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Abstract: In this study, precipitation in Tropical South America in the 1931-2016 period is inves-
tigated by means of Principal Component Analysis and composite analysis of circulation fields.
The associated dynamics are analyzed using the 20th century ERA-20C reanalysis. It is found
that the main climatic processes related to precipitation anomalies in Tropical South America are:
(1) the intensity and position of the South Atlantic Convergence Zone (SACZ); (2) El Nifio Southern
Oscillation (ENSO); (3) the meridional position of the Intertropical Convergence Zone (ITCZ), which
is found to be related to Atlantic Sea Surface Temperature (SST) anomalies; and (4) anomalies in
the strength of the South American Monsoon System, especially the South American Low-Level Jet
(SALLY)). Interestingly, all of the analyzed anomalies are related to processes that operate from the
Atlantic Ocean, except for ENSO. Results from the present study are in agreement with the state of
the art literature about precipitation anomalies in the region. However, the added strength of the
longer dataset and the larger study area improves the knowledge and gives new insights into how
climate variability and the resulting dynamics are related to precipitation in Tropical South America.

Keywords: rainfall; tropics; principal component analysis; ENSO; monsoon; SACZ; convergence zone;
ERA-20C

1. Introduction

In Tropical South America, hydrological extremes were more frequent in the last
two decades, with a myriad of negative economical, ecological, and societal effects [1,2].
Extreme hydrological events, characterized as “once in a century”, were reported in the
Amazon region in the past few decades [2]. Precipitation anomalies in the area are related
to climate variability, which is complex and influenced by several geographical features,
such as the prominent orography of the Andes cordillera, the sea surface temperature (S5T)
of the Pacific Ocean, the Atlantic Ocean, and the Caribbean Sea. Furthermore, the region is
located in both the Southern Hemisphere (SH) and the Northern Hemisphere (NH).

The large variability of precipitation in Tropical South America also results from the
superposition of several large-scale phenomena that act on different time scales [3]. The
Intertropical Convergence Zone (ITCZ) is the main driver of precipitation seasonality in the
region [4]. Over land, the ITCZ is located in the summer hemisphere (on average), but its
position over sea and associated precipitation are influenced by SST anomalies [5], which
may favor an annual average ITCZ position north of the equator.

A mode of climate variability that widely affects the region is El Nifio Southern Oscil-
lation (ENSO). Both its warm (El Nifio) and cold (La Nifia) phases were linked to positive
and negative precipitation anomalies in different regions in Tropical South America [6-14].

A monsoonal circulation is present in Tropical South America, mainly during austral
summer [15]. This is so important for precipitation in the region that climatologists describe
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the climate of Tropical South America as monsoon-like [3]. The so-called South American
Monsoon System (SAMS) is characterized by intense precipitation during the warm season
in a region over Central Brazil and Bolivia, which is connected to the Atlantic ITCZ and
extends into the South Atlantic Convergence Zone (SACZ). Recent studies have found
evidence that the SAMS is changing [16]; and [17] found a reduction of the wet season over
the central and southern Andes of Peru. These results suggest a weakening of the SAMS.
The South American Low-Level Jet (SALL]J) plays an important role in the SAMS [15,18].
The SALL]J transports moisture southward from the Amazon region along the eastern
slopes of the Andes [19], leading to the frequent formation of mesoscale convective systems
over the La Plata river basin [20].

Past research, focusing on identifying the causes of extreme drought and flood events
in Tropical South America, has linked these extremes to SST variability through climate
indices [2,21-23]. Research was also performed to understand the dynamics involved in
extreme precipitation and how circulation influences the climatic features in the different
sub-regions of Tropical South America [24-28]. Teleconnections play an important role
in the region. Extra-tropical processes can influence rainfall in the tropics, which makes
it important to consider a larger spatial domain than just the sub-regions. Furthermore,
even though it was recognized in the past that processes that vary on decadal or longer
time scales are important for precipitation in the region [29], studies usually focus on the
relatively short period, 1979 to present, which does not allow for a definitive comprehension
of such long-term variability. Therefore, the objective of the present study is to study the
teleconnections and dynamics related to precipitation anomalies in Tropical South America
over a longer period, using precipitation and circulation data for 1931-2016.

