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ABSTRACT

This study focuses on precipitation in Uruguay and the Brazilian state of Rio Grande do Sul, which extend
along the Atlantic coast of southern South America. The present paper has two principal goals: 1) to describe
the annual cycle of precipitation and 2) to investigate the relationships between its anomalies and those in sea
surface temperature (SST) in the Pacific and Atlantic oceans. The dataset is provided by 40 rainfall stations
almost evenly distributed in space and covers the period 1917-80. The tools used in support of this research
include principal component and canonical correlation analyses.

It is found that total precipitation tends to be evenly distributed during the year. The largest spatial variability
in the monthly deviations from the annual mean appears as a west—east (inland—coastal) dipole with the largest
positive values in the west during early fall and midspring, and in the east along the Atlantic coast during winter.
The second mode of rainfall variability appears as a north—south dipole with the largest positive values in the
south during late summer and late fall, and in the north during early spring and early summer. The third mode
appears primarily as a north—-south dipole along the western boundary with the largest positive values in the
southwest during fall and in the northwest during early spring. These modes explain 60%, 19%, and 8% of the
total variance. Five subregions are identified according to similarities between the characteristics of the annual
cycles in their rainfall stations.

It is shown that there are significant relationships between anomalies in rainfall and in SST in the Pacific and
Atlantic oceans. Some of these relationships confirm the results of previous studies, such as the links between
the El Nifio—Southern Oscillation phenomenon in the equatorial Pacific Ocean and rainfall anomaliesin Uruguay
during late spring—early summer and late fall—early winter. Other relationships have not been reported before,
such as the links between SST anomalies in the southwestern Atlantic Ocean and rainfall anomalies in the entire
region during October—December and April-July. It is also found that when SST anomalies are considered in
both oceans simultaneously, their links with rainfall anomalies are in some cases enhanced and in others weak-
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Relationships between Precipitation Anomalies in Uruguay and Southern Brazil and

ened.

1. Introduction

For Uruguay and the Brazilian state of Rio Grande
do Sul (URSOL), whose economies are based on ag-
ricultural products and the use of hydroelectric power,
a better understanding of the climatology, variability,
and potential predictability of local precipitation is of
primary importance. Our study focuses on that region,
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which extends along the Atlantic coast of South America
roughly east of 58.5°W, between 27° and 35°S. We have
two principal goals in reference to the local precipita-
tion: 1) to describeitsannual cycle, and 2) to investigate
the relationship between its anomalies and those in sea
surface temperature (SST) in the Pacific and Atlantic
oceans. The tools used for investigation include prin-
cipal component and canonical correlation analyses.
Previous studies on precipitation for regions that in-
clude either al or part of URSOL strongly support the
existence of links between precipitation anomalies and
SST anomalies in the Pacific Ocean. For a region that
includes URSOL, Ropelewski and Halpert (1987, 1989)
demonstrated that rainfall during the period November—
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February tends to be above the median in El Nifio years,
whereas that during the period June-December tends to
be below the median in years with a high value of the
Southern Oscillation (SO) index (cold events in the
equatorial Pacific Ocean). For southern South America,
Lau and Sheu (1988) showed that years with warm SST
events in the equatorial Pacific are associated with pre-
cipitation that is above the median. For Brazil, Rao and
Hada (1990) found a significant negative correlation be-
tween precipitation during the austral autumn and spring
seasons and the SO index. For Uruguay, Pisciottano et
al. (1994) used long records of data provided by adense
network of rainfall stations to investigate precipitation
anomalies during the extreme phases of El Nifio—
Southern Oscillation (ENSO). They demonstrated that
rainfall during the period November—January tends to
be above the median in El Nifio years, as well as from
March through July of the following years. They also
found that rainfall during the period October—December
tends to be below the median in years with a high SO
index, as well as from March through July of the fol-
lowing years. Aceituno (1988) reported that the SO in-
dex and rainfall in the Parana River basin are negatively
correlated in the period November—December.

These results on rainfall have been indirectly sup-
ported by analyses of the streamflow variability in major
rivers of the region. For example, Mechoso and Pérez
(1992) showed that there is a clear tendency for the
streamflow in the Negro and the Uruguay Rivers to be
below the median during the period June-December in
years with a high SO index and a slight tendency to be
above the median during the period November—Febru-
ary in El Nifo years, with values that are occasionally
well above the median.

Theinfluence of SST anomaliesin the Atlantic Ocean
on precipitation anomalies in URSOL has not yet been
comprehensively examined to our knowledge. In prin-
ciple, such an influence can be expected sincethe eastern
coast of southern South America is an area of cyclo-
genesis, which can be sensitive to lower boundary con-
ditions. Our study explores that issue, as well as the
combined effects of concurrent SST anomalies in the
Pacific and Atlantic oceans.

We start in section 2 by listing the datasets used in
this study. In section 3, we analyze the annual mean
precipitation and its spatial variability in the region se-
lected for investigation. In section 4, we describe the
methodology used in support of our search for rela-
tionships between anomalies in rainfall and SST. Sec-
tions 5, 6, and 7 present the results obtained for the
periods selected, namely, November—February, Octo-
ber—December, and April-July, respectively. The cases
of SST anomalies in the Pacific, Atlantic, and Pacific
and Atlantic oceans are described separately in these
sections. Section 8 discusses two case studies, one of
which is of highly anomalous rainfall. Section 9 sum-
marizes our results and presents our conclusions.
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2. Datasets

