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The aim of this study is to investigate the importance of freshwater discharge as a physical forcing in Patos Lagoon at timescales
longer than one year, as well as identify the temporal variability of the dominant processes in freshwater discharge and water
levels along the Patos Lagoon. Due to its proximity to the mouth, the water level at the estuary is influenced by the remote effects
associated with the adjacent ocean circulation and wave climatology, reducing the observed correlation. At the lagoonar region a
high correlation is expected because interannual data is being used, reducing the influence of the wind. Cross wavelet technique
is applied to examine the coherence and phase between interannual time-series (South Oscillation Index, freshwater discharge
and water levels). The freshwater discharge of the main tributaries and water levels in Patos Lagoon are influenced by ENSO on
interannual scales (cycles between 3.8 and 6 years). Therefore, El Niño events are associated with high mean values of freshwater
discharge and water levels above the mean. On the other hand, La Niña events are associated with low mean values of freshwater
discharge and water levels below the mean.

1. Introduction

The influence of freshwater discharge in coastal areas is man-
ifested in different timescales and in many physical, chemical,
or geological processes [1–5], affecting primary production,
stimulating benthonic remineralization, and creating spatial
patterns of production due to the high availability of sus-
pended sediment and the increase of water turbidity of conti-
nental origin.

Freshwater discharge is also responsible for controlling
water quality by changing the quantities and compositions of
organic and inorganic compounds, affecting the time it takes
to transport materials and the water residence time [6–8].
Their influences can be observed in the control of residual
circulation, inducing spatial and temporal circulation pat-
terns that may also be reflected in the processes of transport,
stratification, and shear in the water column [9, 10]. Low
precipitation and freshwater outflow, associated with La Niña
years, are responsible for increasing the abundance of species

in the Patos Lagoon estuary. On the other hand, during El
Niño years, the high precipitation and freshwater discharge
are associated with a reduction in the abundance of marine
species in the estuary [11].

The study of the influence of freshwater discharge in the
dynamics of coastal regions at long period timescales is not
easily accomplished, as long data series are necessary that are
often not available. However, knowledge of the importance
of this forcing is essential for proper management of coastal
environments.

Most studies on the dynamics of the Patos Lagoon,
situated in the southernmost part of Brazil, are limited to
studies that consider the effect of wind and fluvial discharge
at synoptic timescales [12–17]. Long-term dynamics studies
are hampered by the absence of simultaneous data, especially
water levels data along the lagoon.

Therefore, the aim of this study is to investigate the
importance of freshwater discharge as a physical forcing in
Patos Lagoon at timescales longer than one year, as well as
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Figure 1: Patos Lagoon, main contributing rivers and water levels
stations.

identify the temporal variability of the dominant processes in
freshwater discharge and water levels along the Patos Lagoon.

1.1. Study Area Description. Patos Lagoon is a choked coastal
lagoon located in the southernmost part of Brazil, between
30◦–32◦S latitude and 50◦–52◦W longitude (Figure 1) [18].
The lagoon has a surface area of 10,360 km2 and drains a
watershed of approximately 201,626 km2. The lagoon region
covers about 90% of the total area and the estuarine region
covers the other 10%. Both regions are separated by the sand
banks of Ponta da Feitoria [18].

The main contributing rivers are Taquari and Jacuı́ which
flows through the Guaı́ba River and Camaquã River, which
flows into the central region of the lagoon. The mean annual
discharge of those rivers is 2400 m3 s−1 [19].

The freshwater discharge of the Patos Lagoon shows a
typical pattern of temperate regions, also presenting tempo-
ral variations on interannual scales [19]. Extreme discharge
events of 16,000 m3 s−1 have been observed by Marques
et al. [19] on the year of 1940 during the winter.

Over synoptic timescales, wind action is the most
effective forcing in Patos Lagoon’s circulation [14]. However,
studies that show the importance of freshwater discharge in
the dynamics of the Patos Lagoon, especially in long period
timescales, still must be further explored.

2. Methodology

For this study it was used freshwater discharge, water
levels, and South Oscillation Index (SOI) data sets. The
SOI was used for the purpose of investigating the relation
between the occurrence of the natural phenomenon El Niño
Southern Oscillation (ENSO) and the anomalies observed in
freshwater discharge and water levels data.