Our paper is structured as follows: Section 2 (Data and Methods) describes the data
and methods we used in the present study; Section 3 (Results and Discussion) is devoted to
the analysis and discussion of our results, with four subsections, one for each of the first
four Principal Components for the Global Precipitation Climatology Centre (GPCC) dataset
and their relationship to circulation patterns; finally, Section 4 (Conclusions) summarizes
our findings and highlights the new insights obtained because of the temporal and spatial
extension of the used dataset.

2. Data and Methods
2.1. Data

The GPCC Full Data Monthly Product Version 2018 at 0.25° resolution is used for
monthly precipitation [30]. This is an observation-based gridded dataset for precipitation
over land, which covers the period 1891-2016. The rain gauge database used for GPCC
has more than 85 thousand stations around the globe. The GPCC has a great capacity to
assemble, quality assure, and analyze rain gauge data, the combination of these capacities
and their extensive dataset makes it the best possible observational, gridded monthly land
surface precipitation dataset worldwide [31]. Furthermore, among the GPCC datasets,
the Full Data Monthly Product is the most suitable to analyze the historical global precip-
itation and teleconnections [30]. From this product, a spatial subset was taken to study
precipitation anomalies in Tropical South America. The region of interest is defined within
28° Sto 15° N and 85° W to 33° W. The number of stations per grid cell is used to evaluate
the reliability of the information over the study area. Before 1931, there were too few
stations in the region, mainly over the Amazon and the Andes (Figure S1). Therefore, the
study period is limited to 1931-2016. The monthly average precipitation in Tropical South
America within each season (i.e., December—January-February (DJF), March-April-May
(MAM), June-July—-August (JJA), and September—October-November (SON)) for the years,
1931-2016, is shown in Figure 1.
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Figure 1. Monthly average precipitation within each season for the 1931-2016 period: (a) December—
January—February (DJF); (b) March-April-May (MAM); (c) June-July—August (JJA); and (d) September—
October-November (SON). Data from the Global Precipitation Climatology Centre (GPCC) Full Data
Monthly Product Version 2018 at 0.25° resolution.

To evaluate the relationship between precipitation anomalies and atmospheric dynamics,
we used the atmospheric reanalysis of the 20th century, ERA-20C, which runs from 1900
to 2010 [32]. More specifically, we used the monthly means of daily means of zonal wind
velocity (u), meridional wind velocity (v), and specific humidity (q), all at 850 hPa, the
potential vorticity (PV) at 350 K, the vertical velocity (w) at 700 hPa, and the vertical integral of
divergence of moisture flux (VIDMF). The data were downloaded at 0.25° spatial resolution.

To evaluate teleconnections between precipitation anomalies and SST anomalies, we
used the climate indices, Nifio 1 + 2 (0°-10° S, 90° W-80° W) and Nifio 3.4 (5° N-5° S,
170° W-120° W), for the tropical Pacific SST-anomalies and the Tropical Northern Atlantic
(TNA) (25° N-5° N, 55° W-15° W), and the Tropical Southern Atlantic (TSA) (0°-20° S,
30° W-10° W) indices for the tropical Atlantic SST-anomalies. Nifio 1 + 2 and Nifio 3.4,
running from 1870 to the present, are based on the Hadley Centre Sea Ice and Sea Surface
Temperature dataset (HadISST1) and are available from the Met Office Hadley Centre [33].
The TNA and TSA indices [34] were calculated from the ERA-20C reanalysis SST-fields for
the years 1931-2010. To calculate a SACZ index we used the monthly gridded Outgoing
Longwave Radiation (OLR) data, downloaded from the NCEP/National Ocean and Atmo-
spheric Administration (NOAA) [35]. These data have a 2.5° spatial resolution and cover
the 1979-2022 period. The method to calculate the SACZ index is described in [36].

