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INTRODUCTION
Global climate change is leading to mean sea 

level rise, generating an increase in the frequency 

of coastal flooding (Vitousek et  al., 2017). 
In addition, such rise and long-term changes in 
the magnitude, frequency, and trajectories of 
storms and positive storm surge (PSS) may alter 
the parameters of extreme water level distributions 
and the evolution of coastal hazards over time 
(Vitousek et  al., 2017). In contrast to the large 
number of studies that have focused on global 
mean sea level changes, much less research has 
been devoted to determining the contribution of 

A 117-year series of hourly-observed heights in the Río de la Plata estuary allows studying the recorded 
changes in positive storm surge (PSS) events spanning from 1905 to 2021, and calculate the annual mean 
river level (AMRL) trend. The analysis of PSS focuses on the trend of the annual number of events, the annual 
mean events duration, and the annual maximum PSS height. Seasonal analyses of these variables can also be 
conducted. This study aimed to ascertain any correlation between the rising AMRL and the evolution of PSS. 
Since AMRL increase is related to the effects of global warming, the observation series is divided into two 
periods based on the behavior of the curve of greenhouse gas emissions into the atmosphere. One period 
covers 1905 to 1962 and is characterized by a less pronounced curve slope, while the other period, 
1965 to 2021, exhibits a drastically steeper curve slope. Moreover, two sets of data were obtained to calculate 
the PSS in two different scenarios for both periods: a hypothetical one, with no trend in AMRL, and a realistic 
one, maintaining the observed AMRL trend. The results show the acceleration trend of two of the analyzed 
variables, namely the annual number of events and the average duration of events, when transitioning from one 
period to the other (following the behavior observed in AMRL). However, the increase in AMRL could not be 
the only explanation of these accelerations. On the one hand, although the accelerations decrease when the 
hypothetical scenario is considered, they do not totally disappear. Moreover, the annual average duration of the 
events increases follows the realistic scenario when removing AMRL trend. On the other hand, the maximum 
height of PSS shows no trend in either period and remains unaffected comparing the two scenarios.
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climate-driven changes in storm activity to extreme 
sea levels. Our understanding of how tides, PSS, 
and waves influence sea level extremes is only 
modest (Fox-Kemper et al., 2021). For their part, 
PSS are a major cause of coastal flooding and can 
have devastating social effects (Kron, 2013).

Río de la Plata (RdP) is a very large and shallow 
estuary with a NNW-SSE orientation shared by 
Argentina and Uruguay (Figure 1). On its shores 
and in its area of influence are the capitals of 
both countries, Buenos Aires and Montevideo, 
and numerous ports, resorts, and industrial 
centers. Formed by the confluence of the Paraná 
and Uruguay rivers, it drains the waters of the 
second largest basin of the subcontinent, after the 
Amazon River (Moreira and Simionato 2019). 
The RdP has a length of about 300 km, widening 
from 40  km at its upper end to 220  km at its 
mouth into the Atlantic Ocean, while the estuarine 
surface area is 35,000  km2. The water level in 
the RdP is usually described by the combination 
of a semidiurnal microtidal regimen with diurnal 
inequalities (D’Onofrio et al., 2012) and its wind-
driven circulation (Simionato et al., 2004, 2006). 
It is located in one of the most cyclogenic regions 
of the Southern Hemisphere (Gan and Rao, 
1991) due to atmospheric waves moving along 
the subtropical latitudes of the South Pacific 
and South American regions. Anticyclonic cells 
that detach from the South Pacific high-pressure 

center and travel east-northeastward lead to the 
development of strong southeasterly winds in 
lower layers of the atmosphere that can exceed 
25  ms-1 during extreme events (D’Onofrio et  al., 
1999). These storms, known as sudestadas, 
produce PSS and flooding in the upper estuary 
(D’Onofrio et  al., 1999; Santoro et  al., 2013; 
Dinápoli et  al., 2017), although they can also 
be produced by other meteorological conditions 
that lead to strong and/or persistent easterly 
and southeasterly winds (Escobar et  al., 2004). 
Sudestadas are associated with a circulation 
variability mode that prevails when the wind 
exhibits a dominant component aligned along the 
estuary axis, characterized by a distinct pattern 
of significant water level increase at the upper 
part of the estuary (Simionato et al., 2004, 2006). 
The wind action not only raises the river level but 
also generates more pressure at the discharge of 
the storm drains and streams that cross the city 
draining into the RdP estuary. This blocks the 
runoff of accumulated water in the city, causing 
flooding not only in shoreline areas but also in the 
valleys of these streams, where its sinkholes are 
located (Nabel et al., 2008). PSS events can last 
from one to three days, but longer duration cases 
have been recorded (Moreira et al., 2014). In fact, 
our analysis in this study revealed an extreme 
case lasting approximately 175 hours during 1976.