The ENSO phenomenon is the natural climate fluctu-
ation with the most intense interannual scale [20]. The
Southern Oscillation Index, or SOI, gives an indication of
the development and intensity of El Niño or La Niña events
in the Pacific Ocean. Sustained negative values of the SOI

greater than −8 often indicate El Niño episodes. Sustained
positive values of the SOI greater than +8 are typical of a La
Niña episode.

The method used in this study is the same used by the
Australian Bureau of Meteorology, which is the Troup SOI
that is the standardised anomaly of the Mean Sea Level
Pressure (MSLP) difference between Tahiti and Darwin. It is
calculated as follows:

SOI = 10
[

(Pdiff − Pdiffav)
SD(Pdiff)

]
, (1)

where Pdiff is the average Tahiti MSLP for the month minus
the average Darwin MSLP for the month, Pdiffav is the long-
term average of Pdiff for the month in question, and SD(Pdiff)
is the long-term standard deviation of Pdiff for the month in
question.

Historical data of freshwater discharge and SOI covers the
period between 1940 and 2010, and historical data of water
levels covers the period between 1985 and 2010.

The freshwater discharge of the rivers Jacuı́ and Taquari,
as well as water levels for the Ipanema, São Lourenço, and
Rio Grande stations was obtained on the Brazilian National
Water Agency website (ANA—http://www.ana.gov.br/).
Figure 1 shows the location of these measuring stations. The
total freshwater discharge was represented by the sum of the
contributing river flows mentioned above. The SOI monthly
means were obtained on the Australian Bureau of Meteor-
ology website (http://www.bom.gov.au/).

The monthly means of the data used in this work were
transformed into annual means and later arranged in time
series. The most important variability cycles of the time series
were investigated using the wavelet analysis, and the possible
linear relation between variables was investigated using the
cross-wavelet analysis according to Torrence and Compo
[21]. Wavelet analysis is a useful tool for analyzing time series
with many different timescales or changes in variance. The
wavelet transform can be used to analyze time series that
contain nonstationary power at many different frequencies
[22].

The steps used in the paper for the wavelet analysis are
the same listed by Torrence and Compo [21]. First, all the
time series were padded with zeros at the end. This has to be
done because we are using finite-length time series; errors
will occur at the beginning and end of the wavelet power
spectrum, as the Fourier transform assumes the data is cyclic
[21]. After that the scale (interannual with a length of 70
years) and function were chosen, in this case the Morlet
which is a complex wavelet. The wavelet function at each
scale was normalized to have unit energy to ensure that
each scale is directly comparable to each other and to the
transforms of other time series. The cone of influence and the
Fourier wavelength at that scale were determined. The cone
of influence is the region of the wavelet spectrum in which
edge effects become important, so that everything below the
cone of influence (located on the edges) is considered an
error. The steps between normalization and determining the
cone of influence and Fourier wavelength are repeated, and
afterwards the padding is removed. The 95% confidence level
was derived using the chi-squared distribution assuming
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Figure 2: Temporal series of freshwater discharge (a) and SOI (b) for the period between 1940 and 2010. Temporal series of water levels at
Ipanema (c), São Lourenço (d), and Rio Grande (e) between 1985 and 2010.

a red noise spectrum with α = 0.75. All the equations, steps,
and other theoretical material on wavelets can be found on
Torrence and Compo [21].

The methods used in the statistical analysis are described
in Emery and Thompson [23] and the filling of the gaps
in water level time series, between 1940 and 1985, was
conducted by creating a polynomial model to describe the
water level as a function of freshwater discharge using the
least squares method. This method can be applied because
any function can be written as a complete set of orthogonal
functions that are independent in this function space.

The regression method has been applied successfully by
other authors. Kendall and Blanton [24] used it to calculate
the salinity as a function of sea surface temperature along
the coast of Georgia. Pilson [25] used it to obtain an average
residence time for Narragansett Bay, USA. Simpson et al. [26]
used the regression method to estimate currents as a function
of the wind along the shore of the North Sea. Bourgault and
Koutitonsky [27] applied it to calculate freshwater discharge
as a function of water levels in St. Lawrence’s estuary, USA.