2.2. Methods

To extract the leading modes of precipitation variability in Tropical South America,
Principal Component Analysis (PCA) was performed on the precipitation data after re-
moving the time—mean yearly (seasonal) cycle. The method consists of calculating the
covariance matrix of the deseasonalized precipitation field, and its eigenvalues and eigen-
vectors. The projection of the precipitation field onto the eigenvectors provides the Principal
Component (PC) time series. The spatial patterns, shown in Figure 2, are the spatial repre-
sentations of the eigenvectors [37]. These maps correspond to the positive phase of the PCs,
which shows the pattern of precipitation anomalies in the study area for positive values of
each PCA more detailed explanation of the PCA can be found in [38].
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Figure 2. Spatial pattern of the positive phase of the four leading normalized principal components,
based on the deseasonalized monthly precipitation from the GPCC dataset for the period 1931-
2010. Blue colors are related to positive precipitation anomalies; red colors are related to negative
precipitation anomalies. (a) PC1, (b) PC3, (c) PC3, and (d) PC4.

To plot the maps corresponding to the PCs, the eigenvectors were normalized (divided
by the maximum of the absolute value). This was necessary because annual precipitation
varies in a wide range in the region (<100 mm yr~'->10,000 mm yr—!). The anomalies of
the composites of the circulation fields for the 10 years with the maximum and minimum
magnitudes of the PC time series were analyzed to determine the spatial patterns related to
the precipitation anomalies revealed by the PCs. These anomalies were calculated using
1931-2016 as the base period. Finally, correlations between the PC time series and the
climate indices were calculated to determine the role of SST-anomalies on the principal
modes of precipitation variability.

3. Results and Discussion

The spatial pattern for the positive phase of the four leading PCs of the deseasonalized
precipitation for tropical South America is depicted in Figure 2. These four PCs explain
8.84%, 5.86%, 4.50%, and 3.30% of the total variance in the data. In total, this is 22.5%.
This is a large percentage in view of the fact that there are as many PCs as grid cells, i.e.,
35,700. Hence, the other 77.5% variance is explained by the remaining 35,696 PCs. Positive
values (the blue colors in Figure 2) are related to positive precipitation anomalies, whereas
negative values (red colors) are related to negative precipitation anomalies. This section is
devoted to determining the circulation patterns and the associated physical mechanisms
that explain the anomalies revealed by these four principal components.

3.1. First Principal Component: South Atlantic Convergence Zone (SACZ) Intensity

The positive phase of the first PC displays positive precipitation anomalies over east-
ern Brazil (20° S-3° S; 50° W—40° W) (Figure 2a). Negative precipitation anomalies are
observed close to the equator, in the northern Peruvian Amazon, eastern Colombia, south-
ern Venezuela, Guyana, Suriname, and French Guiana. Positive precipitation anomalies are
found roughly in the area affected by the SACZ. The magnitude of the first PC is usually
higher in austral summer and fall, when the SACZ is active (Figure 3a). Therefore, it is
likely that the first PC is related to anomalies in the SACZ intensity.
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Figure 3. (a) Boxplot of the normalized magnitudes of PC1 month by month (horizontal axis);
(b) Same but for PC2; (¢) Same but for PC3; (d) Same but for PC4.

In a study, using data for Brazil only, [39] found similar precipitation anomalies for the
intense mode of the SACZ as the ones shown in Figure 2a, and precipitation anomalies with
a similar pattern and opposite sign for the weak mode of the SACZ. In the aforementioned
study, it was also found that the intense and weak modes of the SACZ are related, respectively,
to westerly and easterly low-level wind anomalies in central South America.

Positive phase composite Negative phase composite [mm day ~]

20 oLl oot

15gkg 'ms!

Figure 4. (a) DJF anomalies of the composite corresponding to the composite of the 10 years with the
maximum magnitude of PC1. Arrows indicate moisture flux at 850 hPa and colors indicate vertical
integral of divergence of moisture flux; (b) As in (a) but for the 10 years with the minimum magnitude
of PC1. Note that blue colors indicate moisture flux convergence and red colors indicate moisture
flux divergence. Anomalies are defined as the deviation from the average for the period, 1931-2010.
Data from ECMWEF ERA-20C reanalysis.

