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ABSTRACT

The direct influence of freshwater discharge along the coastal regions is observed in several processes following a wide
spectrum on spatial and temporal variability. The knowledge of relative importance of this physical forcing is funda-
mental by the correct management of the coastal sites and the understanding of consequences associated with processes
of climatic order is one point deserves some investigation. The major part of the studies in the Patos Lagoon, located in
the southernmost part of Brazil, is limited to investigate the effects in synoptic time scales. In this way, the objective of
this study is to investigate the long term variability pattern of the Patos Lagoon discharge and water levels indentifying
long term trends through wavelet analysis. The results indicated that El Nifio (La Nifla) events promote the intensifica-
tion (decrease) of the freshwater intensity in the principal river tributaries of the Patos Lagoon following scales from 16
to 120 months (from 1.3 to 10 years). The most energetic cycle is centered in periods of 64 months (5.3 years). The
longer events reflect the long term response of the non linear dynamics in Equatorial Pacific changing the precipitation
pattern, principally during winter and at the end of spring and early autumn. The non-linear long term trend indicates a
pattern with values of discharge normally above (below) the mean after (before) 1970°s. An increasing trend starting
after 1970 possibly indicates a longer term cycle influencing the interannual variability of the Patos Lagoon discharge.
The seasonality is maintained in climatic monthly means obtained after and before 1970’s, but, with mean increase

around 364 m’-s”" in freshwater discharge with reduced amplitude of the seasonal cycle.
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1. Introduction

The direct influence of freshwater discharge along the
coastal regions is observed in physical, chemical and
geological processes [1-5, among others]. This affects the
primary production stimulating the benthic re-minerali-
zation and creating spatial patterns of production associ-
ated with the high availability of suspended matter and
intense turbidity of continental waters. The intensity and
temporal variability of the freshwater discharge control
the water quality changing quantities and the composi-
tion of organic and inorganic properties changing the
residence time of materials [6-8].

This influence is still observed controlling the residual
circulation inducing spatial and temporal patterns of cir-
culation reflected in transportation processes and strati-
fication of the water column [9,10]. However, the study
of long term influence of freshwater discharge in coastal
regions is not easily carried out because time series of
freshwater discharge and other properties sometimes are
not available. On the other hand, the knowledge of rela-
tive importance of this physical forcing is fundamental
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by the correct management of the coastal sites.

The major part of the studies in the Patos Lagoon, lo-
cated in the southernmost part of Brazil (Figure 1), is
limited to investigate the effects of winds and freshwater
discharge in synoptic time scales [11-15]. The Patos La-
goon and the adjacent continental shelf are freshwater
influenced regions and some numerical modeling studies
considering dynamic aspects with high resolution in
space and time are presented by: [15-18]. [16] studied the
physical forcing controlling the formation and behavior
of the Patos Lagoon plume based on a three-dimensional
hydrodynamic numerical model. [17] investigated the
importance of straining and advection for the stratifica-
tion evolution inside the Patos Lagoon coastal plume for
each of its known physical modes using potential energy
anomaly budgets. [18] investigated the contribution of
the Patos Lagoon coastal plume to the deposition pattern
along the inner continental shelf providing estimates of
estuarine-shelf suspended sediment exchange. [15] in-
vestigated the importance of straining and advection for
the stratification evolution associated with the wind
driven circulation along the Patos Lagoon estuarine region
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Figure 1. Patos Lagoon and its principal rivers. The mea-
surement stations of freshwater discharge (Taquari and
Jacui River) and water levels (Itapod, Arambaré, Sao
Lourenco e Rio Grande stations) are presented using black
Crosses.

using potential energy anomaly budgets.

On the other hand, studies of the long term dynamics
based on the observed data are difficult to be carried out
at this site because of the absence of time series for sev-
eral physical parameters. However, the understanding of
the consequences associated with processes of climatic
order in the Patos Lagoon freshwater discharge is one
point deserves some investigation because of this impor-
tance for the ecology of this area. In this way, the objec-
tive of this paper is to investigate the variability pattern
of the Patos Lagoon freshwater discharge and water lev-
els indentifying seasonal and long term trends.