The data for rainfall used in this study are monthly
totals for 33 stations reporting continuously during the
period January 1917-December 1980 and 7 stations re-
porting continuously between 1946 and 1980. The sta-
tions are aimost evenly distributed in the region. The
corresponding dataset was compiled by the Direccion
Nacional de Meteorologia (DINAMET, Uruguay), In-
stituto de Pesquisas Agrondmicas do Rio Grande do Sul
(IPAGRO, Brazil), and Instituto Nacional de Meteoro-
logia (INEMET, Brazil). To study the spatial variability
of theannual cyclein climatological rainfall (seesection
3), we use the datafrom the 33 stationsthat report during
the period January 1917-December 1980. To study the
relationships between precipitation anomalies in UR-
SOL and SST anomalies in the Pacific and Atlantic
oceans (see section 4), we consider the reports from all
40 stations that report in the period 1946-80, which is
thus taken as the analysis period. The SST fields are
based on monthly means from the Global Ocean—Global
Atmosphere (GOGA) dataset (Lau and Nath 1990) and
cover the latitude band 42.5°S-25°N of the Pacific and
Atlantic oceans with a resolution of 7.5° long X 4.5°
lat. (This gives 132 grid points for the Atlantic and 314
for the Pacific.) The quality of the GOGA SST dataset
is higher after 1946 than before that date. To account
for the variations of grid size with latitude, the SST data
were multiplied by the square root of the cosine of the
|atitude of the corresponding grid point.

3. Annual mean and variability in rainfall in
URSOL

Figure 1 shows that annual mean rainfall in URSOL
is largest in the northern sector, where values strongly
decrease toward the Atlantic Ocean. The distribution is
more uniform in the southern sector, with minimain the
southwest and southeast of the region. The annual cycle
has considerable spatial variability. For example, works
by Prohaska (1976) and Pisciottano et al. (1994) show
that rainfall in the western sector has an absolute max-
imum in March-April and a second peak in October.
Further, southern and eastern Uruguay have a less pro-
nounced seasonal cycle with a weak maximum during
the austral winter.

To examine in detail the spatial variability of the an-
nual cycle in climatological rainfall, we express the
monthly mean values corresponding to each of the sta-
tions as percentages of their annual mean. Hereafter, the
values resulting from this operation will be referred to
as climatological monthly rainfalls in percentage, or
CMRPs. The use of CMRPs emphasizes differencesin
phase, rather than in magnitude, between rainfall in dif-
ferent stations. Next, we proceed in two steps following
an approach similar to that in the paper by Logue (1984).

As a first step, we obtain the annual cycle of the
CMRPs averaged over all stations. The results of this
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Fic. 1. Annual mean rainfall (mm) in URSOL for the period 1917-80.

exercise (see Fig. 2) give the monthly contribution to
the annual mean rainfall over URSOL. Figure 2 shows
that this contribution tends to be evenly distributed
throughout the year, which implies that there are neither
rainy nor dry seasons in the region. Nevertheless, there
isaslight tendency for September—October and March—
April to be the rainiest periods in the annual cycle and
for November—December to be the driest period.

In the second step, we apply the method of principal
component (PC) analysis to the 12 monthly CMRPs for
each of the stations. First, we form the matrix (F) of
the deviations of CMRPs with respect to the all-station
mean for the corresponding month (shown in Fig. 2).
The matrix F is organized into 12 rows (months) and

33 columns (stations). Second, we determine the co-
variance matrix (FF7/32). We use the covariance matrix
instead of the correlation matrix since the variables con-
sidered are expressed in the same units. Last, we de-
termine the eigenvalues [A (12)] and eigenvectors[E(12
X 12)] of the covariance matrix. The PCs are the rows
of the matrix C (12 X 33), defined by the following
relationship:

F=EXC. (1)

The first three PCs found in this way account for 60%,
19%, and 9%, respectively, of explained variance. Each
of these modes is statistically separable from sampling
errors according to the test of North et a. (1982). The
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Fic. 2. Climatological monthly rainfalls in percent (CMRPs) for
1917-80 averaged over all stationsin URSOL (Jan—Dec). The dotted
line represents the mean value.

remaining modes account for very small fractions of the
variance and have been considered statistically and pre-
sumably physically nonsignificant. We will display
these PCs as contour plots in which each station is as-
signed the value of the element in C at the intersection
of the row corresponding to the PC with the column
corresponding to the station. The amount of the total
variance explained by each PC is given by the eigen-
values of the covariance matrix.

PC1 (see Fig. 3a) is characterized by west—east con-
trasts. The corresponding eigenvector (see Fig. 4) has
a strong annual component with positive values from
early spring to midfall, which peak in early fal and
midspring. The negative values have the largest mag-
nitudes in winter. The largest variability, therefore, ap-
pears as a west—east (inland—coastal) dipole with the
largest positive departures from the annual mean in the
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FiG. 4. First three eingenvectors of CMRP (Jan-Dec): E1 (solid),
E2 (dashed), and E3 (dotted).

west during early fall and midspring, and in the east
along the Atlantic coast during winter. PC2 (see Fig.
3b) shows predominantly south—north contrasts. The
corresponding eigenvector (see Fig. 4) has minima in
late summer and late fall, and maxima in early spring
and early summer. The second mode of rainfal vari-
ability, therefore, appears as a south—north dipole with
the largest positive departures from the annual mean in
the south during late summer and late fall, and in the
north during early spring and early summer. PC3 (see
Fig. 3c) shows a south—north dipole along the western
boundary of the region. The corresponding eigenvector
(see Fig. 4) has a maximum in summer, a stronger min-
imum in fall, and a weaker minimum in early spring.
The third mode of variability, therefore, appears pri-
marily as a north—south dipole along the western bound-
ary of the region, with the largest positive departures
from the annual mean in southwestern Uruguay during

275

285

295

308

318

325

335

345

36
ion TSW B ST SN S SPh oW SoW SW S A v CSSETom omohw wow SW oW st SH st Sov 4w aw PGy tiw o W S oM W S siw oW oW 4B v

Fic. 3. First three principle components of CMRP: (a) PC1, (b) PC2, and (c) PC3.
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Fic. 5. Asin Fig. 2 except for deviations from the annual mean
in that each panel shows values representative of the particular figure
subregion.

fall and in northwestern Rio Grande do Sul during early
spring.