Figure 4 shows VIDMF anomalies for the DJF composites for the 10 years with the
maximum and minimum magnitudes of PC1. For all of the composites in the present
section, strong El Nifio events (1982/1983 and 1997/1998) and strong La Nifia events
(1973/1974 and 2007 /2008) are neglected, as they contaminate the analysis. The positive
phase shows low-level westward moisture flux anomalies (arrows in Figure 4a), including
a cyclonic moisture flux anomaly over Southern Brazil, that are characteristic of the intense
mode of the SACZ. The VIDMF anomalies (the shading in Figure 4a) show positive and
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negative VIDMF anomalies that match both the precipitation anomaly pattern of the
positive phase of PC1, shown in Figure 2a, and the results of [39].

The hypothesis that PC1 is related to the SACZ intensity is also confirmed in Figure 4b,
which displays the anomalies for the DJF composites for the 10 years with the minimum
magnitudes of PC1. The low-level westward moisture flux anomalies over Eastern Brazil
penetrate westward into the region located around the Bolivia-Brazil border; this charac-
terizes the weak mode of the SACZ. A cyclonic moisture flux anomaly is observed over
central-west Brazil, centered at 10° S, where positive precipitation anomalies are expected
for the weak mode of the SACZ.

Further confirmation of PC1 and its relation to the SACZ intensity was found when
the PC1 timeseries was correlated with the OLR-based SACZ index described in Section 2.1.
We found a correlation coefficient equal to 0.69.

All of this evidence demonstrates that the pattern shown in Figure 2a is related to
the intensity of SACZ, as not only the associated circulation anomalies shown in Figure 4
resemble previously described states of the SACZ, but also the SACZ index is highly
correlated to the PC1 timeseries.

Besides the longer record used in the present study, compared to [39], the more
extensive study area reveals the effects of the SACZ strength outside Brazil. The intense
positive phase is related to precipitation deficits in the northern Peruvian Amazon, eastern
Colombia, southern Venezuela, Guyana, Suriname, and French Guiana. The opposite is
true for the intense negative phase. Positive precipitation anomalies in relation to the
negative phase of PC1 are also observed over southern Paraguay, within the La Plata basin
(Figure 2a), where the main source of precipitation is the moisture flux from the Amazon
by the SALL]J [40].

In [41], they found that, indeed, the intense mode of SACZ is related to a weaker
SALL]J. This is verified in Figure 4a, which shows weak southward moisture flux anomalies
over Northern Brazil related to the intense mode of SACZ, while northward moisture flux
anomalies over eastern Bolivia and Paraguay indicate a weaker SALLJ, which is associated
with less moisture convergence, and hence negative precipitation anomalies over the La
Plata river basin. The time series of the first PC is shown in Figure 5a. Extremes of the
amplitude of this PC are revealed as spikes and hence have a relatively very short time
scale, as variation in the intensity of the SACZ.

_ W i L*ﬂ"" F ity ;MWWW WWW @ J il MJ il
-ﬁrm v WWMM‘;MW 4 A i

Figure 5. (a) Normalized PC1 time series; (b) Normalized PC2 time series. Blue labels indicate El
Nifio events and red labels indicate La Nina events; (¢) Normalized PC3 time series; (d) Normalized
PC4 time series. The PC time series is normalized such that the maximum value is +1.
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3.2. Second Principal Component: ENSO

The time scale of the extremes of the amplitude of PC1 (Figure 5a) is in contrast to
the time scale of the fluctuations of extremes in the amplitude of PC2, shown in Figure 5b.
This PC is associated with ENSO, which is characterized by fluctuation in these observed
time scales. The correlation coefficient of the amplitude of the second PC with the Nifio 3.4
index is 0.49. Extreme positive values of the amplitude of PC2 are associated with El Nifio,
while extreme negative values are associated with La Nifia. The strongest El Nifio events of
1982/1983, 1997 /1998, and 2015/2016 are easily recognizable in the graph in Figure 5b.

The positive phase of the second PC (Figure 2b) shows positive precipitation anomalies
over the coastal plains of Ecuador and Northern Peru, within the La Plata basin in Paraguay,
and in southern Brazil and northern Argentina. Negative precipitation anomalies are ob-
served over the northern Amazon basin (in northern Brazil, Guyana, Suriname, and French
Guiana), and in the northern coastal region of Colombia. This precipitation anomaly pattern
corresponds to known precipitation anomalies associated with El Nifio. The negative phase
of the second PC corresponds to La Nifia, which is associated with anomalies over the same
areas as for El Nifio, but of an opposite sign; i.e., negative precipitation anomalies over the
coastal plains of Ecuador and Northern Peru, positive precipitation anomalies over the
northern Amazon basin, and over the northern coastal areas of Colombia.