The Patos Lagoon is a chocked coastal lagoon located
in the south of Brazil. This lagoon has a superficial area
of 10.360 km? and drains a hydrographic basin around
201.626 km?. The Jacui and Taquari are the principal
rivers of this region [19] performing the principal fresh-
water source of the Patos Lagoon (Figure 1). The fresh-
water provided by these rivers performs a pattern associ-
ated with regions of temperate climate, presenting varia-
tions in inter-annual timescales [19]. Extreme events of
discharge of 25.000 e 16.000 m’s™' were observed by
[19,20] respectively.

2. Methodology

This study is carried out using time series of freshwater
discharge and water levels along the Patos Lagoon and
the Southern Oscillation Index (SOI). The SOI is used in
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order to investigate the relationship between the occur-
rence of the natural phenomenon El Nifio Southern Os-
cillation (ENSO) and the non stationary anomalies ob-
served in the freshwater discharge of the Patos Lagoon.
The SOI indicates the strength and the phase of ENSO
and positive (negative) values of this index are associated
with the occurrence of La Nifia (El Nifio) events.

Monthly mean time series of freshwater discharge and
SOI covered from January 1940 to December 2006, and
monthly mean time series of water levels were obtained
from January 1984 to December 2002. Freshwater dis-
charge of the Jacui and Taquari Rivers and water level
time series were obtained from the Brazilian National
Water Agency (ANA: www.ana.gov.br). The Figure 1
presents the position where the observed time series were
obtained and the total freshwater discharge was presented
by the sum of the two tributaries cited above. The
monthly mean time series of the SOI were obtained from
the Australian Bureau of Meteorology (http://www.bom.
gov.au). The time series obtained were used to identify
the principal variability cycles, seasonal and long term
trends, as well as, the changes in the seasonal pattern of
discharge using wavelet analyses.

Wavelet analysis is a useful tool for analyzing time se-
ries with many different timescales or changes in vari-
ance. Therefore, the spectral content of the time series
were analyzed using an adaptation of the Morlet and
Mexican Hat method detailed described by [21]. Ac-
cording with [22] the wavelet transform can be used to
analyze time series that contain nonstationary power at
many different frequencies. Wavelet analysis is useful in
revealing signal trends, in this way this tool was applied
in order to reveal a signal hidden in noise of freshwater
discharge time series. Considering that the trend is the
slowest part of the signal and the signal itself includes
sharp changes, then successive approximations provide a
good way to visualize and quantify the long term trend
associated to the original signal.

3. Results
3.1. Time Series

The monthly mean time series of freshwater discharge
and SOI are presented in Figure 2. The discharge time
series indicates highly variable signal composed by sea-
sonal cycles occurring concomitantly with the annual
variability and longer cycles. During the first half of
these series lower peaks of freshwater discharge and less
negative events of SOI are occurring suggesting a non
stationary behavior along the 67 years of measurements.
These time series are inversely related with some phase
lag where: negative values of SOI (El Nifio years) are
associated with the higher discharge values. In this sense,
the positive values SOI (La Nifia years) are related with
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Figure 2. Freshwater discharge (Jacui and Taquari rivers) (a) and SOI (b) time series from January 1940 to December 2006.

the lower values of the Patos Lagoon discharge. The
monthly mean time series of water level along the Patos
Lagoon (Figure 3) present a similar variability pattern
composed by the combination of shorter (seasonal) and
longer cycles. This direct relation is caused by the influ-
ence of the freshwater discharge controlling the water
balance of the Patos Lagoon from few months to some
years.

Minimum, maximum and mean values for freshwater
discharge and the water levels along the Patos Lagoon
are presented on Table 1. The extreme peak of discharge
occurred during spring of the 1940 year with very low
discharge periods occurring during driest years. The
mean value for freshwater discharge of 1.080 m’s™' is
obtained as long term estimate for this region. The water
levels along the Patos Lagoon present a pattern with
higher values occurring through the north of the lagoon.
Maximum and mean values decrease from 1.65 m and
0.70 m (at Itapoa station) to 1.01 m and 0.56 m (at Rio
Grande Station), respectively.