Figure 1. Location and bathymetry of the Río de la Plata estuary.
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Similar to the ongoing trends observed in 
oceans worldwide, Río de la Plata (RdP) is 
undergoing a rise in its mean level attributed 
to global warming (e.g., Dennis et  al., 1995, 
Santamarina-Aguilar et al., 2017; Piecuch, 2023), 
aligning with the South Atlantic Sea level pattern 
(Frederikse et al., 2021). Furthermore, there is an 
observed increase in the frequency and duration 
of sudestadas, seemingly linked to the relative rise 
in mean water level (D’Onofrio et al., 2008). Thus, 
these two combined effects lead to increased 
vulnerability of the coastal zone to flooding 
(Re and Menéndez, 2006). 

Strong interactions can occur between tide, 
storm surge, waves, sea level rise, and flooding; 
nevertheless, the importance of each interaction 
mechanism is very heterogeneous depending 
on the location considered (Idier et  al., 2019). 
In that sense, one can consider that there could 
be an interaction between PSS events and mean 
water level, as the PSS develop above this level. 
In this context, certain studies have demonstrated 
that the interaction between storm surge and sea 
level rise can be either linear or nonlinear (Zhang 
et al., 2012; De Dominicis et al., 2020). Therefore, 
in this work, we propose to analyze whether the 
increase of the annual mean river level (AMRL) 
contributes to the registered changes in PSS in the 
estuary of the RdP. For this purpose, we examined 
the evolution of the PSS in Buenos Aires, a location 
of the estuary that boasts a 117-year series of 
hourly heights, considering the contribution of 
the change of the AMRL in one case, and without 
considering it in another. Furthermore, as the rise 
in AMRL is associated with the impacts of global 
warming, we divided the observation series into 
two periods (1905-1962 and 1965-2021) based 
on the behavior of the curve of greenhouse 
gas emissions into the atmosphere. The curve 
during the first period is characterized by a less 
pronounced slope, while the second period 
exhibits a markedly steeper slope (e.g., Stoddard 
et al., 2021).

METHODS
Data

The baseline data used in this work to perform 
the PSS analyses correspond to the hourly heights 

of the RdP estuary in the period from 1905 to 2021. 
The height observations were performed with two 
different tide gauges. The first gauge was operated 
by the Ministry of Public Works and located at 
the mouth of the Riachuelo River—Semáforo del 
Riachuelo—from 1905 and 1959. The second 
gauge was operated by the Naval Hydrographic 
Service in the neighborhood of Palermo—Club 
de Pescadores, Palermo station—, 9 km north of 
the Riachuelo River, from 1957 and 2021. Thus, 
there are three years of overlapping data between 
both records (1957-1959). The coastline between 
the two stations does not show morphological 
differences and the tide observed at both 
stations has similar characteristics, making them 
comparable (D’Onofrio et  al., 2008). The levels 
of both tide gauges are referenced to the zero or 
datum of the Riachuelo River, which is 0.531  m 
below the zero of the National Geographic Institute.

The zero of the Riachuelo River was established 
practically coincident with the level of the lowest 
astronomical low tides (Dirección Nacional de 
Control de Puertos y Vías Navegables, 2022). 
The final series of heights, from 1905 to 2021, 
covers 117 years, with a missing data interval from 
1963 to 1964.