Indeed, past research has shown that El Nifio is related to positive precipitation
anomalies in coastal Ecuador and northern Peru [6,7,42,43]. Others [8] have also found a
relationship between El Nifio and positive precipitation anomalies in the La Plata basin, in
relation to an intensification of the subtropical jet stream in the Southern Hemisphere and
an increased southward flux of moisture when El Nifio conditions prevail [23]. The authors
of [11] studied the connection between ENSO and precipitation within the La Plata basin
and also found that El Nifio is strongly associated with positive precipitation anomalies,
centered around the triple border between Paraguay, Argentina, and Brazil, within the La
Plata basin (Figure 2b).

El Nifio was also associated with drought in the Amazon [2,12] and with negative
precipitation anomalies in the Choco region in western Colombia [44]. The latter is ex-
plained by the weakening of the Choco low-level jet, the Caribbean low-level jet, and the
suppressed convergence of wind over tropical South America [45].

3.3. Third Principal Component—Meridional shift of the Atlantic ITCZ and SACZ

The positive phase of the third PC (Figure 2c) shows negative precipitation anomalies
north of the equator and over south-eastern Brazil (10° 5-22° S; 50° W—40° W). In between
these areas, between the equator and 10° S, over the western Amazon basin, positive
precipitation anomalies are observed.

Figure 3c shows that the third PC has the largest amplitude in the wet DJF and MAM
seasons. To obtain insight into the dynamics related to this spatial precipitation anomaly
pattern, composites of anomalies of VIDMF for DJF and MAM were calculated for the
10 years, with the maximum and minimum magnitudes of the amplitude of PC3 (Figure 6).
The anomalies related to the positive phase of PC3 are displayed in Figure 6a,c. Both show
a moisture flux convergence-pattern that explains the precipitation anomalies portrayed
in Figure 2c. The positive phase of PC3 is characterized by more (less) moisture flux
convergence south (north) of the equator. This pattern extends from land to the tropical
Atlantic Ocean. The opposite pattern of moisture flux convergence is observed in the
negative phase, shown in Figure 6b,d. Especially in DJF, a similar dipolar moisture flux
convergence pattern is observed over the area where the SACZ is located (Figure 6a,b).

Based on these results, it is hypothesized that PC3 is related to simultaneous merid-
ional shifts of the ITCZ and the SACZ. In order to test this hypothesis, composites of
the zonal average of the vertical velocity, w, at 700 hPa, between 80° W and 15° W, are
constructed for the 10 years with the maximum and minimum magnitudes of the PC3-
amplitude. The El Nifio and la Nifia years are discarded. The composites are calculated
for austral fall (MAM), which is the time of the year when the ITCZ migrates from the
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Southern to the Northern Hemisphere, and hence anomalies in the meridional position of
the convergence zones, especially of the ITCZ, would be most noticeable.

DJF Positive phase composite DJF Negative phase composite

I
y
100w 80w 60W 40W 20w

Figure 6. (a) DJF anomalies of the vertical integral of divergence of moisture flux corresponding to
the composite of the 10 years with the maximum magnitude of PC3; (b) As in (a) but for the 10 years
with the minimum magnitude of PC3; (c) MAM Anomalies of the vertical integral of divergence of
moisture flux corresponding to the composite of the 10 years with the maximum magnitude of PC3;
(d) As in (c) but for the 10 years with the minimum magnitude of PC3. Note that blue colors are
related to more moisture, whereas the red colors indicate the opposite. Anomalies are defined as the
deviation from the average for the period, 1931-2010. Data from ECMWF ERA-20C reanalysis.
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Figure 7. Vertical velocity (w), the values are zonally averaged in the 80° W-15° W domain. The
black line is the MAM climatology. The red and the blue lines are the MAM average for the 10 years
with maximum and minimum PC3 amplitude, respectively. Data from ECMWF ERA-20C reanalysis.