The function base of the water levels η(x) can be written
with a finite number (m) of convergent series of orthogonal
functions Fn(x):

η(x) =
∑

cnFn(x), n = 0, 1, . . . ,m, (2)

where cn are the coefficients. Any data set can be divided into
a deterministic part E(x) and a random part ε:

η(x) = E(x) + ε. (3)

According to Emery and Thompson [23], the ordinary least
squares method can be used to find a polynomial relation of
a random variable η (variable dependent) with a function of
nonrandom variables xN (independent variables) as

η(x) = b0 + b1x + · · · + bNx
N + ε, (4)

where N is the order of the polynomial adjustment and
b0, b1, . . . , bN are adjustment coefficients. Under these con-
ditions, a third order polynomial model (m = 4) of water
levels ηD(D(t)) can be written as a function of the freshwater
discharge D(t) as

ηD(D(t)) = bmD(t)m−1 + bm−1D(t)m−2 + bm−2D(t)m−3

+ bm−3D(t)m−4.
(5)

The polynomial model described above was used to calculate
the deterministic part of the water levels as a function of
the freshwater discharge. And the third order adjustment
was chosen through the stability tests performed on the
polynomial model.

3. Results

3.1. Time Series and Regression Analysis. The annual mean
time series of total freshwater discharge, SOI, and water levels
for the different points along the Patos Lagoon are repre-
sented in Figure 2. Comparing the series of total freshwater
discharge (Figure 2(a)) with the SOI series (Figure 2(b))
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Figure 3: Dispersion diagram between freshwater discharge and water levels at Ipanema (a), São Lourenço (b), and Rio Grande (c) between
1985 and 2010. The best third order adjustment is represented by the crosses in the figures.

it can be observed that negative values of SOI (El Niño years)
are associated, with some time delay, to higher mean values
of freshwater discharge (e.g., 1940-41, 1966-67, 1986-87, and
1998-99). Likewise, positive values of SOI (La Niña years) are
related to lower mean values of freshwater discharge in Patos
Lagoon (e.g., 1958-59, 1977-78, and 1985-86), indicating an
inverse relationship between SOI and freshwater discharge
intensity in the region, also presenting time delay.

The delay between ENSO events and precipitation
anomalies varies from year to year and presents different
patterns between El Niño and La Niña events. The delay is
usually lower than a year so it is not possible to observe it on
interannual time series. Further studies are required to better
investigate the delay between ENSO events, precipitation
and freshwater discharge anomalies in Patos Lagoon. Other
authors have investigated this delay on the south region of
Brazil, giving us important regional information that will be
discussed later.

In Figure 2(a) it can be observed that there are peaks
of freshwater discharge (e.g., 1962 and 1984) that are not
associated with El Niño events. These peaks may be explained
by the seasonal pattern in the region, associated with a large
number of front cold passages in the years of 1962 and
1984 that resulted in high precipitation and consequently an
increase in the freshwater discharge, without the influence of
El Niño events.

Regarding the water levels (Figures 2(c), 2(d), and 2(e))
it can be observed a direct relationship with the freshwater
discharge, where high (low) intensity means are associated
with levels above (below) the mean. Two peaks can be
observed in Figures 2(c), 2(d), and 2(e), on 1998-99 and
2002-2003, which where years that presented really strong
El Niño events. The same pattern is observed in all stations,

Table 1: Polynomial coefficients (coef) of the measurement
stations.

Coef Ipanema São Lourenço Rio Grande

b4 4.1181 ∗ 10−11 4.6837 ∗ 10−11 −4.2680 ∗ 10−11

b3 −1.4166 ∗ 10−7 −1.8447 ∗ 10−7 1.7411 ∗ 10−7

b2 3.9458 ∗ 10−4 4.6982 ∗ 10−4 −6.2080 ∗ 10−4

b1 −3.7211 ∗ 10−2 −4.0599 ∗ 10−2 −1.2057 ∗ 10−1

with the Rio Grande station showing lower water level values,
due to the influence of the ocean on the estuarine region. The
regression analysis between freshwater discharge and water
level data between the years of 1985 and 2010 shows well this
relationship.