Amrl and linear trend
To obtain the AMRL and its linear trend, 

the series of observations is divided into two 
subsets of data. The first subset corresponds 
to the observations from 1905 to 1962, and the 
second to those from 1965 to 2021 (the periods 
are denoted as P1 and P2, respectively). 
This distinction is based on changes observed 
in the curve of greenhouse gas emissions into 
the atmosphere related to the effects of global 
warming. As a consequence of such warming 
there has been an increase in the mean RdP level, 
which has accelerated, as in the rest of the global 
ocean, around 1960 (e.g., de Azkue and Fiore, 
2021). For the two-height series, the annual mean 
levels were estimated by considering the arithmetic 
mean of all the observations corresponding to 
each year and by employing a Savitzky-Golay filter 
(Savitzky and Golay, 1964) with a polynomial order 
of 3 and a window size of 31 on annual data. In the 
computed values of the annual arithmetic mean of 
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hourly tide heights, various contributions were 
anticipated, stemming from astronomical tidal 
cycles exceeding one year, including the Metonic 
cycle of approximately 19 years. Haight et  al. 
(2011) determined that in the region spanning from 
the North Sea to the central Baltic Sea, the highest 
astronomical tides manifest at intervals of 74.4 
and 55.8 years, which are multiples of modulation 
cycles lasting 18.6 years. Lopez (2023), focusing 
on the Patagonian shelf, established that, in most 
instances, a 30-year period is adequate for the 
extreme astronomical tide values to converge. 
This insight guided the choice of a 31-year 
window width for the Savitzky-Golay filter. 
Simultaneously, a polynomial order of 3 was 
selected based on empirical evidence showing 
minimal distortion in the peaks or fine details of 
the original data. A comprehensive elucidation 
of the Savitzky-Golay filter can be found in Luo 
et  al. (2005), with applications in oceanography 
and hydrography detailed by Lycourghiotis and 
Kontini (2012) and Alsaaq et al. (2016). To facilitate 
result comparison, the predicted astronomical tide 
was subtracted from the hourly height series, 
and subsequently, the arithmetic mean was 
calculated annually. This process yields new series 
of annual mean levels, which are then compared 
with those calculated from the filtering. The trend 
of the filtered series was obtained by fitting to a 
least squares line and the Pearson coefficient (r) 
was estimated.

Astronomical tide and residual series
To calculate the PSS events, it is necessary 

to have a series of residuals consisting of the 
difference between the observed height and 
the astronomical tide. Thus, harmonic least squares 
analyses are performed following Equation 1

   ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)

 
Equation (1)

where subindex j refers to each tidal component, 
t corresponds to the time of each observation, 

h is the observed height,    ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)

 is the mean river level 
of the period,    ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)

 is the variation of the mean level, 
H is the amplitude of the components, f is the 
nodal factor, (v+u) is the equilibrium argument, 
and g corresponds to the modified epoch.

This methodology considers the possible linear 
variations of the mean sea level by adding the 
straight line    ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)

 and obtaining the harmonic 
constants directly (D’Onofrio et  al., 2016). 
The equilibrium arguments and nodal factors were 
estimated considering the time scales presented 
by Cartwright (1985). The estimation of error-
components included in the harmonic analyses 
was performed from the variance-covariance 
matrix, which arises from the methodology used in 
the harmonic analyses. A total of 134 constituents 
were included in the harmonic analysis, allowing a 
wide range of frequencies to be considered.

Although the harmonic constants are so called 
since their value does not change over time, factors 
such as changes in mean sea level, bathymetry, 
river discharge, or thermohaline can alter the 
value of these constants (e.g., Santamaria-Aguilar 
et  al., 2017, Luz Clara et  al., 2014). In order to 
consider these possible changes and address the 
Metonic cycle, harmonic analyses were performed 
to the observations, dividing them into five periods 
of 19 years (1905–1923, 1924–1942, 1965–1983, 
1984–2002, 2003–2021) and one of 20 years 
(1943–1962). In other words, six sets of harmonic 
constants were obtained.

Likewise, astronomical tide predictions were 
estimated in two different ways for each period 
(P1 and P2). The first, considering i) all the 
harmonic constants obtained in the 19/20-year 
periods, ii) the mean river level of the period, 
and iii) the linear variation of the AMRL. 
The second followed the same criteria as the first, 
except that it did not consider the AMRL trend.