Table 1. Minimum, maximum and mean values for fresh-
water discharge (from January 1940 to December 2006)
and water levels (from January 1985 to December 2002).

Data Minimum Maximum Mean
Freshwater discharge 100 m*s™’  8.930 m*s'  1.080 m*s™’
Itapoa station 0.0l m 1.65m 0.70 m
Arambaré station 0.05m 1.37m 0.65 m
S&o Lourenco station 0.03 m 1.38m 0.63 m
Rio Grande station 027 m 1.0l m 0.56 m

Copyright © 2012 SciRes.

3.2. Seasonal Variability

The seasonal variability of the freshwater discharge for
the principal river tributaries and the water levels along
the Patos Lagoon are obtained removing the mean values
from the monthly time series. The fluctuations around the
mean values are summed and averaged for respective
months (from January to December) that are presented
using histograms and their respective standard deviations.

Monthly deviation time series for freshwater discharge
(Figure 4) indicates a seasonal pattern of variability with:
lower values (below the mean) occurring from the No-
vember to June (from Austral Summer to Autumn) and
higher values (above the mean) occurring from July to
October (from Austral Winter to Spring). Maximum
(minimum) value above (below) the mean is observed for
during July (January). The most intense fluctuations of
freshwater discharge are observed from July to Septem-
ber when the maximum values are greater than the stan-
dard deviation.

Monthly deviation time series for water levels along
the Patos Lagoon (Figure 5) indicate a similar seasonal
pattern of variability with: lower values (below the mean)
occurring from the November to May (from Austral
Summer to Autumn) and higher values (above the mean)
occurring from June to October (from Austral Winter to
Spring). This result suggests the importance of freshwa-
ter discharge contributing for: the circulation, the proper-
ties transportation and exchange processes of the Patos
Lagoon at seasonal time scales. Maximum (minimum)
values above (below) the mean are observed during July
(January) along the upper part of the Lagoon (Itapoa,
Arambaré and Sdo Lourengo stations) occurring con-
comitantly to the freshwater fluctuations. The most intense
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Figure 3. Water level time series along the Patos Lagoon. Itaopa station (a); Arambaré station (b); Sdo Lourenco station (c)
and Rio Grande station (d) from January 1985 to December 2002.
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Figure 4. Monthly deviations time series of freshwater discharge for the Jacui and Taquari rivers from January 1940 to De-
cember 2006. The horizontal dashed lines indicate the standard deviation of the monthly deviation time series.

fluctuations of water levels are also observed from July
to September when the maximum values of freshwater
are observed. Estuarine region represented by the Rio
Grande station presents a strong contribution of freshwa-
ter discharge controlling the water levels at seasonal time
scales, besides the influence of the exchange processes
controlled by the wind driven circulation of this region.

3.3. Long Term Variability

Time series of Patos Lagoon discharge indicates a phy-
sical system governed by a range of time scales. How-
ever, freshwater discharge signal is highly influenced by

Copyright © 2012 SciRes.

the long term variability associated with the ENSO
events. In order to investigate the most important cycles
influencing the Patos Lagoon discharge the wavelet ana-
lysis was carried out using Mexican Hat wavelets.

The spectral content and the correlation between the
freshwater discharge and SOI time series were carried
out using cross-wavelet analysis. This method locates
power variations within the discrete time series over a
range of scales and provides the local and the global
power spectrum. The analysis of the local power spectrum
(Figure 6(a)) indicated in general way two main groups
of time scales controlling the freshwater discharge of the
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Figure 5. Monthly deviations time series of water levels from January 1985 to December 2002 at Itapod (a); Arambaré (b);
S&o Lourenco (c) and Rio Grande (d) stations. The horizontal dashed lines indicate the standard deviation of the monthly

deviation time series.
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Figure 6. The local wavelet power spectrum of the freshwater discharge and SOI time series using Mexican Hat wavelet (a).
Thick contour lines enclose regions of greater than 95% confidence for a red-noise process with a lag-1 coefficient of 0.25.
Cross-hatched regions indicate the cone of influence where edge effects become important. Mean variance time series (b) for
periods greater than 16 months and lower than lower than 120 months with the dotted line indicating the 95% confidence
level. The global wavelet power spectrum (c) of the time series and the dotted line indicate the 95% confidence level.

