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ABSTRACT

Seasonal linear trends of precipitation from South American station data, which have been averaged onto
grids, are examined, with emphasis on the central continent. In the period 1976-99, the largest trend south of
20°S occurs during the January—March season, is positive, and is centered over southern Brazil. From 1948 to
1975 the trend is also positive, but with less than half the slope. The trend is not due to a systematic change
in the timing of the rainy season, which almost always starts before January and usually ends after March, but
rather results from an increase in the percent of rainy days, and an increase in the rainy day average. The
dynamic causes of the trend are not obvious. It does not appear to be accounted for by an increase in synoptic
wave activity in the region. The precipitation trend is related to a positive sea surface temperature trend in the
nearby Atlantic Ocean, but apparently not causally. The trend in the Atlantic seems to result from a decrease
in mechanical stirring and coastal upwelling associated with a decrease in the strength of the western edge of

the circulation associated with the South Atlantic high.

1. Introduction

This paper is areport on a study of observed precip-
itation trends in central South America. In particular,
we identify a positive wet season trend centered in
southern Brazil that seems to be quite robust. Central
South Americais of particular interest because it is the
most densely populated and agriculturally productive
region of the continent.

One of the main motivations for the research pre-
sented here is an apparent change that has occurred in
river discharge. Genta et al. (1998), using 30-yr-aver-
aged streamflows, found that flows have increased from
the 1960s through the end of the record in the mid-
1990s in the Parang, Paraguay, and Uruguay Rivers.
Together these rivers drain most of the La Plata Basin
of central South America. Robertson and Mechoso
(1998), using annual average discharges, found a
marked trend in the Parana and Paraguay Rivers, aswell
as evidence of decadal variability. They found that dis-
charge increased rapidly from about 1960 to 1980, and
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then leveled off until their end of record in 1992. They
noted that the trends appear to be coincident with trends
in global sea surface temperature (SST).

Importantly, incidences of flooding also appear to be
on the rise. This is the case, for example, at the river
gauging station at Corrientes, Argentina, which is lo-
cated just downstream of the confluence of the Paraguay
and Parana Rivers. Together, these rivers drain an area
of 2.6 million km?, stretching over much of central
South America east of the Andes Mountains, including
parts of Boliviaand northern Argentina, all of Paraguay,
and much of southeastern Brazil. The flow at Corrientes
is of particular interest because that point divides the
upper and middle Parana basins (Tossini 1959). The
upper basin lies mostly in areas with relatively steep
terrain, which promotes rapid runoff, while the middle
and lower basins are nearly flat and subject to extended
and damaging flooding. Water resulting in all the ex-
treme flooding events of the last century in the middle
and lower Parana basins fell as rainfal in the upper
basin (Camilloni and Barros 2003).

If aflooding event at Corrientesis defined asamonth-
ly flow anomaly of more than two standard deviations
above each month'’s climatol ogy, then there were almost
6 times as many flood months in the 20 yr from 1980
to 1999 as there were in the 60 yr from 1920 to 1979
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(Camilloni and Barros 2003). Thus, an examination of
rainfall trends in the region isin order.

While rainfall and river discharge are related, both
guantities contain unique information. River discharge
is an integrated quantity that yields the gross sense of
variations in rainfall, and its records tend to be long.
On the other hand, rainfall, with sufficient station den-
sity, can fill in details about regional variations. Further,
the temporal relationship between rainfall and flow can
vary, depending on many variables such as slope of the
terrain, size of the catchment, and type of soil (e.g.,
Chow et al. 1988). A further interesting difference be-
tween rainfall and river flow is that the percent change
in river flow tends to be amplified compared to that in
rainfall (Chiew et al. 1995; Berbery and Barros 2002).

Barros et al. (2000) pointed out that besides being
detrimental, trends in rainfall may be beneficial aswell.
They observed positive trends of precipitation over most
of Argentina from 1916 to 1991. While the increase in
catastrophic flooding of the low lands of the Parana
basin was noted, there has also been a westward ex-
pansion of agricultural activity in the semiarid zone of
Argentina.