From these four series of predictions, 
we obtained the series of residuals to estimate 
PSS events, subtracting from the observations 
the series of predictions in each case. The four 
series of residuals include:   ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)

Equation (2)
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Thus, the series Residuals1 (R1) and 
Residuals3 (R3) have the AMRL trend removed 
and are part of a hypothetical scenario, while the 
other two series, Residuals2 (R2) and Residuals4 
(R4) belong to a realistic scenario since they 
maintain the contribution of the AMRL trend.

Determination of PSS events
To obtain the heights corresponding to 

the PSS events, we started from the series of 
estimated residuals, as described in the previous 
section. Not all obtained residuals correspond to 
PSS events. The events must satisfy the following 
criteria: i) they must never fall below 0.30  m, 
ii) the highest residual of the event must be larger 
than or equal to 1.60 m, and iii) the events must last 
at least six hours. The value of 0.30 m set as the 
threshold for PSS events was adopted because, 
under calm meteorological conditions, there may 
be a difference between the observed heights and 
the astronomical tide of the order of ±0.10 m. Thus, 
to ensure that the chosen residuals correspond 
to PSS events, the threshold value adopted is 
three times the above-mentioned difference. 
Regarding the value of 1.60  m, it was adopted 
since, when combined with a tidal height close to 
mean river level (approximately 0.79 m above the 
zero of the Riachuelo River) during a semi-diurnal 
rising tide, it leads to levels that can approach the 
warning levels of the City of Buenos Aires and its 
surroundings (D’Onofrio et al., 2008). In addition, 
to ensure that it is really a PSS event and not a 
recorded anomalous height, a minimum duration 
of at least six hours was chosen. Once the events 
were determined, the annual trends of the time 
series of the following variables were estimated: 
annual number of events, mean annual duration, 
annual maximum observed height, and annual 

maximum PSS height. For this purpose, as in 
the estimation of the AMRL trend, a Savitzky-
Golay filter (Savitzky and Golay, 1964) was first 
applied with a polynomial order of 3 and a window 
size of 31 on annual data. The smoothing of the 
data intends to identify long-term trends more 
clearly, without the interference of other present 
fluctuations. Then, the trend was obtained to a 
least squares line fitting for the periods 1905–1962 
and 1965–2021, and the Pearson coefficient 
(r) was also estimated. These estimations were 
performed with the residual series R2 and R4 
(which contain the trend of the AMRL) and with 
the residual series R1 and R3 from which the 
trend was removed. Moreover, to enhance the 
completeness of the analysis, a seasonal study 
of the events for both periods in the realistic 
scenario was conducted.

RESULTS

Annual trends
The results derived from the annual river level 

series, obtained by applying the Savitzky-Golay 
filter and by subtracting predictions, exhibited 
similarity, with differences on the order of a 
millimeter. We opted to retain the filtered series for 
trend analysis.

The annual marches and trends of AMRL, 
maximum observed height, number of PSS events, 
mean annual duration of events, and maximum 
PSS height were plotted in Figures 2,3,4,5 and 6, 
respectively. On the left of each Figure, the period 
1905–1962 (P1) is represented, and on the right 
side the period 1965–2021 (P2). The results 
of the number of PSS events, mean duration, 
and maximum PSS height presented in Figures 4, 5, 

   ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)

Equation (3)

   ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)

Equation (4)

   ℎ( ) = 0 + ∆  .  + ∑  (( + ) − )=1

1 =  (1905 − 1962) −   (19  ℎ   )

−    (1905 − 1962) −   (1905 − 1962)  

2 =  (1905 − 1962) −   (19  ℎ  )

−    (1905 − 1962)

3 =  (1965 − 2021 ) −   (19  ℎ  )

−    (1965 − 2021) −   (1965 − 2021)

4 =  (1965 − 2021) −   (19  ℎ  )

