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Abstract

The Uruguayan coast of the Río de la Plata river estuary (RdlP) is 300 km long. 
It encompasses an inner tidal river and a middle and an outer estuary. The RdlP is a 
micro-tidal system dominated by river inflow from the Paraná and Uruguay rivers 
and southern winds with increasingly frequent wind-induced storm surges impacting 
the coast. The El Niño-Southern Oscillation influences the river inflow, prevailing 
winds, water/sea level and beach erosion. First, we focus on the IPCC Reasons for 
Concern (RFC) about the trends of climate risks threatening the Uruguayan coast. 
The trends and maxima of air temperature, water/sea levels and river inflow in three 
coastal stations from 1980 to 2019 show temporal changes attributable to climate 
change and El Niño-Southern Oscillation (ENSO). The occurrence, evolution and 
Montecarlo simulations of return periods of the yearly river flow and sea level height 
maxima provide metrics of RFC to categorise the climate risks from past to projected 
future and the level of risk from undetectable to very high. Then, we summarise some 
current and expected climate risks and present the current adaptation framework and 
some expected impacts. The RFC has increased, reaching moderate to high-risk levels.

Keywords: ENSO, sea-level rise, extreme sea levels, river inflow, wind maxima,  
climate impacts, beach erosion, harmful blooms, Monte carlo simulation

1. Introduction

1.1 Climate risks in the coastal and estuarine systems

Coastal systems are the first in line (exposed) to sea-level rise (SLR) and extreme 
weather events’ adverse impacts, making them especially vulnerable and at risk [1, 2].

The number of published articles on climate change in marine environments has 
increased since 2000, reaching close to 4% on coastal and estuarine systems of all 
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climate change papers, <1% of which are on estuarine systems and their overlap with 
the other ones [3].

Indeed, estuaries are among the ecosystems that are most threatened by climate 
change, for example, acidification, SLR, storms and changes in rainfall [4–7]. In addi-
tion, they are subject to frequent perturbations, for example, from short-term tidal 
water level and salinity changes to long-term climatic changes due to the El Niño-
Southern Oscillation (ENSO) and the North Atlantic Oscillations (NAO) and extreme 
events such as floods and storm surges [6, 8].

This chapter deals with the climate change, extreme weather, and climate risks along 
the Uruguayan coast (northern side) of the Rio de la Plata estuary (RdlP), which, due to 
its vast dimensions (300 km long and 40–230 km wide), openness to and exchange with 
the sea, littoral drift currents and morphodynamics, developed unique sandy beaches 
and dunes more typical of the shallow sea coastal systems [9, 10].

Furthermore, we analyse the IPCC concept of “Reasons for Concern” (RFC) [9], 
which addresses climate risk using five broad domains to assess the increased risk to 
societies and ecosystems; it synthesises how climate change risks accumulate with the 
global average temperature increase [10].

We explore the second Reason for Concern (RFC2) associated with extreme 
weather events and their risks to the coast from river and sea flooding to SLR.

Consequently, it is also essential to consider sea level variability because a change 
in the mean sea level (MSL) can disproportionately increase the likelihood that water 
levels will exceed the survival capacity of these socio-ecological systems.

1.2 Climate risks in the Rio de la Plata estuary (RdlP)

The (RdlP) (Figure 1) drains the waters of the La Plata basin (LPB) via the Paraná 
and Uruguay rivers, which flow through five countries (Argentina, Uruguay, Brazil, 
Paraguay and Bolivia) in the south-eastern region of South America, discharging 
freshwater into the estuary with low seasonality. However, it shows considerable 
inter-annual variability, mainly coinciding with the (ENSO) phases.

ENSO influences the LPB, with a strong correlation between the El Niño 3 and 
3.4 Sea Surface Temperature (SST) index and precipitation, with a positive associa-
tion between El Niño and increased rainfall [11–14]. The variability at inter-annual 

Figure 1. 
The Rio de la Plata estuary. Source: The Copernicus Sentinel-3 satellites on 14 February 2022 (https://www.
copernicus.eu/en/media/image-day-gallery/rio-de-la-plata-estuary). CL (Colonia); Mvd (Montevideo); LdS 
(Laguna del Sauce); Ro (Rocha); BA: Buenos Aires; SB: Sandy beaches. The arrows show the drift transport of 
sediments.
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timescales coincides with ENSO, while the decadal scales are related to equatorial SST 
gradients in the Atlantic and the Pacific [15]. The hydrologic cycle in LPB has a warm 
season (October–April) with an average rainfall of 5.5 mm/d and a cold season (May–
September) with an average rainfall of less than two mm/d [16].