The dispersion analysis (Figure 3) confirms a direct rela-
tionship between the variables, on analyzed timescales, where
levels below (above) the mean are associated with freshwater
discharge lower (higher) than 2000 m3 s−1. The Rio Grande
region presents the lowest correlation with the freshwater
discharge, and some points do not follow this pattern. This
difference is expected due to the influence of the remote
effects associated with the adjacent ocean circulation and
wave interaction, reducing the freshwater discharge domi-
nance over the water level in the estuary.

The polynomial adjustment obtained (Figure 3) follows a
similar pattern of a cubic parabola, but there is a difference in
the concavity orientation between the estuary region and the
lagoon. This pattern is evident in the polynomial coefficients
signs that are presented in Table 1. It can be seen that São
Lourenço and Ipanema have positive values for b2 and b4 and
negative values for b1 and b3, while Rio Grande shows oppo-
site signals (except for b1). The stability of the polynomial
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Figure 4: Water levels series calculated between 1940 and 2010 (solid line) and observed water levels series between 1985 and 2010 (dotted
line) in Ipanema (a), São Lourenço (b), and Rio Grande (c). Coefficients of determination (r2) are presented in the figures.

model was tested by applying it to fill the gaps (45 years)
found in water level time series between the 1940 and 1985
years (Figure 4).

Analysis of the results showed that freshwater discharge
of the main contributing rivers in the Patos Lagoon explains,
on interannual scales, more than 80% (r2 = 0.80) of the
water levels variability observed in the lagoon region, which
is expected because interannual data is being used. At the
estuary, freshwater discharge explains around 50% (r2 =
0.52) of the water levels variability, which is also expected
due to its proximity to the mouth and consequent effects
associated with the adjacent ocean circulation and wave
climatology.

On Figure 4 it is possible to observe that the calculated
water level follows a pattern very similar to the observed.
All the stations present high and low values of water level
on the same years, showing that the freshwater discharge is
controlling the water levels on the three stations. A period
of low fluctuation is observed between 1943 and 1960, and
a high-oscillations period is present between the years of
1983 and 2003. Ipanema (Figure 4(a)) and São Lourenço
(Figure 4(b)) show almost an identical fluctuation of the
water levels due to its similar correlation coefficients (r) with
the freshwater discharge: 0.89225 and 0.89657, respectively.
Consequently, the coefficient of determination (r2) is the
same: 0.80.

Table 2 indicates that Rio Grande station demonstrates
a lower correlation coefficient (0.72136), which is reflected
on Figure 4(c), where the water levels show lower amplitude
compared with the other stations, indicating that other
forcing is acting in the region. The inverse relationship
between ENSO and the freshwater discharge can be observed
in the negative signal of the correlation coefficient between
both parameters. The correlation coefficient between ENSO
and the freshwater discharge is the lowest (r = −0.66591),
indicating that the freshwater discharge is influenced by
other forcing, such as the passage of cold fronts in the region.

On Figure 5 it can be observed the difference between
the observed and calculated water levels in all stations.

Table 2: Correlation coefficients between ENSO and freshwater
discharge and between discharge and water levels.

Cor. Coef. ENSO Ipanema S. Lourenço R. Grande

Discharge −0.66591 0.89225 0.89657 0.72136
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Figure 5: Difference between the observed and calculated water
levels between 1986 and 2010 for the stations Ipanema, São
Lourenço, and Rio Grande.

The lowest variation is presented by the Rio Grande station,
probably because the water level fluctuation in the region is
influenced by other forcing. The Ipanema and São Lourenço
stations have a similar pattern, but the first demonstrated a
peak of difference between 2003 and 2005, caused most likely
by an error in the data collected.

3.2. Statistical Analysis. Figure 6(a) presents the inverse
relationship between SOI and freshwater discharge intensity.
Negative index values (El Niño years) are associated with
high discharges, while positive index values are related to low
discharges (La Niña years). The strong inverse relationship
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Figure 7: Freshwater discharge and water level in Ipanema (a), cross-wavelet between freshwater and water level in Ipanema (b), global
wavelet spectrum (c), and average variance between 2 and 8 years (d).

between the two variables can be observed clearly in years
1942, 1966, 1988, and 2002.