The higher variability in the western (inland) sector
during midspring and early fall can develop as convec-
tive activity is enhanced by the interaction of frontal
systems migrating from high latitudes with moist air
from the Tropics. This enhanced convective activity in
the western sector is associated with subsidence and the
establishment of the *‘dry’” season in the eastern sector.
The higher variability in the eastern (coastal) sector dur-
ing winter can develop in association with cyclogenesis
over South America, which is most active at this time
of theyear (Gan and Rao 1991). In this case, the western
and northern sectors would be in an area of subsidence
consistent with a dry period. The results obtained for
the northern sector are consistent with the behavior de-
scribed by Rao and Hada (1990), who analyzed the char-
acteristics of rainfall over Brazil using monthly rainfall
data for a 21-yr period. These authors found that the
rainiest season in southern Brazil isspring for the central
part, summer for the western part, and winter for the
eastern (coastal) part. During spring, southern Brazil
(i.e., the northern sector of URSOL) is reached by me-
soscale convective complexes that develop over Para-
guay and move eastward along the equatorward side of
the subtropical jet stream (Velasco and Fritsch 1987;
Silva Dias 1987).

We next consider the matrix (F;) defined as in (1),
except that we only take the first three columns of E
and the first three rows of C. The matrix F; defined in
this way gives the components of F that are associated
with the principal modes of rainfall variability. An in-
spection of the columns of F; alows us to subjectively
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TABLE 1. Periods of strongest deviations of CRMPs with respect to
the all-station mean.

Sector of

URSOL Strongest positive Strongest negative
Western March-April June-September
Southern June-August October—December
Eastern and June-September March—April

central (October-December)
Northern March—-May September—October

divide URSOL into five sectors according to the simi-
larities between the characteristics of the annual cycle
of deviations of CMRPs with respect to the all-station
mean (see Fig. 5).

The periods of strongest positive and negative de-
viations from the annual cycle are shown in Table 1.
The eastern and central sectors primarily differ in the
amplitude of their annual cycle in CMRPs. There is a
clear opposition in phase between the western (inland)
and the eastern (coastal) sectors, which have the largest
annual cycles. There are strong negative values in the
period October—December in both coastal sectors. On
the other hand, the southern sector is the only one that
shows values with weak magnitudes during the first part
of the year. These results for Uruguay are consistent
with those obtained by using a method based on cluster
analysis by Terra and Pisciottano (1994).

4. Relationships between anomalies in rainfall and
SST: Methodology

We use the method of canonical correlation analysis
(CCA), which is a linear multivariate technique. The
reader is referred to Barnett and Preisendorfer (1987,
hereafter BP87), Preisendorfer (1988), and Graham et
al. (1987a,b) for a detailed description of the CCA meth-
od. In our version of the method, the input consists of
the empirical orthogonal functions (EOFs) and their cor-
responding PCsof SST and rainfall anomalies. Weretain
the EOFs that explain at least 80% of the variance of
the corresponding field. Let p and q be the number of
EOFsretained for the SST anomalies and rainfall anom-
alies, respectively (our 80% requirement on the EOFs
resulted in p > ¢ for al cases). The time series of the
PCs retained is standardized so that their norm is 1.

The method produces p and g linear combinations of
the standardized time series of the PCs for the SST and
rainfall anomalies, respectively. These linear combi-
nations—u, (t) and v, (t), where t is time—and their cor-
relations, u,, are called canonical component vectors
and canonical correlation coefficients when they satisfy
the following requirements: 1) |u,| is maximum and 2)
u, and v; are uncorrelated with u; and v, if i # j. The
absolute values of w; are organized to decrease with
increasing i. In the CCA, canonical modes do not nec-
essarily explain decreasing amounts of variance. The
SST and rainfall anomaly fields can be represented in
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TABLE 2. Cumulative sum of fractional rainfall variance explained by the first g SST canonical vectors for each case considered in this

study.
g=1 qg=1,2 q=1..,3 g=1,..,4 g=1,..,5 g=1,..,6 g=1,..,7

November—February

Pacific 0.29 0.32 0.36 0.41 0.42 0.43 0.44

Atlantic 0.33 0.41 0.43 0.44 0.47 0.48 0.48

Pacific—Atlantic 0.27 0.33 0.49 0.50 0.51 0.52 0.53
October—December

Pacific 0.17 0.39 0.43 0.46 0.47 0.48

Atlantic 0.37 0.45 0.48 0.50 0.51 0.52

Pacific—Atlantic 0.28 0.44 0.49 0.51 0.54 0.55
April-July

Pacific 0.10 0.19 0.24 0.26 0.35

Atlantic 0.33 0.35 0.39 0.42 0.42

Pacific—Atlantic 0.12 0.29 0.36 0.45 0.47

terms of the canonical component vectors and the ca-
nonical maps—g; (A, ¢) and h,(A, ¢), where A is lon-
gitude and ¢ is latitude—in the following way:

P q

> u(t) gi(A, ¢) and ;v,.(t) hn @), (2

1

respectively. The canonical maps show the correlations
at specific locations between the canonical vectors u,,
v,, and the time series of the SST and rainfall anomalies
fields reconstructed from the first p and q EOFs, re-
spectively. To estimate the significance of the valuesin
the canonical maps, we use a standard Student’s t-test.
The significant values form the most relevant patterns
of simultaneous variability for both fields.