The RdlP shared by Argentina and Uruguay has been substantially affected 
by increased temperature, sea-level rise [17, 18], wind-regime changes, increased 
frequency and intensity of ENSO events and extreme weather and climate events 
like river floods, droughts and wind storms [19–22]. For example, changes in waves 
propagating from the E- and ESE-induced coastal erosion on the Argentinean coast 
[23, 24]. In the short term, ENSO-related variability influences erosion and accretion 
processes on the Uruguayan coast under strong La Niña (“LN”) and SW/SE winds 
and El Niño (“EN”) events and high SE winds, respectively. Besides, (“EN”) induces 
flooding of the Paraná and Uruguay rivers, significantly increasing the freshwater/sea 
level’s average height [25, 26].

However, there is scarce literature concerning the extremes, particularly the 
impacts on the northern coast, mainly related to severe and extreme wind-induced 
storm surges adversely impacting the sandy beaches, built environment and com-
munities [17–19, 27]. Therefore, this chapter aims to present selected annual climatic 
averages and maxima during the recent past (focused on 1980–2019), posing risks to 
cultural and natural systems, such as the sandy beaches or stimulating cyanobacterial 
harmful algae blooms (Cyano-HABs) along the northern coast.

The research questions (RQs) focus on the Reasons for Concern (RFC 2) regarding 
the past, current and projected evolution of climatic variables and risks. For example, 
RQ 1: Is the increase in extreme weather events and their risks to the coast from river 
and sea flooding and sea-level rise (SLR) reaching high-risk levels? RQ 2: Are the 
extreme sea heights (ELS) increasing/decreasing or fluctuating over time? The study 
objectives are as follows:

1. Briefly review some relevant literature about climate risks along the RdlP north-
ern coast.

2. Update the recent time series (1980–2019) of climatic, hydrological and SLR in 
the RdlP and its northern coast and describe the extreme events of these vari-
ables.

3. Discuss RFC2 along the northern coast, emphasising the sandy beaches and cya-
nobacterial harmful blooms (Cyano-HABs).

4. Summarise the status of the Uruguayan National Adaptation Plan-Coasts (C-NAP) 
framework, vulnerabilities and projected scenarios in the medium term (2050).

1.3 Approach of the study

The approach of this chapter is a mix of i) a narrative literature review and 
priorities for future research of climate risks and Reasons for Concern focused on the 
research question, ii) an update of relevant literature from the co-authors and iii) data 
analysis of primary data collection.

The chapter is structured as follows: Section 1 is the introduction, Section 2 sum-
marises the study site and methods, emphasising the climate risks and the concept of 
Reasons for Concern (RFC). Section 3 presents the observed weather, hydroclimatic 
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and water−/sea-level trends, extreme flow and height levels and return periods 
focused on the current (1980–2019) time horizon. Section 4 discusses the Reasons for 
Concern. Section 5 summarises the current state of adaptation based on the National 
Adaptation Plan Coast, and finally, Section 6 deals with the summary and conclusion.

2. Methodology

2.1 Study site

The RdlP is a vast (38,000 km2) micro-tidal (amplitude: <0.5 m along the north-
ern coast) runaway with a partially stratified system, that is to say, the stratification 
persists over several tidal cycles due to the micro-tidal amplitude [28]. The wind, river 
inflow and ENSO forcings control the stratification/mixing cycle and the estuarine 
front location on daily, seasonal and inter-annual timescales [26, 28, 29]. The estuary 
has an extensive and permanent connection to the sea and high susceptibility to atmo-
spheric drivers because of its large size and shallow depth (Table 1). The RdlP flow 
governs the salinity and turbidity and has typical monthly to inter-annual variations 
from around 20,000 to 30,000 m3s-1 [29, 31, 32].