The cross-wavelet analysis between the freshwater dis-
charge and the SOI time series indicates the dominant length
and period of the ENSO cycles that control the discharge
(Figure 6(b)). It can be observed that between the years
of 1950 and 1965 the dominant period was from 4 to
6 years, while from 1970 and 2000 the dominant period
was lower than 4 years, indicating a change on the ENSO
influence pattern on the region. The global wavelet spectrum
(Figure 6(c)) showed the existence of well-defined cycles on
interannual scales of approximately 3.8 and 6 years.

The average variance between 2 and 8 years is showed in
Figure 6(d), where the periods that fit the 2 to 8 years cycle
criteria are located above the dotted line (approximately 0.1).
There are two peaks that can be highlighted on Figure 6(d):

between 1970 and 1975, a peak with an average variance of
0.2, and between 1993 and 2001, a peak that reached an
average variance of 0.4, being the decade with the highest
occurrence of ENSO events with a period of 2 to 8 years.

The direct relationship between freshwater discharge and
water levels is presented on Ipanema (Figure 7(a)), São
Lourenço (Figure 8(a)), and Rio Grande (Figure 9(a)). The
variation pattern is very similar in all stations; the only
difference presented is the lower amplitude of the water level
on Rio Grande station. Peaks of freshwater discharge and
water levels can be observed in 1965, 1983, 1998, and 2002.

The cross-wavelet analysis between the freshwater dis-
charge and water level time series on Ipanema (Figure 7(b)),
São Lourenço (Figure 8(b)), and Rio Grande (Figure 9(b))
stations indicates the length and period of the freshwater
discharge cycles controlling the water level variability along
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Figure 8: Freshwater discharge and water level in São Lourenço (a), cross-wavelet between freshwater and water level in São Lourenço (b),
global wavelet spectrum (c), and average variance between 2 and 8 years (d).
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Figure 9: Freshwater discharge and water level in Rio Grande (a), cross-wavelet between freshwater and water level in Rio Grande (b), global
wavelet spectrum (c), and average variance between 2 and 8 years (d).

the Patos Lagoon. The cone of influence (dotted line) can be
observed on the cross-wavelet spectrum figures; everything
that is below it is considered as an error, as they are located
on the edges of the image.

On Ipanema and São Lourenço, between 1956 and 1970
two cycles can be observed, one with a period lower than 4
years and another, more intense, with a period from 4 to 6
years. Another cycle is also seen from 1995 and 2002, with
a period of 1 to 5 years approximately. On Rio Grande the
pattern of the cycles observed is different from the other two
stations. The cycle between 1956 and 1970 is similar to the
other stations, but around 1960 the two cycles become one,
increasing the intensity and range of period at this point,
demonstrating that around 1960 the cycle had a period of
1 to 6 years. The other cycle (1995 to 2002) is also observed,

but in this case it presents a time of occurrence lower than
the other stations.

The global wavelet spectrum also showed the existence of
well-defined cycles with interannual scales of approximately
3.8 and 6 years along the three stations (Figures 7(c), 8(c),
and 9(c)). The global wavelet spectrum between SOI and
freshwater discharge (Figure 6(c)) also presented these cycles,
indicating that the ENSO is definitely controlling the fresh-
water discharge and water levels at Patos Lagoon in cycles
from 3.8 to 6 years.

The average variance indicates in which years the cycles
with 2 to 8 years length occurred. The three stations
(Figures 7(d), 8(d), and 9(d)) present two peaks of occur-
rence of cycles with 2 to 8 years: from 1957 to 1970 and from
1994 to 2003. Between 1940 and 1956 no cycles with those
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characteristics were observed, as well as between the years of
1972 and 1992. That can be explained by the occurrence of
ENSO events with low intensity, that were not strong enough
to influence the water level fluctuation.

Rio Grande station presented a higher value for the
average variance in the first cycle (between 1956 and 1970).
This higher value is probably associated with the fact that
around 1960 the two cycles observed (one with a period
lower and other higher than 4 years) became one, increasing
the average variance value, reaching almost 0.4. Between
1995 and 2003 all three stations presented a cycle with high
intensity (around 0.4), this period being the one with the
most occurrence of strong ENSO events that influenced the
water levels in the region.