Patos Lagoon associated with ENSO. In the first group,
the events of high discharge are related to ENSO in pe-
riods between 16 and 32 months (1.3 and 2.6 years). On
the other hand, in the second group (Figure 6(a)) the
influence of ENSO occurs in longer inter-annual time
scales between 32 and 128 months (2.6 and 10.6 years).
In both group of time scales, El Nifio (La Nifia) events
are responsible controlling the increase (decrease) of
precipitation rates on the drainage basin of the Patos La-
goon.

Copyright © 2012 SciRes.

Analysis of the local power spectrums indicated oc-
currence of stronger events of El Nifio/high discharge in
the second part of the time series (after 1970’s). The re-
sults of local power spectrum (Figure 6(a)) indicate that,
normally, the ENSO events influence the precipitation
rates and, consequently, the freshwater discharge as a
multi-frequency process. Short scale processes combined
with longer scale ones are performing a complex modu-
lation pattern in the freshwater of this region varying
from one up to few years.
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The mean variance time series for periods between 16
and 128 months (Figure 6(b)) confirm the simultaneous
influence of ENOS in the freshwater discharge occurring
in those cycles during the whole studied period. The
global power spectrum of the discharge and SOI time
series (Figure 6(c)) corroborate these findings and indi-
cate the importance of these processes combining in the
different time scales to perform the complex influence of
ENSO in the study region. Processes with periods be-
tween 16 and 128 months reflect the long term response
of the Equatorial Pacific region dynamics presenting a
most important cycle occurring around 64 months (5.3
years).

3.4. Long Term Trends of Freshwater Discharge

The ENSO events in the study region induce important
long term influence in the freshwater discharge. In this
way, the discrete wavelet analyzes was carried out in
order to detect the overall trend of this signal. There is so
much noise in the original signal therefore, its overall
shape is not apparent upon visual inspection. In this
level-6 analysis, we note the long term trend becomes
clearer comparing with the original discharge time series
(Figure 7). The mean value of 1080 m>s ' was calcu-
lated for the Patos Lagoon discharge (from 1940 to 2006
year) and the non-linear long term trend indicates a pat-
tern, with values of discharge normally below the mean
value before 1970 year, and above the mean value after
1970 year (Figure 7). This result indicates an increasing
trend starting after 1970 year and this can suggests the
long term cycles (between 16 and 128 months) embed-
ded into a longer cycle taking several years.

Climatic means of freshwater discharge were per-
formed for the first half (from 1940 to 1973) and second

10000

half (from 1973 to 2006) of the study period in order to
verify the non linear trend observed between 1940 and
2006 years (Figure 8). The climatic monthly means con-
firm the non-linear trend of increase in discharge (Figure
7), with values higher than the observed in the first half
(from 1940 to 1970) for all the months. The mean dif-
ference from the first to the second period is 364 m*s™'
and the major differences are observed in Austral winter
(from June (6) to August (8)), and from the end of spring
to early of summer (November (11) and December (12)).
The lower difference is observed in September, the
month when normally is observed the higher values of
discharge in the Patos Lagoon.

4. Discussion and Conclusions

Previous studies showed that coastal lagoons are dyna-
mically driven by winds [23], especially when their prin-
cipal axes are oriented in its dominant direction [24].
According with: [11-14], the Patos lagoon circulation
pattern itself, the mixing and exchange process during
low and mean discharge conditions are controlled by the
wind effect at synoptic time scales coincident with the
passage of meteorological systems every 3 to 17 days. In
some regions around the world the influence of winds
and freshwater discharge is well separated in different
time scales [25].