Figure 7 shows the composite of w at 700 hPa for the maximum and the minimum
magnitudes of the amplitude of PC3 in MAM, together with the climatology of w at 700 hPa
for the period, 1931-2010. In the climatology (the black line in Figure 7) the position of the
ITCZ, which coincides with the minimum value of w, is located at 4° N. In the positive
phase of PC3, the ITCZ is displaced quite far southward into the southern hemisphere. This
is consistent with the analysis shown in Figure 2c, where positive precipitation anomalies
in the positive phase are located south of the equator. On the other hand, the composite for
the negative phase of PC3 reveals a zone of stronger than average upward motion in the
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northern hemisphere approximately at the same latitude as in the climatology, which is
also consistent with the analysis shown in Figure 2c.

The southward shift of the ITCZ in the positive phase of PC3 is linked to positive SST
anomalies in the tropical South Atlantic Ocean [5], especially in the region of the Brazil
current, which flows southward along the Brazilian south coast. This is confirmed by the
fact that the amplitude of PC3 during MAM correlates positively with TSA, and negatively
with TNA. The correlation coefficients are 0.46 and —0.44, respectively.

Negative TNA and positive TSA are also related to a southward shift of the SACZ. This
is observed most strongly in austral summer (DJF) (Figure 6a,b), when the SACZ attains its
greatest intensity. The authors of [39] found precipitation anomalies in DJF in south-eastern
Brazil that resemble the spatial pattern of PC3. These anomalies are characteristic of the
so-called “oceanic” and “continental” modes of the SACZ, and are linked to upper-level
circulation anomalies.

To analyze the role of upper-level circulation anomalies, we looked at potential vor-
ticity (PV) at the 350 K isentropic level, which intersects the dynamical tropopause in the
subtropics. The composite of PV for DJF in the negative phase of PC3 (Figure 8b) shows
a cyclonic (negative) PV anomaly centered at 30° S over the South Atlantic Ocean, which
weakens the South Atlantic Subtropical High and strengthens the oceanic mode of the
SACZ. This agrees with the findings of [39], concerning the oceanic mode of the SACZ,
both for precipitation and upper-level circulation anomalies.

Positive phase composite Negative phase composite VU]

30S

45S

|
| e . | L T ) | |
100W 80W 60W 40W 20W 100w 80W 60W 40W 20W

PV Climatology 1931 - 2010 [PVU]

IS

100W 80W 60W 40w 20W

Figure 8. (a) DJF Anomalies of potential vorticity corresponding to the composite of the 10 years with
the maximum magnitude of PC3; (b) As in (a) but for the 10 years with the minimum magnitude of
PC3; (c) PV Climatology for the 1931-2010 period. Data from ECMWF ERA-20C reanalysis.

For the positive phase of PC3 (Figure 8a), the trough is weakened and anomalies are
smaller in magnitude. This might be related to the fact that the magnitudes of PC3 are
greater for the negative phase than for the positive phase (Figure 3c). Thus, a weaker
(stronger) South Atlantic Subtropical High is related to the “oceanic” (“continental”) mode
of the SACZ, which can be recognized in the stronger (weaker) upper-level trough.

3.4. Fourth Principal Component—South American Monsoon System

The positive phase of the fourth PC shows positive precipitation anomalies in central
Brazil and Amazon Bolivia, where the SAMS influences precipitation [46], and negative
precipitation anomalies over eastern Brazil, Venezuela, and central Colombia (Figure 2d).
The climatology of the 850 hPa moisture flux and VIDMF for austral summer for the 1931-
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2010 period is shown in Figure 9c. The easterly Atlantic trade winds, the SALL]J, and the
South Pacific and South Atlantic subtropical anticyclones are easily observed.
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Figure 9. (a) DJF Anomalies of 850 hPa moisture flux (arrows) and VIDMF (shading) corresponding
to the composite of the 10 years with the maximum magnitude of PC4; (b) As in (a) but for the
10 years with the minimum magnitude of PC4; (c) DJF Climatology of 850 hPa moisture flux (arrows)
and VIDMF (shading) for the 1931-2010 period. Data from ECMWEF ERA-20C reanalysis.