4. Discussion

Regression analysis method can be used to find relation
between different types of parameters; in this study the water
levels were estimated as a function of freshwater discharge.
Based upon this approximation, we assume that the model
can represent the deterministic part of the water levels that
are influenced by the most important processes that occur
in interannual and decadal scales. The proposed model
provides satisfactory results for preterit water level time
series; therefore it could be used as boundary condition for
numerical models or to fill small gaps in other time series
along the Patos Lagoon.

The application of these methods allowed us to see that
on interannual timescales the freshwater discharge explains
about 80% of the water level variability on the lagoonar
region. Therefore, on timescales longer than a year, freshwa-
ter discharge can be considered the main force controlling
the residual processes in this region. Our results indicate that
Patos Lagoon follows a pattern similar to Atchafalaya Bay,
USA, where Swenson and Sasser [28] verified that freshwater
discharge explains approximately 86% of water level variabil-
ity on interannual scales. This high correlation is expected
because interannual data is being used, reducing the impor-
tance of other forcing (e.g., wind) and increasing the fresh-
water discharge dominance.

At the estuarine portion of Patos Lagoon, freshwater dis-
charge explains more than 50% of the water level variability.
The other 50% can be explained by the remote effects asso-
ciated with the adjacent ocean circulation due to its prox-
imity to the mouth. Möller et al. [14] and Fernandes et al.
[17] verified that the estuarine region of Patos Lagoon, in
synoptic timescales, has the circulation pattern dominated by
the local and remote wind action, with this influence being
intensified in periods with low and moderate discharges.
Our results indicate a similar pattern for water levels control
in timescales longer than a year, but the importance of the
effects associated to the wind was not investigated.

The delay between ENSO occurrence and precipitation
anomalies was not observed on the results, because inter-
annual data was used and the delay is observed on scales
lower than years. According to Grimm et al. [29], there
are consistent anomalies in the autumn winter of the year
following El Niño all over southern Brazil. In La Niña years

southern Brazil shows a well-pronounced and consistent
dry season from September to December, with a peak in
November and a strong decrease of magnitude in December
[29]. Studies about the characteristics of the catchment
(area, length, topography, vegetation, etc.) would be very
important to identify the delay between an ENSO event, the
precipitation anomaly associated to it, and the consequent
increase of freshwater discharge, producing valuable infor-
mation that could help in proper coastal management and
flood prediction.

The variability pattern of the freshwater discharge is
responsible for the maintenance of this environment over
long timescales. Previous studies have shown that coastal
lagoons are dynamically dominated by wind forcing [30],
especially when the main axis is oriented by the predominant
wind direction [31]. According to Möller et al. [13], Möller et
al. [14], Fernandes [15], and Fernandes et al. [16], the Patos
Lagoon dynamics in synoptic timescales is controlled by the
longitudinal component of the wind that blows parallel to
the coastline. In some regions the dominance of wind and
freshwater discharge is very distinct in different timescales
[32]. This is the case of Patos Lagoon: it is dominated by the
wind on synoptic timescales and by the freshwater discharge
on interannual timescales.

Freshwater discharge peaks that are not related to any El
Niño event (e.g., 1962 and 1984) are probably associated with
the passage of front colds. Total mean annual precipitation
(1200–1500 mm) may strongly vary from year to year and
is mainly related to the path and frequency of cold front
passages [33]. Mean monthly rainfall is highest during the
winter and spring (June to October), but a second peak may
occur in summer [34], when daily precipitation occasionally
exceeds 100 mm.

At longer timescales, South America is affected by
ENSO’s influence [29, 35–37]. The most significant ENSO
events show a high temporal variability, which may occur in
near biannual scales (18–35 months) or in lower frequencies
(32–88 months) [38]. Zhang et al. [39] analyzed global fields
of sea surface temperature and divided the ENSO occurrence
in an interannual scale and a residual scale with interdecadal
variability.