In the Patos Lagoon, the freshwater discharge contri-
butes considerably to the circulation pattern, mixing and
exchange process, as well as, to the exportation of sus-
pended matter and deposition pattern of suspended sedi-
ments along the adjacent coastal region in monthly, sea-
sonal and longer time scales [15-18,26]. In longer time
scales, the South America is strongly influenced by
ENSO [27-30]. The most significant events of ENSO
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Figure 8. Climatic monthly means of freshwater discharge from 1940 to 1973 (dashed line) and from 1973 to 2006 (solid line).

present high temporal variability occurring in quasi-bi-
ennial time scales (18 - 35 months) or in lower frequent-
cies (32 - 88 months) [31]. [32] analyzed global fields of
sea surface temperature and separated the occurrence of
ENSO in inter-annual time scales and another residual
with inter-decadal variability.

El Niflo is the Southern Oscillation phase where the
trade winds are weak, the pressure is lower over the east
Tropical Pacific Ocean and higher over the west side.
The south of Brasil presents anomalies of precipitation
associated with the occurrence of ENSO [28,29,33]. The
results presented indicated that El Nifio (La Nifia) events
promote the intensification (decrease) of the freshwater
intensity in the principal river tributaries of the Patos
Lagoon following scales from 16 to 128 months (from
1.3 to 10.6 years). The most energetic cycle is centered in
periods of 64 months (5.3 years). This results presents
strong consistency with analyzes of SOI and corroborate
other results found previously by several authors in south
of South America. [34] verified that El Nifio events in-
tensified the discharge of the Negro and Parana Rivers in
inter-annual time scales (cycles between 3.5 and 6 years).
[35] associated the peaks of freshwater discharge of the
Uruguay River in time scales from 3.5 to 6 years to the
ENSO influence.

[34] found a cycle around 9 years as component of
variability of time series in Paraguay and Parand rivers.
This authors associated the high discharge in this time
scales with low temperatures in the North Atlantic Ocean
observing that this component is strong during summer.
Negative anomalies of sea surface temperature in the
tropical North Atlantic Ocean during summer are associ-
ated with the intensification of northeasterly winds and
some displacement to the south of the Inter-tropical
Convergence Zone in ENSO time scales [36,37]. This is

Copyright © 2012 SciRes.

still associated with the linear tendencies observed be-
tween 1951-1990 years [38]. [39] suggested that a possi-
ble way of influence of the tropical North Atlantic circu-
lation in south of South America is through the decadal
cycle of the summer monsoon system, and by the south-
ward flux associated with the low level jet along the east
part of Andes.

The influence of ENSO increasing (decreasing) the
intensity of freshwater discharge in the Patos Lagoon
reflects the complex processes combining different time
scales simultaneously, in period varying from few months
to several years. The longer events reflect the long term
response of the non linear dynamics in Equatorial Pacific
region that changes the precipitation pattern of the hy-
drographic basin, principally during winter and from the
end of spring to early autumn. [28] verified that all re-
gions of south of South America have consistent wet
anomalies during austral spring of the warm event year
(El Nifio year), with pronounced peak in November. [28]
verified that southeastern part of South America also
shows a consistent tendency to higher than average rain-
fall during the Austral winter of the following year.

The mean value of 1080 m’-s™' was obtained for the
Patos Lagoon discharge from 1940 to 2006 year, and the
non-linear long term trend indicates curious pattern with
values of discharge normally above (below) the mean
after (before) 1970’s. This result indicates an increasing
trend starting after 1970, however, this indicates the in-
fluence of a longer term cycle influencing the interannual
variability of the Patos Lagoon discharge. The seasona-
lity is maintained in climatic means obtained after and
before 1970’s. The mean increase is around 364 m’-s™'
from the first to the second period and the amplitude of
the seasonal cycle is reduced. Normal periods of high
discharge as Austral winter and the end of spring present
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major increase of precipitation/discharge associated with
the most intense El Nifio events occurring after 1970.
The major difference is during the Austral summer in the
region that was become wetter in the second part of the
study period. Recent increasing trends in streamflow of
rivers in southeastern South America were verified by
[40]. These authors verified a similar pattern of increas-
ing trends for the Parana, Paraguay and Uruguay rivers
after 1970 year with decrease in the amplitude of the
seasonal cycle of that region.
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