The satellite image (Figure 1) shows the mixing of freshwater (brown) and seawa-
ter (blue) visible from space during a typical La Niña-related low river flow with the 
middle estuary displaced inwards. The brown, greenish and blue colours display the 
inner tidal river, middle estuary and outer estuary, respectively, with Montevideo in 
the middle. Mixing freshwater with seawater creates eddies and estuarine salinity and 
turbidity fronts, which move seaward and riverward due to increased/decreased river 
flow and offshore/onshore axial winds [20, 28, 29, 32].

Most of the beaches along the RdlP Uruguayan coast are unstable wave-dominated 
environments, where the drift transport of sediment flows opposite to the current 
of the estuary channel [33, 34]. Both non-climate and climate factors (ENSO, storm 
surges and river floods) influence erosion, accretion and retreat processes [19].

Morphological and 

hydrological

Type

[6, 28–30]

Dimensions

[28, 30]

River inflow

[22, 28, 29]

Salinity

[6, 23, 28–30]

Tides and SLR

[17, 18, 22, 28, 29]

River-influenced and 
tidal river funnel-shaped 
coastal plain estuary
Partially stratified 
(prevailing) to highly 
stratified, (prevailing) 
along the Canal Oriental 
at >17 m.

Total 
surface: 38 x 
103km2.

Middle 
and Outer 
regions: ~22 
x 103km2

Width:
Head: 
40 km; 
Middle 
~100 km 
Outer: 
120–230 km.

The total 
average QF is ≈ 
25–27 x 103m.
s−1), varying 
from <20 to 
>30 x 10 m3 s−1 
during dry/wet 
years linked 
with La Niña/
El Niño events.

0–33, with an 
average of 8–10 
at Montevideo 
and 20–25 at 
Punta del Este.

0.2 to 0.5 m along 
the northern coast.
Observed SLR 
(2016): 11–12 cm.
Expected SLR by 
2050: ≈0.3 m

Table 1. 
Geomorphological and hydrological features of the Rio de la Plata estuary.
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A comprehensive definition of the RdlP, based on morpho-sedimentary and 
hydrodynamical criteria, is “The funnel-shaped Rio de la Plata is a coastal plain 
estuary with a river palaeo valley (called Canal Oriental) along the northern coast [9], 
which behaves as a conduit channel for water and particles to the Ocean [29]”.

2.2 Climate, river flow, weather and sea-level data

Variability and magnitude of ENSO were determined by the NOAA Ocean Niño 
Index (ONI) considering the monthly anomalies of ocean surface temperature (SST) 
in the Niño 3.4 region (1980–2019) from http://www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostu ff/ensoyears.shtml.

We considered the daily flows (m3/s) of the Uruguay River (QUY), the lower 
Paraná River branches Guazú (QPG) and Las Palmas rivers (QPLP) from 1980 to 2019, 
which together represent the Rio de la Plata inflow computed as QPG + QPLP + QUy, 
taken from the National Water Institute (Argentina, www.ina.gov.ar). The PG flow 
has much more impact on the northern coast than the PLP. Then, we classified the 
years according to the ONI index (https://origin.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ONI_v5.php).

For precipitation data, we used the ERA5 (European Reanalysis V5; https://www.
ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5) for the period 1980–2019 veri-
fied against in situ observations up to 2015. Quality-assured monthly updates of ERA5 
(1959 to present) are published within three months in real time [35].

We recopilated the extreme monthly air temperatures from the weather station 
“Carrasco” (Montevideo) and the yearly averages (1980–2019) from N° 86,560 
“Colonia” and N°86,565 “Rocha” stations from “Instituto Uruguayo de Meteorología” 
(Inumet) https://www.inumet.gub.uy/. Although Rocha is on the Atlantic Ocean 
coast (Figure 1; ca. 150 km Eastern boundary of RdlP), we included it as the eastern 
boundary to compare it with previous reports.

For wind data, we recopilated information for Colonia, Carrasco and N°86,586 
“Laguna del Sauce”(Eastern boundary of the RdlP, close to Punta del Este), also from 
the Inumet surface network.

For water/sea level, we analysed three tide gauge stations located at Colonia (Inner 
estuary), Montevideo (middle estuary) and Punta del Este (outer estuary), covering 
300 km of the coastline.

The specific criterion to define a wind-induced storm surge from the tide gauge 
measurements is: in the records measured as the difference in hourly cut levels of an 
increase of ≥30 centimetres, and exceeding the level of 200 centimetres above zero, 
in the port of Montevideo (taken as the pattern for the three stations).