Our selection of periods to be investigated is based
on the findings of previous studies that have targeted
rainfall variability in regions covering (partially or to-
tally) URSOL. Thefollowing considerations support our
selection of the periods November—February, October—
December, and April-July.

» Ropelewski and Halpert (1987) showed that rainfall
during the period November—February tends to be
above the median in El Nifio years in a region that
includes URSOL.

e The same authors (Ropelewski and Halpert 1989)
showed that rainfall during the period June-December
tends to be below the median in years with a high
value of the SO index. Pisciottano et al. (1994) found
that rainfall over Uruguay during the period October—
December tends to be below the median for yearswith
high SO index.

» For Uruguay, Pisciottano et al. (1994) demonstrated
that rainfall during the period March—July for years
following El Nifio years tends to be above the median
and that rainfall during the same period after years
with high values of the SO index tends to be below
the median. More recent analyses of these relation-
shipsfor URSOL (G. Pisciottano 1995, personal com-
munication) have shown that these relationships are

stronger in the period April-July, especially in north-
ern Uruguay and Rio Grande do Sul.

Note that the criteria for selection of the periods for
analysis did not include specific considerations on the
influence of Atlantic SST anomalies on precipitation in
URSOL. Previous studies do not provide much guidance
in this regard. The selection of three periods (Novem-
ber—February, October—December, and April-July) and
of three configurations of SST anomalies (Pacific, At-
lantic, and Pacific—Atlantic) gives a total of nine cases
to be analyzed. The results obtained in the analyses are
discussed separately in the following three sections of
this paper. In most cases, we will focus on the first
canonical mode (p = q = 1), which explains most of
the variance (see Table 2).

5. Relationships between anomalies in rainfall and
SST: November—February

a. SST anomalies in the Pacific Ocean

In this case (see Fig. 6), the correlation between u,
and v, is 0.86, which implies that the patterns of SST
and rainfall anomalies associated with thefirst canonical
modes tend to have the same correspondence in sign as
g, and h,. Figure 6 shows that g, has mostly positive
values north of about 10°S and mostly negative values
south of that latitude. There are significant positive val-
ues of g, in the central and eastern equatorial Pacific
(CEEP) and in the central South Pacific, and significant
negative values in the southwestern tropical Pacific
(SWTP). Figure 6 also shows that h, has positive and
mostly significant values. The only sectors with non-
significant values of h, are along the northeastern bound-
ary of URSOL, and central and southeastern Uruguay.
These results support the existence of relationships be-
tween wet (dry) rainfall anomalies in the central sector
of URSOL and warm (cold) SST anomaliesinthe ENSO
region of the Pacific Ocean simultaneous with cold
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(dashed), (upper right) h,, and (bottom) g,. Shaded areas represent sectors with values that are significant at the 95% level.

(warm) SST anomaliesin the South Pacific convergence
zone (SPCZ) region.

b. SST anomalies in the Atlantic Ocean

In this case (see Fig. 7), the correlation between u,
and v, is —0.91, which implies that the patterns of SST
and rainfall anomalies associated with thefirst canonical
modes tend to have the opposite correspondence in sign
as g, and h,. Figure 7 shows that g, has positive values
everywhere except in the South Atlantic. We can iden-
tify four sectors with significant values: 1) the south-
western subtropical Atlantic (SWSA) eastward of UR-
SOL, 2) the eastern equatorial Atlantic (EEQA), 3) the
western equatorial Atlantic (WEQA), and 4) the north-
western tropical Atlantic (NWTA). Figure 7 also shows
that h, has negative and mostly significant values in

URSOL, except for the southern sector. These results
support the existence of relationships between wet (dry)
rainfall anomalies in the northern sector of URSOL and
warm (cold) SST anomalies in both the South Atlantic
convergence zone (SACZ) region and the equatorial At-
lantic Ocean except for a narrow band in the central
part around 15°W.

c. SST anomalies in the Pacific and Atlantic oceans

In this case (see Fig. 8), the correlation between u,
and v, is —0.92, whose absolute value is only slightly
larger that those obtained by considering individual
ocean basins. Figure 8 shows that the patterns of g, in
the Pacific and Atlantic are quite similar to those ob-
tained by using the SST anomalies in each ocean basin
(see Figs. 6 and 7, respectively). Nevertheless, there are
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TABLE 3. November—February: Relationships between SST anomalies in the Pacific (upper row), Atlantic (middle row), and Pacific—
Atlantic (bottom row) and rainfall anomalies in URSOL (see Figs. 6, 7, and 8) (w, warm; c, cold): CEER central and eastern equatorial
Pacific; SWTR, southwestern tropical Pacific; SWSA, southwestern subtropical Atlantic; EEQA, eastern equatorial Atlantic; NWTA, north-
western tropical Atlantic; WEQA, western equatorial Atlantic. The third column shows the years in which w, reaches the first three maxima
(first row) and minima (second row). The fourth column shows the absolute value of the first canonical correlation coefficient.