2. Data

The basis of this study is a set of daily rainfall ob-
servations in South America from several different
sources (see the acknowledgments). The station records
have been quality controlled to some extent, initially by
the providers. Additional screening has eliminated sus-
pected multiday accumulations and unconfirmed daily
values higher than reasonable thresholds. These dataare
analyzed either as agroup of individual stations, or after
first averaging them onto grids of varying resolution.
Values at grid points are unweighted averages of all
stations within a radius in coordinate space of three
quarters of the resolution of the grid (e.g., points at a
grid spacing of 2.5° will include an average of all sta-
tionswithin aradius of 1.875° from the point). Therefore
some stations are included in the averages for two or
more grid points, resulting in aweak spatial smoothing.

Unless stated otherwise, observations from a station
are included if that station reported at least 4 yr of data
with no more than 33% missing values in available
years. A total of 5,825 stations met these requirements.
They have an average record length of 15 yr, with 6.1%
of datamissing in yearswith data. Although this method
results in the inclusion of different datain each period,
which is generally not recommended for trend studies,
the high density of stations minimizes any possible
problem. This claim is corroborated, as will be shown,
when trends are computed after averaging only nearly
complete series. In some areas station density increases
beginning in the mid-1970s; thus, the focus of this study
is 1976-99. In some key locations, however, plentiful
data extend back to the 1940s.

The analysis of rainfall is augmented by meteorol og-
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ical and SST fields from the National Centers for En-
vironmental Prediction—-National Center for Atmospher-
ic Research (NCEP-NCAR) 40-Year Reanalysis Proj-
ect. Satellite data were assimilated into the reanalysis
products from the late 1970s, which has improved their
accuracy, especially in the data-sparse regions of the
Southern Hemisphere (Mo et al. 1995).

3. Results
a. Precipitation climatology and trends

Figure 1 shows the January—March (JFM) climato-
logical precipitation total. The local maximum in the
southern Amazon is near its southernmost position in
the annual cycle, slightly north of the December—Feb-
ruary (DJF) position. The largest seasonal total is cen-
tered on the equator at the eastern edge of the continent.
This maximum is associated with the continental ex-
tension of the Atlantic intertropical convergence zone
(ITCZ). The South Atlantic convergence zone (SACZ)
is manifested as a broad band of increased rainfall ex-
tending southeastward from the precipitation maximum
in the southern Amazon basin.

The linear trend of JFM seasonal total precipitation
from 1976 to 1999 is shown in Fig. 2a. In this study,
trend is defined as the slope of the best-fit straight line
of the data at each grid point, and is computed by the
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Fic. 2. (a) linear trend in mm season—* of JFM total precipitation
from 1976 to 1979. Negative trends are indicated with both shading
and dotted contours. (b) Statistical ranking of observed JFM trend
compared with randomi zations (see text for explanation of technique).
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method of least squares. A spatially coherent center with
alarge positive trend is centered at 25°S, 50°W. A larger
area with a negative trend, roughly coinciding with the
north flank of the SACZ, isfarther north. In November—
January (NDJ) and especially in DJF (1976/77—
1998/99), both of which are not shown, the negative
trend near the SACZ is somewhat larger than in JFM,
while the trend in southern Brazil is largest of any 3-
month season during JFM.

To estimate statistical significance, 3-month JFM to-
tals for each of the years were randomly shuffled 999
times and the absolute value of the trend calculated at
each point for each randomization. Figure 2b showsthe
ranking of the absolute value of the observed trend rel-
ative to the randomizations. The one area of obvious
statistical relevance is associated with the positive trend
in southern Brazil, which is the area of focus in this
study. (Both DJF and NDJ show larger statistical rel-
evance in the region with a negative trend north of the
SACZ than is apparent in JFM.)

Figure 3a shows the monthly climatology of rainfall
in southern Brazil. Hereafter the southern Brazil index
is considered to be an average of values on a 1° grid,
including the grid points centered from 23°-29°S, 47°—
53°W. Precipitation peaks in January, followed by Feb-
ruary, December, and March.