The selection of the risk levels for each RFC related to the SLR was based on 
identifying the damage produced or estimated on the Uruguayan coast [22, 26].

2.3 Criteria to classify extreme meteorological events

We used the following criteria for extreme meteorological events [36] and wind-
induced storm surges, as applied to the Uruguayan coast [22]:

1. Rare events: Those that have a low probability of occurrence.

2. Extreme events: Those with extreme values of meteorological variables such 
as precipitation (e.g., river floods) and wind (e.g., storm surges). Extreme is 



Estuary Research - Recent Advances

6

defined as taking the maximum yearly values or exceeding the 100-year return 
value (a probability of 0.01 occurring in any particular year.

3. High-impact (severe) events: These can be either short-lived weather systems 
(e.g., severe storms) or longer-duration events such as prolonged heat waves and 
droughts.

4. Acute extremes: Those with a rapid onset follow a short but severe course like 
extra-tropical cyclones (“wind-storms”) and convective storms with extreme 
wind speed, precipitation or coastal floods that can lead to devastating wind and 
flood damage.

For instance, we classified the gusts of wind events as rare (70–89 km/hour), 
extreme (90–109 km/h), severe/high-impact (110–139 km/h) and acute (>140 km/h) 
and for extreme water/sea height as rare (200–249 cm), extreme (250–299 cm), high-
impact (300–349 cm) and acute (>350 cm).

1. Height 200 cm. Port closed for sports and craft boats. Sandy beaches prism 
flooded.

2. Height 250 cm. The municipal storm drains of Montevideo stopped working. 
Flooding of Santa Lucía river wetlands (western Montevideo).

3. Height 280 cm. The port closed for all activities, with the risk of severe damage to 
coastal infrastructure. Erosion of sandy beaches and dunes.

4. Height 300 cm. Increased risks and damages to the infrastructure and beaches.

5. Height 350 cm. Severe damage to the population. Potentially irreversible impacts 
in some of the above.

6. Height 400 cm. Catastrophic event with irreversible impacts.

2.4 Data analysis

We classified the maximum flow rates considering the “EN” (+) and “LN” (−) 
events. For example, ENSO |0.8 to 1| Weak (1), instead of 0.5 to 1, as suggested for the 
RdlP [21], |1 to 1.5| Moderate (2), |1.5 to 2| Strong (3) and |˃ 2| Very strong (4).

Furthermore, for the ONI criterion (quarterly), we applied the value of the 
last quarter October–November–December [O-N-D] and the quarter November–
December–January [N-D-J] for the following year, except for 2009, which had a 
maximum in December, and the ONI of the O-N-D quarter was applied. When “EN” 
and “LN” coexist in the same year, the former was favoured; however, 1988 and 2006 
were the two exceptions.

To describe the extreme data, we used the statistical program R (version 3.6.2), 
based on the Fisher-Tippett-Gnedenko theorem (FTG theorem), and we adjusted the 
data to a maximal distribution [37, 38]. Firstly, we adjusted the data to a generalised 
extreme value (GEV) distribution (Eq. 1) [modified from 39], using the L-moments 
method (LM) [39, 40]. Eq. (1) is the FTG theorem where μ is the location parameter, 
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and E is the scale parameter. The last one allows us to determine the extremal 
distribution. If E < 0, it is a Wumbell, E > 0, a Frechet and E = 0, a Gumbel [38]. 
Furthermore, the “Fitdistrplus” package helped determine the fit of the data to the 
extremal distribution determined by the E parameter [41].

In the statistical program R (version 3.6.2), based on the Fisher-Tippett-Gnedenko 
theorem (FTG theorem), we adjusted the data to a maximal distribution [37, 38]. 
Firstly, we adjusted the data to a GEV (Eq. 1) [modified from 39], using the 
L-moments method (LM) [39, 40]. Eq. (1) is the FTG theorem where μ is the loca-
tion parameter, and E is the scale parameter. The last one allows us to determine the 
extremal distribution. If E < 0, it is a Wumbell, E > 0, a Frechet and E = 0, a Gumbel 
[38]. Furthermore, the “Fitdistrplus” package helped determine the fit of the data to 
the extremal distribution determined by the E parameter [41].
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In the study of extreme events, the “Values and Return Times” are defined as the 
values that will occur in a specific unit of time. On the other hand, the return time is the 
time that will elapse before a specific extreme value occurs. Therefore, frequency histo-
grams were performed with the “ggplot2” packets to observe the behaviour of the data.