SST anomaly Sector and type of rainfall anomaly Year |
CEEP o SWTP W Centra Wet-Dry 1049, 1967, 1950 086
SWSA w, EEQA w,
SRt TR Joten weoy  LEITXE o
WEQA ¢, NWTA ¢
CEEP w, SWTP ¢, SWSA w,
EESD B TR weoy  LEImMEE o

EEQA ¢, WEQA ¢, NWTA ¢

some differences between corresponding valuesin Figs.
6-8. For example, when one considers the two oceans
together instead of separately, the sector with negative
and significant values is somewhat more developed in
the SPCZ region and more sharply defined in thetropical
Atlantic. Figure 8 also shows that h, has negative values
in the entire URSOL. The sector with significant values
isvery similar to that obtained with the SST anomalies
in the Pacific only. It appears, therefore, that SST anom-
aliesin the Pacific and Atlantic oceans tend to reinforce
one another in terms of their impacts on rainfall in UR-
SOL.

d. Discussion

Table 3 presents a summary of the results obtained
in this case. For the period November—February, the
most significant values of rainfall anomalies are in the
middle western subregion of URSOL for all configu-
rations of SST anomalies. A particular example of
agreement between our analyses and their observational
counterpart was 1972 (see Table 3), which had a strong
El Nifio event characterized by positive rainfall anom-
alies during November—February. Consistently, the
three configurations of SST anomalies indicate ‘‘ wet—
warm’’ relationships. On the other hand, 1976 was also
a year with positive rainfall anomalies during this pe-
riod, and no configuration of SST anomalies indicates
“wet"" relationships.

The links found between SST anomaliesin the Pacific
and rainfall anomalies in URSOL appear to be integral
components of relationships between ENSO and rainfall
in southeastern South America. The positive and sig-
nificant correlations between SST anomaliesin the east-
ern equatorial Pacific and rainfall in southeastern South
Americaduring the period November—February are con-
sistent with the findings of Ropelewski and Halpert
(1987, 1989) and Pisciottano et al. (1994). Our results
also show that SST anomalies in the southwestern trop-
ical Pacific are linked to rainfall anomaliesin URSOL.

This link is, at least in part, another component of
ENSO. Lau and Chan (1983), for example, showed that
ENSO is associated with an eastward displacement of
the SPCZ, which is consistent with the SST anomalies
we are considering.

Thelinks between SST anomaliesin the southwestern
Atlantic and rainfall anomalies in URSOL can also be
another manifestation of remote ENSO impacts. The
studies of Grimm and Silva Dias (1995) suggest that
remote effects of an eastward displacement of convec-
tion in the SPCZ can result in the enhancement of a
trough in southeastern South America. Casarin and
Kousky (1986) demonstrated that an anomalous trough
in southeast Brazil is associated with an enhancement
of convection in the SACZ, which is consistent with
episodes of rainfall anomalies in the region. The SST
anomalies in the southwestern subtropical Atlantic can
actually be the manifestation of complex perturbations
in the atmospheric and oceanic circulations associated
with ENSO. The precise mechanisms for connection
between atmospheric and oceanic anomaliesin the trop-
ical Pacific and Atlantic are not yet fully understood.
The oceanic region east of URSOL can be influenced
by the variability in the convergence between the warm
Brazil current flowing southward along the Brazilian
coast and the cold Malvinas current flowing northward
along the coast of southern South America. The precise
location of this convergence and of the boundary be-
tween warmer waters to the north and colder waters to
the south might have complex feedbacks with the south-
east extension of the SACZ.

The significance of the relationships between SST
anomaliesin the northwestern tropical Atlantic and rain-
fall anomalies in URSOL is also consistent with links
found by Enfield (1996) between the SST anomaliesin
the Pacific and Atlantic. The relationships between SST
anomalies in the equatorial Atlantic and rainfall anom-
alies in southeastern South America (SSA) are less ro-
bust. This is also consistent with the weak interannual



FEBRUARY 1998

DIAZ ET AL.

261

3 T T T T

265

285

2951

308 e

3184

o= i"
' \@?q

345

3554

50 55 60 65 70 75

36! T r T v - v v
80 SSO# 59W SBW 57W 56W S5W 54N 53W 520 51 SOW 49w  48W

ﬁ ‘\ \\\ Y : - -
a x‘m Py
. ! 0

I ;
- {
N

SO\l T Y
[B v
TR '
i \ :

'

~0.27

100E  120E  140E  160E 180

160W  140W

1200 100W  80W

Fic. 9. Asin Fig. 6 except for Oct-Dec.

variability in thetropical Atlantic suggested by the stud-
ies of Zebiak (1993).

A meaningful question raised by these results is
whether SST anomalies in the Atlantic contribute on
their own to rainfall anomaliesin URSOL. The answer
to this question seems to be on the affirmative, since
the absolute value of the correlation between u, and v,
(i.e., u,) increases from 0.86 (Pacific SST only) to 0.91
and 0.92 (Atlantic SST only and Pacific—Atlantic SST,
respectively). This is not unexpected since SST anom-
alies in the southwestern subtropical Atlantic might in-
fluence rainfall along the coastal region, where local
effects can reinforce and even sporadically overcome
remote effects. Another meaningful issue is whether
SST anomalies in the Atlantic, independent of ENSO,
contribute to rainfall anomalies in URSOL. Again, the
answer to this question seemsto be the affirmative, since

the years when both u, and v, peak (see Table 3) do not
necessarily coincide when we consider the two oceans
either separately or jointly.

6. Relationships between anomalies in rainfall and
SST: October—December

a. SST anomalies in the Pacific Ocean

In this case (see Fig. 9), the correlation between u,
and v, is 0.81, which implies that the patterns of SST
and rainfall anomalies associated with thefirst canonical
modes tend to have the same correspondence in sign as
g, and h,. Figure 9 shows that g, has positive values to
the north and negative values to the south of a north-
western—southeastern line across the Pacific Ocean.
There is a major sector with significant positive values
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significant at the 95% level.

in the northeastern tropical Pacific (NETP), and two
major sectors with significant negative values in the
southeastern tropical Pacific (SETP) (under the sub-
tropical high) and the SWTP Figure 9 also shows that
h, has positive values over practically the entire UR-
SOL. There are two sectors with significant values in
the northern and southwestern URSOL. These results
support the existence of wet (dry) rainfall anomaliesin
the northern and southwestern sectors of URSOL si-
multaneous with warm (cold) SST anomalies in the
NETP and cold (warm) SST anomalies in the SETP
sector and SPCZ region.