In Fig. 3b the southern Brazil index for JFM is
plotted as a function of year. The linear trend is 7.9
mm season —*, which represents about a 40% increase
in the expected seasonal precipitationin 1999 relative
to 1976. The trend explains 35% of the variance. If
the outlying year of 1979 isremoved, the trend is still
6.7 mm season-*. The JFM seasonal trend results
largely from the months of January and February,
during which the monthly trends were 3.9 and 3.2 mm
season—t. The March trend is 0.2 mm season 1, while
that during December is —1.2 mm season—*—thus,
the present focus on the January—March season.

b. Characteristics of precipitation trend

The rainy season is of course made up of discrete
precipitation events. It is of interest to determine the
characteristics of the observed trend of increasing sea-
sonal precipitation in southern Brazil. That is, whether
there has been atemporal shift in the rainy season, more
days with recorded precipitation, increased amounts per
rain event, etc. For this part of the study we utilize data
from the 110 individua stations within a 2° radius of
25°S, 50°W that contain at least 20 yr of datafrom 1976
to 1999. During years with data (22 on average), 2.2%
of the observations were missing during JFM.

The use of individual stations rather than gridded av-
erages has the advantage of being able to record point
amounts rather than area averages, but the disadvantages
of unequal weighting of the area. The use of individual
stations weights the index toward southern S&o Paulo
state, which has a high density of stations. The average
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FiG. 3. (a) Climatology of monthly rainfall in southern Brazil (mm
month-1). (b) JFM rainfall (in mm season~*) in southern Brazil vs
year. Dashed curve represents linear, least squares fit.

of the stations exhibits a positive trend of 10.89 mm
per JFM season.

The standardized 24-yr-trends at each of the 110 sta-
tions, shown as a percent of that station’s standard de-
viation, are shown in Fig. 4. A total of 106 stations
exhibit positive trends, with an average value of 1.62
standard deviations.

Onset and end of the rainy season are determined by
Eqg. (1) of Liebmann and Marengo (2001):

day

A(day) = > [R(n) — R,

n=dayo

)

where R(n) is the daily climatological (or that of a
particular year) rainfall as a function of day of year, R
isthe annual mean daily rain rate, and day, isthe starting
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Fic. 4. The JFM trend for each of the 110 stations with at least
20 yr of data for the period 1976-99, expressed as a percent of each
station’s standard deviation. The stations are plotted in order of as-
cending elevation, which ranges from 5 to 1140 m.

day of the summation, generaly well within the dry
season. If in every region of interest the rainy season
is considered to be the period during which rainfall ex-
ceeds its climatological annual average, then a positive
slopeindicates the rainy season. Note that this definition
is local because it depends upon the climatology in the
area of interest.

Figure 5a shows a composite average of all years
relative to the onset and end of the rainy season. Each
year's time seriesis obtained by averaging over the 110
stations in southern Brazil. There is a dramatic change
of precipitation on the onset and end dates, indicating
that Eq. (1) is adequate for defining the onset and end
of the rainy season.

In Fig. 5b, daily rainfall, averaged over the southern
Brazil stations, for a few individual years are plotted
relative to onset. The driest JFM season of the record
is1979, 1995 isthe wettest, and 1992 representsa‘‘ typ-
ical”” season, although in some years there are larger
events prior to the onset of the rainy season than there
were during 1992. It is interesting that the driest year,
1979, is characterized by the largest events, at least
during the first 20 days of the rainy season (which occur
before January).

In southern Brazil the average onset date is 26 Oc-
tober, with a standard deviation of 50 days. Thus there
are only a few (four) seasons in which onset occurs
between January and March. The average ending date
is 9 April, with a standard deviation of 43 days. Al-
though in several years ending dates lie within JFM, the
trend of the end date is toward an earlier end, which
would reduce JFM totals. Therefore it appears that no
systematic shift in the timing of the rainy season is
responsible for the observed trend in southern Brazil
JFM rainfall.
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Fic. 5. (&) Composite onset (solid curve) and end (dotted curve)
from average of stations centered at 25°S, 50°W. Onset and end of
each year are composited with respect to day,. (b) Daily average
rainfall from stations for 1979 (dashed curve; driest JFM on record),
1992 (solid curve; near-average JFM), and 1995 (dotted curve; wettest
JFM on record). Year is that in which JFM lies.