We used the parameters of partial η2 and the F statistic to measure the strength of 
the relationship between the phenomena and the variance explained by the model.

Return times were calculated with the “extRemes” package [38, 42]. In addition, 
we performed Monte Carlo simulations, for which 50 random values of the extremal 
function were taken (representing the maximum values of 50 years), and the maxi-
mum value of the simulation was extracted, repeating 50,000 times. Finally, the 
probabilities of different extreme events occurring in the next 50 years were calcu-
lated based on the simulation.

3. Observed weather, climate and water−/sea-level trends and extremes

3.1 Weather and climate

3.1.1 Air temperature

Figure 2 shows the annual mean temperatures for Colonia, Carrasco and Rocha 
weather stations for 1989–2019. The three sites showed increasing trends close to 
0.5°C. The annual maxima coincided in 2017 at Colonia and Carrasco, in 2002 at 
Rocha and the second maxima in Carrasco and Colonia.

3.1.2 Winds

The gusts of the winds at Carrasco weather station reached a maximum of 
140.6 km/h due to an extreme extra-tropical cyclone in August 2005. Nevertheless, 
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maxima were not associated with ENSO events. Figure 3 shows the gusts of winds in 
the Carrasco weather station (1980–2019) monthly. A slightly increasing trend from 
65 to 67 km.h−1 is related to an increase in the minima.

Simulations with Monte Carlo show an occurrence probability of 99.8% for 
high-impact winds exceeding 129 km.h−1 over the next 50 years, with a return time of 
29 years, while the acute winds of 140 km.h−1 have a probability of occurrence of 80% 
and a return time of 48 years.

3.2 ENSO and hydroclimatology

3.2.1 ONI index

Figure 4 shows the evolution of the ONI index from 1980 to 2019. The number of 
ENSO events was 21, with 11 “EN” events and 10 “LN” events. The former included 
weak to very strong events, whereas the latter included weak to strong ones. In addi-
tion, several events were pluriannual, accounted as an event.

Figure 3. 
Monthly gusts of wind in Carrasco weather station (1981–2019).

Figure 2. 
Evolution of annual mean temperatures (°C) at Colonia, Carrasco and Rocha weather stations from 1980 to 2019.
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3.2.2 Rainfall and river flow

The annual mean precipitation in LPB showed a decreasing trend from 1980 to 
2019 due to a change by 2002, with a minimum for 2019 that coincided with a “LN” 
(Figure 5). For instance, the time series 1975–2015 (not shown here) showed a posi-
tive trend due to the wet period until 1998–2002.

Figure 6 shows the accumulated yearly rainfall anomaly (mm) in 2008 (“LN”) 
(6a) and 2019 (“EN”) (6b).

Figure 7 shows the yearly QF (1980–2019, below) with an overall decreasing 
trend due to the lower inflows from 2003 to 2009 and 2018 to 2019, coinciding with 
“LN” and in the maxima coinciding with extreme “EN” events (1983, 1998, 2016). 
However, the QU (above) showed some degree of decoupling with the QF, with a 
sustained increase approaching 7000 m3s−1. Indeed, from 2014 to 2018, the discharges 
were close to 8,000 and 9,000 m3s−1, well above its average.

Figure 4. 
Evolution of the Ocean Niño Index (ONI) from 1980 to 2019. Above the red line: El Niño. Below the blue line: La 
Niña. Colours indicate the intensity of the ONI index according to our criteria (see section 2.4). Source: NOAA 
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php

Figure 5. 
Annual mean precipitation (mm) over the La Plata basin (1980–2019) (The authors).
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Figure 6. 
Accumulated rainfall anomaly (mm) from January to December 2008 (La Niña, a) and 2019 (El Niño, b) in La 
Plata Basin coinciding with ENSO events (The authors).

