall in the Amazon basin (mm per day): (a) 1986 WET, (b) 1983 DRY, (c) WET niinus DRY (1986—198'3),
(d) 1984-1983. Zero line heavy, and negative values broken lines in (¢), (d).
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tion agree further with the analysis of the lower-tro-
pospheric circulation discussed in section 4d, in par-
ticular the more southerly position of the Atlantic near-
equatorial wind confluence (Figs. 5d and Se), and the
more southerly position and greater intensity of the
band of convergence (Figs. 6a and 6b). In support of
the early findings of Moura and Kagano (1986), Fig.
_6f highlights the remarkable spatial coherence in the
departures of tropical convection expanding from the
Amazon basin, across Northeast Brazil and the equa-
torial Atlantic into the African continent.

5. Conclusions

The central theme of this study—the mechanisms
. of climate anomalies in the Amazon basin—appears
particularly timely, because the region contains one of
the major convection centers that drive the atmospheric
circulation of the tropics, and because the changing
lower-boundary conditions resulting from the pro-
gressive deforestation are feared to have substantial cli-
matic consequenoes With this motivation it was de-
sirable to exploit the existing observational evidence.
The sparse network of long-term raingage spread over
this vast territory is deficient, even as complemented
by some series of river water levels, but proved mar-
ginally sufficient to assess the rainfall distribution and
regimes and to identify extreme events in the inter-
annual variability of rainfall. The surface hydrometeo-
rological data wer¢ complemented by satellite mea-
surements of tropical convection. The ECMWEF global
upper-air analyses along-with the ship SST observations
were crucial for evaluating the ocean surface conditions
and atmospheric circulation characteristics during the
contrasting extreme years. This case study of upper-
air circulation and convection complements a com-
panion paper (Marengo 1992) on the mechanisms of
interannual variability in Amazonia in the course of
the past four decades as evidenced by surface obser-
vatlons

Although the Amazon catchment comprises a vast
area with precipitation during much of the year, con-
vective rainfall is most abundant in a limited domain
in the northern portion of the basin during mid- to
late austral summer. The Amazon convection center
of austral summer is an integral part of the ITCZ, which
in this season reaches its southernmost location. In fact,
the convective activity over the Amazon basin appears
an important factor for the characteristic annual cycle
in intensity and latitudinal migration of the ITCZ in
the South American-tropical Atlantic sector (Hasten-
rath and Lamb 1977). Strong relationships between
the large-scale circulation and regional rainfall are
confined to the core of the rainy season in the northern
portion of the basin around March-April.

The modern observational-data banks available for
the 1980s were used to advantage for detailed case
studies of the contrasting extreme years 1986, which
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was moderately WET, and 1983, which was extremely
DRY. It was found that the more copious rainfall oc-

-curs with a strong North Atlantic high, accelerated

northeast trades, and colder North Atlantic but warmer
south Atlantic waters. A preference for more abundant
precipitation during the high phase of the SO is also
indicated in Hastenrath et al. (1987): during- March-
April in the high-SO phase, the near-equatorial low-
pressure trough and embedded ITCZ over the Atlantic
sector tend to be displaced anomalously far southward,
concomitant with a strengthened North Atlantic high
and accelerated northeast trades, as well as anomalously
cold North Atlantic and warm south Atlantic waters.
It is noteworthy that a southward-displaced ITCZ and
enhanced moisture import from the Atlantic associated
with the accelerated Northeast trades, are conducive
to more vigorous convection and rainfall over Ama-
zonia. However, such tirculation departure character-
istics should not be regarded as limited to the high-SO
phase. Rao and Hada (1990) reported moderate cor-
relations of the SO with ramfall in various parts of

- Brazil.

In addition, these case studies provided a glimpse at
anomalous upper-air circulations. In particular, during
WET, there was vigorous upward motion and convec-
tion over Amazonia, -and the STWJ of both hemi-
spheres were weak. The upper-air flow during DRY
was distinctly different: the Pacific coast of South
America experienced ascending motion and convective
rainfall, while subsidence prevailed over the Amazon
basin. At the same time, the STWJ of both hemispheres
were accelerated.

From these case study analyses, some ‘major circu-
lation mechanisms of rainfall anomalies in the Amazon
basin can be proposed. These are synthesized in Figs.
9a-d. Thus, during WET (Fig. 9a and b), the North
Atlantic high is strong, the meridional pressure gradient
on its equatorward side steep, and the northeast trade-
winds are accordingly accelerated. Consistent with the
strong North' Atlantic trades, the ITCZ is displaced
southward, The Amazon convection center, being part
of the ITCZ, is intensified. Further typical associations
include anomalously cold surface waters in the tropical
North Atlantic and negative SST departures south-of
the Equator. The features of the equatorial zonal cir-
culation cells are illustrated in Fig. 9b. During WET
in Amazonia, there is subsidence over the west coast
of South America, while ascending motion aXd con-
vection prevail over Amazonia. Puring DRY (hgs 9¢
and d), circulation departures are broadly inverse to
those in WET (Figs. 9a and b). Thus, the North At-
lantic high is weak, as are the northeast trades, and the
ITCZ remains north of its usual latitude position, en-
tailing reduced convection over Amazonia. Similarly,
the tropical North Atlantic is relatively warm, while
the south Atlantic is unusually cold.

Some qualifications are in order regarding the syn-
thesized schemes in Fig. 9. Thus the upper-air circu-
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'F1G. 9. Synthesis of surface circulation (a), (¢) and zonal vertical cross section along the equator (b), (d) at the March-April rainy season
peak in northern Amazonia during WET (a), (b) and DRY (c), (d) years. Broad/narrow arrows denote strong/weak trade winds in (a)
and (c), heavy broken line wind confluence, bold/light letter H strong/weak North Atlantic high in (a), (¢). Heavy solid lines separate
areas of positive and negative SST anomalies, as indicated by large and small plus and minus signs inside the maps in (a) and (c). Solid/
broken lines in (b) and (d) refer to the observed/ hypothesized zonal-vertical circulation. Strong convective actwnty is indicated by scalloping

in (a) and (c), and by vertical cloud symbols.in (b) and (d).

lation sketched in Figs. 9b and 9d is from only two
years in contrasting SO phases, and the rainfall anom-
alies in the Amazon basin are not prevailingly related
to the SO. The mechanisms proposed in Fig. 9 appear
operative around the rainy season peak in northern
Amazonia, whereas relationships are not distinct in
other seasons and the southern part of the basin, Fi-
nally, the study points to potentially important pro-
cesses that have received little attention so far; in par-
ticular, the Amazon convection center of austral sum-
mer plausibly entails compensatory . subsidence, and
changes in intensity and location of this center of action
may exert a control on the surface climate of adjacent
regions of the continent. :
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