There is a steady increase in the average daily rain
rate of about 0.08 mm day—* season—* during the rainy
season (defined each year by the varying starting and
ending dates). This appears to be the result of both an
increase in the number of days with rainfall during the
rainy season, and in the amount per event. Individua
stations are averaged for January and February for the
first (1976-81) and last (1994-99) 6-yr segments. In
each of the years considered, the rainy season has started
by 1 January. In all except two years (1981 with and
ending date of 26 February, and 1997 with an ending
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Fic. 6. Composite of 200-mb anomalies (from JFM 1976-99 av-
erage) based on 197 large rainfall events in southern Brazil. Rainfall
events are determined from an average of grid points in the same
area as described in the discussion of Fig. 3 (dot indicates center),
except that only stations with at least 20 yr of data from 1976 to
1999 were used in the computation of the gridded values. Events are
days with maximum precipitation of any excursion above 1 std dev
above the JFM climatology. Scaleisin geopotential meters. Negative
contours are dotted.

date of 24 February) the rainy season extended past the
end of February. From 1976 to 1981, on average over
al the stations, it was dry at an individual station on
52.2% of the days and the average rainfall on a rainy
day was 14.8 mm. From 1994 to 1999 it was dry 46.0%
of the days, with a rainy day average of 17.5 mm.

As a percent of rainy days, events of almost every
amount more than 12 mm increased during 1994-99 as
compared to 1976-81, including heavy, or ‘‘ extreme”
daily precipitation events. For example, in the average
of the early years there was an 18.3% chance during a
rainy day of a 100-mm event in January and February
at 1 of the 110 stations in a given year. During the later
6 yr the chances more than doubled, to 38.2%.

c. Synoptic forcing of precipitation in southern Brazil

Figure 6 shows the composite 200-mb anomalous
height pattern 1 day prior to large daily rainfall events
(defined in caption) in southern Brazil. The dominant
pattern appears to be that of a synoptic-scale wavetrain
propagating into the area from the Pacific Ocean. The
pattern is similar to that determined by other studies to
be relevant to the forcing of precipitation anomaliesin
the SACZ and downstream of the South American low-
level jet stream (e.g., Salio et a. 2002; Liebmann et al.
2004). The anomalies are weak, suggesting that while
this pattern is dominant, it is somewhat washed out due
to interevent variability. There are only subtle differ-
ences in the center of the low to the southwest of the
rainfall anomaly when either the first or last 6 yr of the
record are used in constructing composites.

Thetrend in 200-mb heightsis shownin Fig. 7, along
with an estimate of statistical significance. Thereislittle
to indicate a systematic deepening in the synoptic-scale
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FiGc. 7. (a) Linear trend of JFM average 200-mb geopotential height
from 1976 to 1999. Scale is in m season—*. Negative contours are
dotted. (b) Estimate of statistical significance of trend in (a). For
explanation of method of estimating significance see discussion of
Fig. 2b. Edge of plot is at 20°S.

trough upstream of southern Brazil. The largest and
most significant trends appear south of about 70°S,
where, according to the reanalysis, heights have sys-
tematically decreased. Marshall (2002) found little sup-
port for thistrend in adirect comparison with radiosonde
measurements, although the radiosondes are located
largely around the perimeter of the region in which the
reanalysis shows a trend. More recently, Marshall
(2003), using six surface stations to develop a proxy for
the equivalent barotropic Southern Hemisphere annular
mode, found the trend of a deepening polar low to be
stetistically significant and largest in summer (as op-
posed to that determined in the reanalysis, which in-
dicates it is largest during winter), with the most rapid
deepening occurring since the mid-1970s.