The correlation between u, and v, isaso highin this
case (0.75). Figure 10 shows that g, has mostly negative
values except for the southwestern Pacific. Most neg-
ative values in the tropical and northeastern Pacific and

most positive values in the southwestern subtropical Pa-
cific are significant. A band of large gradients of g,
extends from the SPCZ in a southeast direction to the
coast of South America. Figure 10 shows that h, has
negative values in the entire URSOL. Except for the
northernmost sector, all of these values are significant.
These results support the existence of dry (wet) rainfall
anomalies in almost the entire URSOL simultaneous
with cold (warm) SST anomalies in the tropical and
northern eastern Pacific east of about 160°E and warm
(cold) SST anomalies in the SPCZ region.

b. SST anomalies in the Atlantic Ocean

In this case (see Fig. 11), the correlation between u,
and v, is —0.82, which implies that the patterns of SST
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and rainfall anomalies associated with thefirst canonical
modes tend to have the opposite correspondence in sign
asg, and h,. Figure 11 showsthat g, has mostly positive
values. There are significant values in the southwestern
subtropical, southeastern equatorial, and northwestern

tropical sectors. In general, the sectors with significant
values are fairly similar to the SWSA, EEQA, and
NWTA obtained for the period November—February
with the SST anomalies in the Atlantic Ocean (see Fig.
7). Figure 11 also shows that h, has negative and sig-
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nificant values over URSOL, except along the southern
boundary of the region. These results support the ex-
istence of relationships between rainfall and SST anom-
alies similar to those found for the period November—
February.

c. SST anomalies in the Pacific and Atlantic oceans

In this case (see Fig. 12) the correlation between u,
and v, is 0.86, whose magnitude is larger than those
obtained for the individual ocean basins. Figure 12
shows that in the Pacific Ocean g, has negative values
north of about 15°S and predominantly positive values
south of that latitude. There are significant negative val-
ues of g, in the equatorial and northern Pacific (EQNP),
and significant positive values in the SPCZ and other
regions of minor extension. In the Atlantic, g, presents
negative values almost everywhere. Negative significant
values of g, appear in the SWSA and the NWTA. These
results are in fair agreement with those obtained for
October—December by using the SST anomaliesin each
ocean separately (see Figs. 9 and 11). Figure 12 aso
shows that h, has negative values over the entire region,
with significant values in Rio Grande do Sul and south-
western Uruguay. These results are consistent with wet
(dry) rainfall anomaliesin Rio Grande do Sul and south-
western Uruguay and simultaneous cold (warm) SST
anomalies in the SPCZ region, and warm (cold) SST
anomaliesin the equatorial and northern Pacific, aswell
as in the SWSA and NWTA.

d. Discussion

Table 4 presents a summary of the results obtained
in this case. As expected, these results are similar to
those obtained for the period November—February.
There is, however, one interesting difference between
the results for the two periods: the years with peaksin
the magnitude of v, obtained by using the SST anom-
alies in the Pacific and Atlantic do not necessarily co-
incide with those obtained for either v, or v, by using
SST anomalies in the Pacific only. SST anomalies in
the Atlantic, therefore, may contribute on their own to
rainfall anomalies in URSOL.

7. Relationships between anomalies in rainfall and
SST: April-July

a. SST anomalies in the Pacific Ocean

In this case (see Fig. 13), the correlation between u,
and v, is —0.81, which implies that the patterns of SST
and rainfall anomalies associated with thefirst canonical
modes tend to have the opposite correspondencein sign
as g, and h,. The pattern of g, is generally similar to
that obtained for the period October—December by using
the SST anomalies in the Pacific Ocean but with op-
posite signs (see Fig. 9). Figure 13 also shows that h,
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has positive values in the southern sector of URSOL
and negative values in the northern sector. The only
sector with significant values of h, is the northern half
of Rio Grande do Sul. A comparison between these
results and those shown in Figs. 6 and 9 suggests that
the impact of SST anomalies in the Pacific on rainfall
anomalies in URSOL moves north from November—
February to April-July.

These results support the existence of dry (wet) rain-
fall anomalies in the northern sector of URSOL simul-
taneous with warm (cold) SST anomalies in the south-
eastern tropical Pacific (SETP) and northern central Pa-
cific (NOCP), and cold (warm) SST anomalies in the
southeastern extratropical Pacific (SECP). We can spec-
ulate that cold SST anomalies in the southeastern ex-
tratropical Pacific are consistent with the development
of ablocking high near the west coast of South America
and that such a development prevents frontal systems
from reaching URSOL.

b. SST anomalies in the Atlantic Ocean

In this case (see Fig. 14), the correlation between u,
and v, is —0.80, which implies that the patterns of SST
and rainfall anomalies associated with thefirst canonical
modes tend to have the opposite correspondencein sign
as g, and h,. Figure 14 shows that g, has a pattern of
alternate signs as the latitude varies. The only sector
with positive and significant values is in the SWSA
eastward from URSOL. Figure 14 also shows that h,;
has negative values in amost the entire URSOL, of
which all except for those corresponding to the south-
ernmost sector are significant. These results support the
existence of relationships between wet (dry) rainfall
anomalies in the southern sector of URSOL and warm
(cold) SST anomalies in the SACZ region.