To detect anomalies in the SAMS related to PC4, anomalies of the composites of
850 hPa wind for the DJF season were calculated for the 10 years with the maximum and
minimum magnitudes of PC4 (Figure 9a,b). DJF is analyzed because this is the season
when the SAMS is most active.

For the positive phase (Figure 9a), an anomalously strong SAMS is recognized by
stronger than average equatorial Atlantic trade winds and stronger than average SALL]J.
During the monsoon season, the SALL]J transports moisture to the central Amazon, and to
Bolivia and Paraguay. The positive phase of PC4 is also associated with a stronger than
average subtropical anticyclone over the South Atlantic. This suggests that the strength of
the South Atlantic subtropical anticyclone is correlated to the strength of the SAMS. The
stronger South Atlantic anticyclonic might be linked to the negative precipitation anomaly
over north eastern Brazil (Figure 2d), through suppressed moisture flux convergence.

The opposite is observed for anomalies related to the negative phase of PC4, i.e.,
weaker Atlantic trade winds and SALLJ. Suppressed moisture transport is observed es-
pecially in the equatorial Atlantic, northern Brazil, and in the area over the La Plata river
basin, where the SALL]J brings moisture. In addition, the anticyclonic 850 hPa moisture
flux anomaly in the south Atlantic is shifted northward, while a cyclonic 850 hPa moisture
flux anomaly is observed just to the south of this anticyclonic anomaly. This spatial pattern
explains the precipitation anomalies related to the negative mode of PC4.

4. Conclusions

In this study, precipitation anomalies in Tropical South America for the period, 1931
2016, are investigated. Precipitation anomalies in the region are found to be mainly related
to the variability of the South Atlantic Convergence Zone (SACZ), El Nifio Southern Os-
cillation (ENSO), the Inter-Tropical Convergence Zone (ITCZ), and the South American
Monsoon System (SAMS). The intense (weak) phase of the SACZ is related to positive
(negative) precipitation anomalies in Eastern Brazil and opposite precipitation anomalies
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in the Northern Peruvian Amazon, Eastern Colombia, Southern Venezuela, Guyana, Suri-
name, and French Guiana. Variability in the SACZ position is also related to precipitation
anomalies in Eastern Brazil, which are linked to Tropical Atlantic SST anomalies. These
anomalies are also connected to the ITCZ position, inducing precipitation anomalies around
the equator. El Nifio (La Nifia) is related to positive (negative) precipitation anomalies in
the coastal plains of Ecuador and Northern Peru, and in the La Plata River basin, while
opposite precipitation anomalies were found in the Pacific coast of Colombia and the
northern area of the Amazon basin. A stronger (weaker) SAMS is related to positive (nega-
tive) precipitation anomalies in Guyana, Suriname, French Guiana, the Brazilian Amazon,
Eastern Bolivia, and Paraguay and opposite precipitation anomalies in the coastal area
of North Eastern Brazil. In the case of the SAMS, results confirmed the hypothesis that
recent climate change related to greenhouse gases caused the intensification of the monsoon
systems globally [47,48]. However, a clear sign of the intensification of the SAMS is not
observed in the PC4 time series (Figure 5d). While it is true that any of the PC time series
show a trend over time for our study period (Figure 5), there is an apparent increment
in the occurrence and magnitude of extreme amplitudes in the second half of the period
(after 1970), especially in PC1 and PC2. This might be related to the observed increment of
extreme events caused by the recent anthropogenic climate change.

Results of this study confirm what was found in previous research, but also give
new insights about how and which climate variability affects precipitation in the broader
region around tropical South America over longer time scales. The much longer period
analyzed adds strength to the results of the study of the dynamics related to precipitation
anomalies. Additionally, the ERA-20C reanalysis, which, to the knowledge of the authors,
was not used in the past for this kind of study in South America, is proven to adequately
represent the continental scale dynamics. Finally, the identified physical mechanisms that
drive precipitation anomalies and their relation with observed recent climate change and
variability could be the base of future forecasting tools for extreme hydrological years in
different regions of Tropical South America.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13060972/s1, Figure S1: Number of rain gauges in each
pixel of the GPCC dataset for different years for the study area. The gray colors correspond to pixels
with more than eight rain gauges.
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