−    (1965 − 2021)
Equation (5)
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and 6 were obtained from the R2 and R4 residual 
series corresponding to the realistic scenario, 
in which the AMRL trend was maintained. 
Figures 7, 8, and 9 show the results of these three 
variables for the hypothetical scenario, in which the 
AMRL trend was removed, obtaining the results 
from the R1 and R3 residual series. Figure 2 shows 
how the AMRL trend doubles its value at P2 (B) 
compared with P1 (A), going from 0.0011 m yr-1 to 
0.0023 m yr-1. The trend of the maximum observed 
height (Figure 3) not only increased from P1 (A) 
to P2 (B), but also reversed its sign. It changed 
from a negative trend (−0.0015 m yr-1) in P1 to an 
increasing trend in P2 with a value of 0.0027 m yr-1. 
Regarding the trend of the annual number of PSS 
events (Figure 4), as we moved from one period 
to the other, we noted that its value increased by 
an order of magnitude, being 0.0117 events yr-1 in 
P1 and 0.1435 events yr-1 in P2. Figure 5 shows, 
for the mean duration of the events, how the trend also 
increased from one period to the other and reversed 
the sign as did the trend of the maximum observed 
height, being −0.0327  h yr-1 in P1 and 0.018  h 
yr-1 in P2. Regarding the maximum PSS height 
(Figure 6), it showed no trend in both periods (we 
highlight the low values of the Pearson coefficient). 
When observing the number of annual events in the 
hypothetical scenario with no change in the mean 
river level trend (Figure 7), we noted that this trend 
preserved the same behavior as in the realistic 
scenario (Figure 4), in which the value increased by 

an order of magnitude when going from P1 to P2. 
In addition, the value between scenarios for the 
same period barely decreases (from 0.0117 events 
yr-1 with R2 to 0.0115 events yr-1 with R1, and from 
0.1435 events yr-1 events with R4 to 0.1221 events 
yr-1 with R3). Figure 9 shows the maximum PSS 
height, which remained trendless between periods, 
as for the realistic scenario (Figure 6). The trend 
of the mean duration in the hypothetical scenario 
(Figure 8) increased and reversed the sign when 
going from P1 to P2, with values of −0.0353 h yr-1 
and 0.0245 h yr-1, respectively. However, the values 
corresponding to P2 are lower than those from the 
realistic scenario, in which the increase of the mean 
river level was retained in residuals (Figure 5).

In Figure 10, the R3 and R4 residual series on 
certain days in 2015 were plotted to observe their 
patterns and make comparisons. The theoretical 
initial height and the theoretical height to be 
exceeded by the maximum PSS were also indicated 
with horizontal blue lines. Apart from the noticeable 
lag in certain segments of the curves, it is evident 
that the peaks of the first two storms exceeded the 
theoretical threshold in the case of the R4 residuals 
but not in the case of R3. Consequently, these 
two events were considered as PSS events in the 
realistic scenario but not in the hypothetical one. 
However, the third surge documented in the record 
was classified as a PSS event in both scenarios, 
as both residual series satisfy the criterion of 
exceeding the height of 1.6 m.

Figure 2. A) AMRL trend during P1 period (from 1905 to 1962) and B) AMRL trend during P2 period (from 1965 to 2021).



Changes in storm surges due to the rising mean river level

Ocean and Coastal Research 2024, v72:e24055 7

de Azkue and D’Onofrio

Figure 3. Maximum observed height trend in a realistic scenario (considering the AMRL trend). A) During the P1 period 
(from 1905 to 1962). B) During the P2 period (from 1965 to 2021).

Figure 4. Number of PSS events in a realistic scenario (considering AMRL trend). A) During P1 period (from 1905 to 1962). 
B) During P2 period (from 1965 to 2021).

Figure 5. PSS events mean duration trend in a realistic scenario (considering the AMRL trend). A) During the P1 period 
(from 1905 to 1962). B) During the P2 period (from 1965 to 2021).
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Figure 6. Maximum PSS height trend in a realistic scenario (considering the AMRL trend). A) During the P1 period (from 1905 
to 1962). B) During the P2 period (from 1965 to 2021).

Figure 7. Number of PSS events trend in a hypothetical scenario (not considering AMRL trend). A) During P1 period 
(from 1905 to 1962). B) During P2 period (from 1965 to 2021).

Figure 8. PSS events mean duration trend in a hypothetical scenario (not considering AMRL trend). A) During the P1 period 
(from 1905 to 1962). B) During the P2 period (from 1965 to 2021).
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Figure 9. Maximum PSS height trend in a hypothetical scenario (not considering AMRL trend). A) During the P1 period 
(from 1905 to 1962). B) During the P2 period (from 1965 to 2021).