In an attempt to determine whether systematic chang-
es in the midlatitude storm track are implicated in the
observed trend in precipitation in the area of interest,
trendsin the 200-mb daily standard deviation (computed
for each JFM season) of geopotential heights and sea-
sonal averages of 850-mb daily heat flux anomalieswere
calculated (not shown). Both the upper-level standard
deviations and lower-level season average heat fluxes

JOURNAL OF CLIMATE

VoLuMmE 17

have increased along a zonal track near 50°-60°S, sug-
gesting an increase in either the strength or frequency
of stormsin the zonal direction. On the other hand, along
the equatorward-propagating track that affects rainfall
in the vicinity of the observed trend there is neither an
increase in the 200-mb standard deviation nor a signif-
icant correlation between variations of synoptic wave
heat fluxes and precipitation anomalies. Thus, from a
synoptic perspective, the cause of the trend is not ob-
vious.

d. Relation between southern Brazil precipitation
trend and SST

The simultaneous correlation between JFM southern
Brazil precipitation and SST is shown in Fig. 8. Cor-
relations with SST in the equatorial Pacific are small,
and thus the observed trend does not appear to be as-
sociated with the large and frequent El Nifios of the
1980s and 1990s. While El Nifio has been associated
with increased rainfall in southern Brazil and Uruguay
(e.g., Pisciottano et al. 1994; Grimm et al. 2000), its
influence changes rapidly from month to month (Grimm
2003) and overall is not strong during the JFM season.
Figure 9, which shows the simultaneous correlation be-
tween SST in Nifio-3.4 (see caption for index definition)
and rainfall for JFM, reveals only weak correlations
away from the equator, and positive correlations do not
improve when SST leads rainfall. Further, the 197699
trend in JFM Nifio-3.4 SST is only 0.005°C yr—1.

The SST that is best correlated with southern Brazil
precipitation lies in the Atlantic near the east coast of
Brazil, slightly north of the center of the rainfall trend.
If each year's data were temporally independent, the
probability of a correlation as large as that observed
occurring by chance is highly unlikely.

Doyle and Barros (2002) examined the relationship
between SST in the subtropical Atlantic and precipi-
tation in subtropical South America using a canonical
correlation analysis. During January, the maximum SST
loading is quite close to that shown in Fig. 8 (and is
farther east when DJF averages are used), but the in-
crease of precipitation coincident with warm SST is
centered farther south than the location with the largest
precipitation trend shown in this paper. The point of
maximum precipitation trend shown here is approxi-
mately at a node in the north—south pattern in precipi-
tation shown in Doyle and Barros (2002).

Figure 10a shows the linear trend in JFM SST from
1976 to 1999. A positive trend in the same area as the
positive interannual correlation shown in Fig. 8 seems
to be statistically relevant (Fig. 10b). The area with a
positive trend is not of large enough scale to be revealed
prominently by an empirical orthogonal function (EOF)
analysis of the entire basin (e.g., Venegas et a. 1997).
It is not clear whether the observed correlation is in-
dicative of an interannual relationship between rainfall
and SST, or whether it is caused by a coincident trend
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Fic. 8. Simultaneous correlation between JFM SST and gridded southern Brazil rainfall index. Positive correlations
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in both fields, effectively reducing the degrees of free-
dom to 1.

A reexamination of the rainfall record reveals that,
unlike most available South American data, there are
several dozen stationsin the ** southern Brazil” areathat
have nearly continuous records from 1948 (when the
SST data begins) through 1999. Figure 11a is similar

JFM Nino 3.4 SST versus precipitation
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Fic. 9. Simultaneous correlation between JFM SST in Nifio-3.4
(5°N-5°S, 170°-120°W) and precipitation for the period 1976-99.
Negative correlations are indicated with both dotted contours and
shading.

{13074

0.6

to Fig. 3b, except that the period is longer and that only
stations with at least 48 yr of data between 1948 and
1999 were included in the gridded fields from which
the index was computed. In total, 41 stations, with an
average record length of 50 yr, qualify, and those sta-
tions have missing observations during JFM on an av-
erage of 1.8% of days. (The correlation between the
original gridded and modified JFM indicesis 0.97; here-
after, the modified version will be used as the southern
Brazil index.) For the period 1948-99 (1976-99), 38
(40) of 41 stations show a positive trend with an average
trend of 0.91 (1.7) standard deviations per 52 (24) sea-
sons.

Figure 11a shows a dramatic change in the precipi-
tation trend between the 1948-75 and the 1976-99 pe-
riods. The trend increased from 2.7 mm season—* yr-*
in theformer to 7.5 mm season—* yr -t in the later period.
(The 1948-99 trend was 2.4 mm season* (yr—1).) Fur-
ther, the trend in the later period explains 31% of the
seasonal variance, compared to 12% in the early period.