El Niño is the South Oscillation phase where the trade
winds are weak, the pressure is low over the eastern Tropical
Pacific and high on the west side. The south region of Brazil
shows precipitation anomalies associated with the ENSO
occurrence [29, 36, 40]. In El Niño years, spring tends to be
wetter, and in La Niña years droughts anomalies occur [29,
40]. In this study, it was observed that the main tributaries of
Patos Lagoon show an intensification (decrease) in the mean
freshwater discharge associated with El Niño (La Niña) years,
on interannual scales (with cycles between 3.3 and 5 years).
These results are consistent with analysis related to the SOI
and agree with previously results obtained by other authors
in this region of South America. Robertson and Mechoso
[41] verified that El Niño years intensify the discharge in the
rivers Negro and Paraguay in interannual variability scales
(cycles between 3.5 and 6 years). Krepper et al. [42] found
that freshwater discharge peaks of Uruguai River are also
being influenced by ENOS, with scales of 3.5 to 6 years.
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Previous studies also indicate that freshwater discharge
intensity and water levels show a variability pattern on
decadal scales. Robertson and Mechoso [41] verified a cycle
of approximately 9 years that is responsible for variability
in freshwater discharge series at Paraguai and Paraná rivers.
Those authors associated high discharges with low surface
temperature at the North Atlantic Ocean, noticing that this
component is stronger during the austral summer.

Negative anomalies of surface temperature of the North
Atlantic tropical ocean during the austral summer are
associated with the intensification of northeast winds and the
movement of the Intertropical Convernge Zone to the south
on ENSO scales [43, 44]. These anomalies are also associated
with linear trends observed between 1951 and 1990 [45].
Nogués-Paegle and Mo [46] suggest a possible influence of
the tropical North Atlantic in the south region of South
America through the summer monsoon system, on a decadal
cycle, and by the wind flow toward south associated with a
low-level jet along the east of the Andes.

The results presented previously do not allow us to
identify a climatological event with a decadal cycle that
influences the freshwater discharge pattern in this region;
however the existence of these cycles and this influence on
the freshwater and water level variability pattern of the Patos
Lagoon should be investigated in a future research.

5. Conclusions

Time series analysis suggests that in annual timescales the
freshwater discharge explains about 50% of water level
variability at the estuarine region and more than 80% of the
variability at the lagoonar portion of the Patos Lagoon. This
result indicates that, on these timescales, freshwater discharge
is the main forcing on the lagoon region. For this reason,
we can expect that the residual dynamic processes in this
area will be substantially influenced by natural climatological
events that control the freshwater discharge of the main
contributing rivers in this region. On the other hand, the
pattern control of the water levels at the estuarine region is
more complex, being influenced by the freshwater discharge
variability and possibly by the remote effects associated with
oceanic circulation.

The freshwater discharge of the main tributaries and
water levels in Patos Lagoon is influenced by ENSO on
interannual scales (cycles between 3.8 and 6 years); for this
reason, El Niño (La Niña) events are associated with high
(low) mean values of freshwater discharge and water levels
above (below) the mean.

Ipanema and São Lourenço presented two cycles between
1956 and 1970, one with a period lower than 4 years and
another, more intense, with a period of 4 to 6 years. Another
cycle is also seen from 1995 and 2002, with a period of 1 to 5
years approximately. On Rio Grande the pattern of the cycles
observed is a bit different from the other two stations. The
cycle between 1956 and 1970 is similar to the other stations
but around 1960 the two cycles become one, increasing the
intensity and range of period at this point, demonstrating
that around 1960 the cycle had a period of 1 to 6 years.
The other cycle (1995 to 2002) is also observed, but in this

case it presents a time of occurrence lower than the other
stations.

The three stations (Ipanema, São Lourenço, and Rio
Grande) presented two peaks of occurrence of cycles with
2 to 8 years: from 1957 to 1970 and from 1994 to 2003.
Between 1940 and 1956 no cycles with those characteristics
were observed, as well as between the years of 1972 and 1992.
That can be explained by the occurrence of ENSO events with
low intensity that were not strong enough to influence the
water levels fluctuation.

The delay observed between an ENSO event and pre-
cipitation and freshwater discharge anomaly is usually lower
than a year, so it is not possible to observe it on interannual
time series. Further studies about the characteristics of
the catchment (area, length, topography, vegetation, etc.)
would be very important to identify the delay between an
ENSO event, the precipitation anomaly associated to it, and
the consequent increase of freshwater discharge, producing
valuable information that could help in proper coastal
management and flood prediction.
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