Figure 10. Example of the observed behavior from R3 (hypothetical scenario) and R4 (realistic scenario) 
residuals series on certain days in 2015. Horizontal blue lines mark the theoretical initial height and the 
theoretical height to be exceeded by the maximum of the PSS.

Seasonal analysis 
Figure 11 shows the distribution of the number 

of events by season for the periods P1 and P2 
calculated with the residual series R2 and R4 
(realistic scenario). For both periods, it can be 
noted that summer held the highest number of 
events, followed by spring, autumn and, finally, 
winter, with the lowest number. This result is 
opposite to that of Nabel et al. (2008), who found 

that the highest number of events occurred 
in winter. The difference may be due to the 
criteria used to determine the events and time 
period considered for both analyses. However, 
the results of this work are consistent with the 
distributions presented by Escobar et al. (2004), 
in which a higher frequency of sudestadas was 
observed both in summer and spring. It can also 
be observed that the increase in the number of 
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events in the P2 period when compared to P1 
occurred mainly in the spring and winter months. 
For summer and autumn, the number of events 
remained practically constant between periods. 
Figure 12 shows the seasonal distribution of the 
number of events obtained with the R2 and R4 
residual series over the years. The gray colors 
correspond to seasons without events (due to 

the establishment of a threshold for the events, 
in this case 1.60  m), whereas the blue color 
corresponds to the years 1963 and 1964, in which 
no information is available. It is easy to identify 
summer as the modal season, with a noticeable 
increase (darker colors) in the number of events 
occurring in the springs of the most recent years 
of the record and in a short period after 1980.

Figure 11. Number of PSS events per season of the year, for the P1 (blue color bars) and P2 (grey color bars) periods 
calculated with the R2 and R4 residual series (realistic scenario).

Figure 12. Seasonal distribution as a function of years of PSS events obtained with R2 and R4 residual series (realistic scenario).

Both the maximum observed height and the 
maximum PSS show, seasonally, a similar behavior, 
so the results are shown for the maximum PSS only 

during the two periods analyzed, obtained from 
the R2 and R4 residual series (Figure 13). Here, 
it can be seen that the maximum PSS corresponds 
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to a spring of period P2 with a value of 3.36 m, and 
that summers have the lowest maximum height, 
despite being the season that records the most 
events in both periods. It is also observed that 
only in the case of spring and summer for the 
period P2 the maximum PSS exceeds that of 
the period P1. There is not a wide difference 
between seasons. Figure 14 shows the annual 
distribution of these maximum PSS heights 
(for residuals R2 and R4) for each season and 
assigns the spring of 1989 as the maximum event 

for its height, followed by the event recorded in 
the fall of 1940 (historical record of maximum 
observed height). Both events are the highest 
for the period P2 and P1, respectively. The same 
figure shows that, from 2008 onwards, the spring 
records the highest values in a more persistent 
manner than in previous years. This behavior 
is the same when the seasonal distribution is 
analyzed with the R1 and R3 residuals to which 
the trend of the mean river level was removed 
(hypothetical scenario).

Figure 13. Seasonal distribution of the maximum PSS for the P1 (blue color bars) and P2 (grey color bars) periods 
obtained from R2 and R4 residuals series (realistic scenario).

Figure 14. Seasonal distribution as a function of years considering the maximum PSS obtained from R2 and R4 residual 
series (realistic scenario).
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Figure 15 shows the seasonal distribution 
of the mean duration of PSS events obtained 
from the residuals R2 and R4 belonging to the 
realistic scenario for the two periods analyzed. 
The mean duration is higher in the summers, 
autumns, and springs of the second period 
compared to the first. The modal interval is that 
corresponding to winter in both periods, although 

it is the season with the lowest number of 
events, as seen previously (Figure 11). It is also 
found that, although the longest events occur 
during winters—considering the entire 117-year 
period (Figure 15)— this behavior shifts to spring 
events in recent years (not shown). In other words, 
not only are most PSS events taking place in recent 
springs, but these events are also lasting longer.