The division of the record into pre-1976 and post-
1975 was chosen because in certain areas the number
of stations increases in the mid-1970s. When the Solow
change point model (Solow 1987) was applied to the
time series, however, the change point in the series was
identified with 95% certainty as occurring near 1978.
Thus the original choice of segments appears to be for-
tuitous.

The large fraction of the precipitation in the area of
southern Brazil with the trend fallsinto the Iguaz( basin,
which is a tributary of the Parana River. As a cross-
validation, it is of interest to compare rainfall with river
discharge of the Iguaz(i near the confluence of the Pa-
rana. Figure 11b shows such discharge rates for JFM,
which have been *‘naturalized”’ to remove variations
caused by storage. Although Berbery and Barros (2002)
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showed that there tends to be a month’s delay between
peak rainfall and peak discharge, in a small basin like
the Iguazli the delay is expected to beless. Thedischarge
record shows a qualitatively consistent pattern with that
in rainfall: an upward trend during both periods, but
larger during the later part of the record. It isinteresting
that during 1976-99 mean precipitation has increased
by 35% (along the trend line), while discharge increased
by 161%. This amplification of discharge compared to
rainfall has been noted in other basins of South America
by Berbery and Barros (2002).

A discharge trend similar to that of the Iguaz(i River

is observed in the upper Parana basin (not shown), even
though most of the contributing basin is on the western
fringe of the area that exhibits the largest rainfall trend.
The trend in the Parana is similar in that in the Iguaz(
in that it is positive in both segments, but nearly double
in the later segment as compared to the first. Owing to
a larger basin, however, the best similarity occurs with
a 1-month delay (February—April). These observed
trends appear to be consistent with the findings of Rob-
ertson and M echoso (1998), who found nonlinear (larger
in the post-1950 part of the record) positive trends in
both the Parana and Paraguay Rivers. An exact com-
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(a) JFM rainfall in southern Brazil versus year
gridded data from stations with at least 48 yr record
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parison is impossible, however, because the period of
study was different and they examined annual mean
discharges.

Figure 11c is equivalent to Fig. 11a except that the
quantity plotted is an index of SST centered on the area
of maximum correlation shown in Fig. 7. The figure
displays a trend that is qualitatively similar to the rain-
fall trend; the trend is larger from 1976 to 1999 than
from 1948 to 1975 (0.045°C yr—* versus 0.022°C yr 1),
and explains more variance in the later period (45%
versus 15%).

While the coincidence of the timing of the trends in
the two time series does suggest the possibility of a
cause-and-effect relationship (or of a mutual cause), it
is difficult to make a case with essentially 2 degrees of
freedom. It can be argued that if there is an interannual
relationship aside from the trend, and then if thereisa
trend in the causal field, it should result in a trend in
the respondent field. The simultaneous correlations be-
tween rain and SST during the first and second periods
are 0.61 and 0.57, and the correlation over the entire
period is 0.62, but these calculations still include the
trends in both SST and rainfall.

Figure 12 shows the simultaneous, SST leading (by
1 month) and SST lagging correlations for each 21-yr
segment of the record, but with the trend removed from
each segment. The correlations are always positive, with
generally larger magnitudes when SST lags rainfall. By
no means are all the segments independent, but the fact
that the correlation for almost every segment exceeds
the 95% level for a two-sided t test when SST lags
rainfall supports a hypothesis that the two trends are
linked by more than coincidence.

Figure 13a shows JFM average low-level wind vec-
tors for 1976-81. Northeasterly winds prevail in the
region of the observed SST trend, which are associated
with the South Atlantic high. The difference (1994—-99
minus 1976-81) reveal s a weakening of the mean winds
around the periphery of the high (Fig. 13b), where mean
winds are strongest. A local maximum in wind speed
decrease islocated near the maximum in SST trend. The
weakening of the wind seemsto be somewhat consistent
with an EOF analysis of sea level pressure over the
South Atlantic by Venegas et a. (1998). By using anom-
alies from monthly means they found a mode that de-
scribes variations in the strength of the South Atlantic