c. SST anomalies in the Pacific and Atlantic oceans

In this case (see Fig. 15), the correlation between u,
and v, is —0.79, whose absolute value is slightly smaller
than those obtained for the individual ocean basins. Fig-
ure 15 shows that g, has negative values in almost the
entire tropical Pacific and positive values south of 25°S.
There is a sector with negative and significant values
extending approximately around the Nifio3 region from
the northern subtropics to the western equatorial to the
southern tropical Pacific (NSST), which differs sub-
stantially from that obtained with the SST anomaliesin
the Pacific only (see Fig. 13). There are also smaller
sectors with positive and significant values of g, south
of 35°S. In the Atlantic, g, has negative values in the
Southern Hemisphere except along the African coast in
the subtropics. There are sectorswith small geographical
extent and significant negative values in the southern
subtropical and northwestern tropical Atlantic. Figure
15 also shows that h, has positive values over all of
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TABLE 4. October—December: Relationships between SST anomalies in the Pacific (upper row), Atlantic (middle row), and Pacific-Atlantic
(bottom row) and rainfall anomalies in URSOL (see Figs. 9, 11, and 12) (w, warm; c, cold): NETR northeastern tropical Pacific; SETR,
southeastern tropical Pecific; SWTR southwestern tropical pacific; SWSA, southwestern subtropical Atlantic; EEQA, eastern equatorial
Atlantic; NWTA, northwestern tropical Atlantic; EQNP equatorial and northern Pacific; SPCZ, south Pacific convergence zone; MTA, middle
tropical Atlantic. The third column shows the years in which w, reaches the first three maxima (first row) and minima (second row). The
fourth column shows the absolute value of the first canonical correlation coefficient.

SST anomaly Sector and type of rainfall anomaly Year ™
NETP w, SETP ¢, SWTP ¢ 1951, 1963, 1954
NETP ¢, SETP w, SWTP w Northern Wet-Dry 1971, 1948, 1947 0.81
SWSA w, EEQA w, NWTA w Northern Wet—Dr 1963, 1966, 1979 0.82
SWSA ¢, EEQA ¢, NWTA ¢ and central y 1956, 1971, 1954 :
SPCZ ¢, EQNP w, MTA w
NWTA w, SWSA w Northern Wet_Dr 1954, 1951, 1963 0.86
SPCZ w, EQNP ¢, MTA ¢ and central y 1956, 1948, 1971 ’
NWTA ¢, SWSA ¢
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URSOL. There is a sector with significant values in
northern Uruguay and southern Rio Grande do Sul, and
another with smaller extent in southwestern Uruguay.
These results support the existence of wet (dry) rainfall
anomalies in northern and southwestern Uruguay and

warm (cold) SST anomalies in the NSST. For this pe-
riod, therefore, the relationships between the simulta-
neous fields of SST anomalies and rainfall anomalies
in URSOL seem to weaken when both oceans are con-
sidered together for analysis.
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TABLE 5. April-July: Relationships between SST anomalies in the Pacific (upper row), Atlantic (middle row), and Pacific-Atlantic (bottom
row) and rainfall anomalies in URSOL (see Figs. 13, 14, and 15) (w, warm; c, cold): SETP, southeastern tropical Pacific; NOCP, northern
central Pacific; SECP, southeastern extratropical Pacific; SWSA, southwestern subtropical Atlantic; NSST, northern subtropics to the western
equatorial to the southern tropical Pacific. The third column shows the years in which w, reaches the first three maxima (first row) and

minima (second row). The fourth column shows the absolute value of the first canonical correlation coefficient.

SST anomaly Rainfall anomaly in URSOL Year [
SETP ¢, NOCP ¢, SECP w 1956, 1955, 1971
SETP w, NOCP w, SECP ¢ Northern Wet-Dry 1968, 1967, 1959 0.81
SWSA w ) ) 1973, 1954, 1959
SWSA ¢ Entire region Wet-Dry 1968, 1953, 1963 0.80
NSST w 1959, 1973, 1972
NSST ¢ Centrdl Wet-Dry 1950, 1975, 1962 0.92
d. Discussion extreme event of positive rainfall anomalies cannot be

Table 5 presents a summary of the results obtained
in this case. The sharp contrast between the patterns of
0, shown in Figs. 13 and 15 suggests that when SST
anomalies are considered simultaneously in both oceans,
the links between rainfall anomaliesin URSOL and SST
anomalies are weaker than when the oceans are consid-
ered separately. Table 2 shows that the fraction of vari-
ance explained by the first canonical vector for Atlantic
SST is, by far, the largest. This result suggests that SST
anomalies in the southwestern Atlantic Ocean have a
more direct influence on rainfall anomalies in URSOL
than the SST anomalies in the Pacific Ocean during
April-July. Such an influence is at work whether the
oceanic pattern shown in Fig. 14 is a consequence of
remote forcings or generated from phenomena local to
the Atlantic Ocean.

8. Two case studies of anomalous rainfall
a. The southern spring of 1970

In October—January 1970, precipitation was fairly
high in Uruguay (Pisciottano et al. 1994, see their Figs.
7aand 8a). Since 1970 was a high SO index year, below
median rainfall could be expected during October—De-
cember in Uruguay. Inspection of the first canonical
mode for the case of SST anomalies in the Atlantic
Ocean does not provide any guidance on this issue. On
the other hand, u, has its second maximum for 1970 in
the case of SST anomalies in the Atlantic Ocean during
November—February (see Table 3), which is consistent
with a warm—wet relationship. Again, the influence of
Atlantic SST anomalies appears to be a key factor for
the development of this event of anomalously high rain-
fall.