Figure 15. Seasonal distribution of the mean duration of PSS events for the P1 (blue color bars) and P2 (grey color bars) 
periods obtained from the R2 and R4 residuals series (realistic scenario).

The results obtained from the seasonal 
analysis corresponding to the realistic scenario 
described in the previous paragraphs are 
analogous to those of the residual series 
calculated in a hypothetical scenario, in terms of 
the observed behavior. 

DISCUSSION
The analysis conducted comparing the realistic 

scenario (the one that considers the AMRL trend) 
and the hypothetical scenario (the one that does 
not consider this trend) allows us to state that 
some of the changes found in the PSS cannot 
be solely and directly attributed to the increase 
in the AMRL. Some behaviors are found to 
support this. In the case of the trend of the annual 
number of events, we found that, when going from 
P1 to P2, it increased by an order of magnitude 

in the realistic scenario, while the trend of the 
AMRL doubled. In addition, in the hypothetical 
scenario, the increase of one order of magnitude 
in the passage from P1 to P2 was maintained, 
so it cannot be the AMRL variation that models 
these changes, as this variation is not considered 
in the latter scenario. Thus, this increase, 
which occurs mainly during the springs of recent 
years and to a lesser extent in winters, could be 
due to changes in atmospheric circulation (Laignel 
et  al., 2023) and the local and regional wind 
pattern, as well as changes in the discharge of 
rivers that flow into the estuary of the Río de la 
Plata and modify the AMRL (Piecuch, 2023).

The lack of trend in the maximum annual PSS 
height, both between periods and scenarios, 
also shows that this variable is not directly affected 
by the increase in AMRL. In this case, interactions 
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with the astronomical tide may model the observed 
behavior. Sea level rise could slightly dampen tidal 
heights due to nonlinear interactions between tides 
and PSS (Wood et al., 2022). Tidal cycles, such as 
the 18.61-year cycle caused by the precession of 
the Moon’s orbit around the Earth, can influence 
extreme water levels (Haigh et  al., 2011; Peng 
et  al., 2019). These variations were included 
when performing harmonic analysis over periods 
of 19/20 years. Thus, in the context of sea-level 
rise, storm surges experience an influence from 
reduced bottom friction, leading to an augmentation 
of storm surges (Idier et al., 2019). Nevertheless, 
as demonstrated by Arns et  al. (2017) in the 
North Sea, the reduction in bottom friction seems 
to be offset by the diminished effectiveness of 
surface wind stress. In essence, the identical 
wind forcing is less efficient in displacing water 
and results in a smaller surge when the water 
depth is larger. Thus, these combined effects 
could explain the results obtained in the annual 
maximum height of PSS too. 

Regarding the trend of the mean annual 
duration of PSS events, it is interesting to note 
that it presented higher values in the hypothetical 
scenario than in the realistic one, showing a 
behavior opposite to that of the AMRL trend. 
Moreover, this trend is determined by the behavior 
of events in winter since it is the only season of 
the year in which the average duration is shorter 
during P2 period. Notably, however, the Pearson 
coefficient values for this variable have yielded 
statistically insignificant results.

Finally, as expected, the seasonal analysis of 
the considered variables yielded higher values for 
the series of residuals representing the realistic 
scenario. However, as noted, the mean duration of 
the PSS deviates from this behavior.

CONCLUSION
The effects of climate change are noticeable, 

manifesting in changes in the different forcings of 
the PSS in the Río de la Plata estuary and in the 
processes that interact with them. The impacts of 
the increase in the AMRL on the evolution of the 
PSS cannot be omitted, although it has been shown 
that it is not the only or the most important cause 
affecting them. There is also a meteorological 

component that models them and explains some 
of the observed variations throughout the study 
period. The role of the atmosphere is playing 
a crucial role, as well as its fluctuations. Thus, 
complementing this work with studies on local and 
regional atmospheric circulation becomes a priority.

Beyond helping to understand the causes that 
originate the observed changes in the PSS—
and detecting those changes—, this work may 
constitute a valuable tool when planning 
sustainable infrastructure works and sustainable 
non-structural measures in the City of Buenos 
Aires. We believe that it will aid in addressing the 
historical problem of flooding caused by PSS, 
as it monitors its forcing mechanisms.
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