—

Fic. 11. JFM rainfal (in mm season—') from gridded southern
Brazil rain index, modified such that only stations with at least 48
yr data from 1948-99 were included in the gridded fields from which
index was made, vsyear. Filled circlesrepresent years 1948-75. Filled
squares represent years 1976-99 (which is the same period shown in
Fig. 3b). Dashed curves represent linear, least squares fits for seg-
ments for 1948-75, 1976-99, and 1948-99. (b) As in (a) except
ordinate is average JFM discharge at Salto Caxias, on the Iguaz(
River, near the confluence with the Parana. (c) Asin (a) except that
ordinate is an index of average SST (21.9°-27.6°S on a Gaussian
grid, 28.2°-41.2°W).
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Brazil rainfall and southwest Atlantic SST indices. Each 21-yr seg-
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tion, filled circles depict SST lagging by 1 month (FMA), and crosses
depict SST leading by 1 month (DJF). Horizontal line represents 95%
level of statistical significance, using a two-sided t test with 19 de-
grees of freedom.

high. This mode exhibits a negative trend beginning in
about 1976, although the series ends in 1992 and the
last few years are not indicative of a trend.

The observed increase in SST is qualitatively con-
sistent with the observed change in wind in a number
of different ways. A reduction in speed will reduce evap-
oration at the surface and mixing above the thermocline.
Reduced mixing will reduce entrainment at the ther-
mocline. Both of these processes will result in warmer
SSTs than in seasons with stronger mean winds. Fur-
thermore, the mean wind is parallel to the coast, and so
the net Ekman transport is away from the coast, causing
coastal upwelling and surface cooling. The Ekman
transport is lessened along with a reduction in mean
winds, resulting in warmer SST.

4. Summary and conclusions

There has been alarge positive trend in southern Bra-
zil precipitation during JFM from 1976 to 1999. It is
more than twice as large as the trend from 1948-75,
although that too is positive. The trend is largest in the
months of January and February. From 1976 to 1999
the trend results from an increase in the number of days
with precipitation and from larger amounts per precip-
itation event, and not from a change in the timing of
the rainy season. Consistent with this, the number of
extreme events (defined here as events of more than 100
mm in 1 day) at stations more than doubled in the last
6 yr of the period compared to the first 6 yr.

As with much of southern South America, the dom-
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inant upper-level height pattern associated with rainfall
in the area of the observed trend is one of awave train
curving northward around the Andes from the midlat-
itudes of the Pacific. There is no obvious strengthening
of the wave train during the period of record; in fact,
there is a zonally oriented increase to the south of the
continent.

In the subtropical southwestern Atlantic Ocean there
isatrend in SST that appears to be related to the trend
in rainfall. It too displays a marked increase in the trend
from 197699 compared to 1948-75.

When the trend is removed from each overlapping
21-yr segment the correlations are always positive, sug-
gesting that since there is arelationship between rainfall
and SST in the absence of a trend, then a trend in one
field will be related to a trend in the other. The rela-
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tionship is generally strongest when SST lags rainfall
by 1 month (JFM rainfall versus FMA SST). In thiscase
the 21-yr segments explain between 15% and 55% of
the variance, and all but four of the segments are judged
to be statistically significant.

A comparison of surface winds for JFM 1976-81 and
1994-99 shows that the winds associated with the South
Atlantic high have weakened with time, including winds
abovethe areawith astrong positivetrend in SST. Weak-
ened surface winds above the SST should result in an
increase in SST.

We speculate that the SACZ has shifted slightly
southward with time (a negative trend, not statistically
significant, on the northern flank, and a positive trend
on the southern flank). A southward movement of the
mean position of the SACZ would reduce cloudiness at
the point of the SST trend, leading to warming by in-
creased solar insolation as well.

Finally, it appears that the southward shift of the
SACZ has influenced both rainfall and SST, rather than
the rainfall anomalies directly forcing SST through a
change in circulation. One may further speculate that
changes in the position or strength of the South Atlantic
high are the cause of the southward shift of the SACZ,
but the dynamical origins of the SACZ are still open to
debate (e.g., Kodama 1993; Figueroa et al. 1995; Lieb-
mann et al. 1999).
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