b. The southern fall of 1959

In April 1959, precipitation was extremely heavy in
almost all of Uruguay and southern Rio Grande do Sul.
One rainfall station recorded 943 mm, and the average
over severa stations in the region was around 500 mm.
Since neither 1958 nor 1959 were El Nifio years, this

thought of in the context of the influence of ENSO on
local rainfall. Table 5 shows that when we consider the
SST anomalies in the Pacific Ocean during April-July,
1959 has the third minimum of u,, which is consistent
with a “dry-warm” relationship between the SETPR,
NOCP and the northernmost region of URSOL and a
‘“dry—cold” relationship between the SECP and the
same region in URSOL. Nevertheless, if we consider
the SST anomalies in the Atlantic Ocean, 1959 has the
third maximum of u,, which is consistent with a wet—
warm relationship between the entire URSOL and a
sector of the Atlantic situated eastward from it (see Fig.
14). When we consider SST anomalies in both the Pa-
cific and Atlantic oceans during April-July, we find that
1959 has the absolute minimum of u,, which is consis-
tent with a wet—warm relationship between the rainfall
anomalies in the central sector of URSOL and SST
anomalies in the eastern Pacific off the equator and the
northwestern tropical Atlantic (see Fig. 15). Our results
suggest, therefore, that the episode of anomalously high
rainfall in URSOL during the southern fall of 1959 was
linked to SST anomalies in the Atlantic Ocean.

9. Conclusions

We have analyzed the mean precipitation and its
anomalies in a region of southeastern South America
that extends roughly east of 58.5°W, from 35° to 27°S.
This region comprises Uruguay and the Brazilian state
of Rio Grande do Sul. Our analyses were based on data
from 40 stations almost evenly distributed in the region.

We find that the distribution of total rainfall in the
region is fairly even throughout the year. On average,
the largest rainfall falls in September—October with a
secondary maximum in March-April, and the minimum
fallsin November—December. Local rainfall, on the oth-
er hand, has important spatial and temporal variability.
A principal component analysis of monthly rainfall re-
ported by stations shows that the largest variability ap-
pears as a west—east (inland—coastal) dipole with largest
positive departures from the annual mean in the west
during early fall and midspring, and in the east along
the Atlantic coast during winter. The second mode of
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rainfall variability appears as a south—north dipole with
the largest positive departures from the annual mean in
the south during late summer and late fall, and in the
north during early spring and early summer. The third
mode appears primarily as a north—south dipole along
the western boundary of the region, with the largest
positive departures from the annual mean in south-
western Uruguay during fall, and in northwestern Rio
Grande do Sul during early spring. These modes explain
60%, 19%, and 8% of the total variance. Five subregions
could be identified according to the local characteristics
of their annual rainfall cycle.

Our results confirm that rainfall anomalies in the re-
gion are linked with ENSO during November—February
and, to a lesser extent, during October—December. For
these two periods, it is apparent that rainfall anomalies
are also associated with SST anomalies in the SPCZ
and the SACZ regions. In October—December, there are
also links with the subtropical high region in the south-
eastern Pacific. For April-July, the linkswith ENSO are
at best indirect.

For November—February, the patterns of g, and h;
based on the SST anomalies in either the Pacific, At-
lantic, or Pacific and Atlantic oceans are remarkably
similar to each other. One can speculate as to whether
the SST anomalies in both oceans are primarily inde-
pendent of each other or if, in this period, the anomalies
in one of the oceans (presumably the Pacific) primarily
drive those in the other ocean. For the three periods
considered in this study, we found that some relation-
ships between SST anomalies in the Pacific Ocean and
rainfall anomalies in URSOL are in general agreement
with others reported by previous studies for selected
years, while other regions show an opposite behavior.
This result should be used with caution, since CCA is
alinear technique. Taking into account the proximity of
the Atlantic Ocean to URSOL, it isnot yet clear whether
some (or all) of the patterns of SST anomalies in the
Atlantic Ocean shown in this paper are the signature of
either global or regional features (or both). Thisconcern
is of particular relevance to the pattern of significant
SST anomalies found for the period April-July because
the strongest relationship between rainfall anomaliesin
URSOL and SST anomalies for this period were found
for the Atlantic Ocean.

In al periods considered in this study, we found that
rainfall variability in Uruguay and the Brazilian state of
Rio Grande do Sul is linked to SST anomalies in both
the Pacific and Atlantic oceans. This apparent associ-
ation between an atmospheric phenomenon and oceanic
phenomenain two oceans suggests several possible sce-
narios. First, both rainfall anomalies in the region and
SST anomalies in the southwestern subtropical Atlantic
can be the manifestation of complex perturbations in
the atmospheric and oceanic circul ations associated with
ENSO but are relatively independent of each other. This
seemsto be the case for the periods November—February
and October—December, when ENSO is in its mature
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phase. Second, events in the Pacific can produce a
lagged response in the Atlantic, which may become a
dominant contributor to rainfall anomaliesin the region
selected for this study. Thiswill depend on the strength
of teleconnections between the atmospheric circulation
in southeastern South America and the adjacent ocean
and the equatorial Pacific, which can vary during the
seasonal cycle. In this scenario, the impact of SST
anomalies in the Atlantic may be stronger, although the
existence of this oceanic feature ultimately depends on
the Pacific. Third, there can be SST anomalies in the
Atlantic that are independent of ENSO and that con-
tribute on their own to rainfall anomalies in URSOL.
One of the last two scenarios seems to apply in the
period April-July, when the Atlantic signal is stronger.
The underlying issue is the extent to which the two
oceans evolve independently, especially during the ex-
tremes of the Southern Oscillation. In these periods, our
results provide a strong motivation for further research
on the precise mechanisms for connection between oce-
anic anomalies in the Pacific and Atlantic, as well as
for production of operational SST forecasts of the cou-
pled atmosphere—ocean system in the Atlantic Ocean.
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