Figure 7. 
Total yearly river inflow (m3s−1), (QU, above; QG, middle; QF, below) from 1980 to 2019.
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3.2.3 Extreme flows (EFs)

The QF (1980–2019) had maximum flows (EFs) ranging from 21,705 m3s−1 to 
88,349 m3.s−1 in 2006 and 1983, respectively. The EFs coincided with the maxima 
“EN” event recorded (1982–1983) and the maxima of the Paraná River, particularly, 
but not with that of the QU that presented the maximum during 2016. On the other 
hand, 2005–2006 coincided with a “LN”, which would explain the minimum flow 
value. As a result, the average QF during the study period was 42,428 m3.s−1, and the 
median was 38,227 m3.s−1 (Figure 8).

The yearly QF lower than the median includes cold or neutral years. Warm, cold 
and neutral ENSO events were identified above the median, although “EN” events 
predominated (Figure 9).

According to linear regression models, the maximum flow rates during the very 
strong “EN” (4) differed significantly from all other ENSO levels. The strong “EN” 
(3) differed from neutral and minor values (0 to −3). In contrast, the moderate and 
minor values had no significant differences (Figure 9, letters over boxplots). Despite 
this, the averages (black diamonds) and the medians show other non-significant 

Figure 9. 
Left. Boxplot of maximum flows depending on the intensity of the ENSO. Right. Log in base 10 of the average 
flows (m3.s−1) depending on the intensity of the ENSO.

Figure 8. 
Histogram of the maximum flows (m3.s−1) of the Río de la Plata (1980–2019).
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trends. According to measures of central tendency, moderate and strong “LN” appear 
to cluster (ONI: −3 and − 2), as well as neutral years and weak “LN” (ONI: −1 and 
0). We did the same analysis with the means, but only the “EN” + 3 and + 4 could be 
differentiated from the others. Regarding the extreme maximum flows (EQs) daily, 
Figure 10 (left) shows the function density of expected maxima (m3/s).

The maxima model had a greater effect size (partial η2 = 0.71 and F (7.32) = 11.34) 
than the mean model (partial η2 = 0.57 and F (7.32) = 6.16). Consequently, for the 
flows, the levels assigned by the ONI index (neutral, weak, moderate, strong) could 
be revised because no differences were found between the categories.

Also, the effect of ENSO is more marked on maximum flows (EQs) than on aver-
ages. Based on historical records, the extreme flow recorded in 2019 would not have 
been so strange, occurring between 5 and 6 years (see return time, Figure 10 right, 
black line). The probability of observing in 50 years a maximum flow more remark-
able than that observed during 2019 (51,670 m3.s−1) is 83.95% (Figure 10). According 
to the Monte Carlo simulation, the probability of observing a flow more remarkable 
than that recorded in 1983 is 0.002. At the same time, the return values predict that 
this value would only occur once every 50 years (see Figure 10 right).

3.2.4 Extreme levels (ELs) at Montevideo

The extreme yearly levels (ELs) at Montevideo presented (1902–2021) (Figure 11) 
maximums ranging between 196 cm (2001) and 430 cm (1923). The average was 270 cm, 
and the highest levels were associated with ENSO events. The slight decreasing trend (red 
line) is because all the ELs > 320 cm occurred from 1914 to 1932, although ELs > 300 are 
again increasing over the last 40 years (1982–2021), as shown by the polynomial trend 
(blue line) and in Table 2.

Regarding the extreme levels (ELs) daily (Figure 12 left), the heights above the cur-
rent maxima of 320 cm (since 1932) would be reached every 27 years, while the 350 cm 
height would occur every 52 years. Nevertheless, from 1980 to 2019, return values reach-
ing the catastrophic ≥400 cm level are not expected. In the last 40 years, no clear pattern 
of cause-effect relationships was identified between ENSO events and ELs. Additionally, 

Figure 10. 
Monte Carlo simulation of the maximum flows of the Río de la Plata at 50 years (left). 50-year return values. The 
historical maximum recorded is the black line (51,670 m3.s−1, flow of 2019) and red line (88,349 m3.s−1, right).
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the extremal function behaved like a Weibull-type distribution, resulting from the 
maximal of a bounded function (such as the maxima of a uniform distribution), imply-
ing that in the last 40 years, the ELs were probably limited at their maximum (thus 
conditioning the predictions by both Monte Carlo simulations and return reset values).

However, in the last 120 years, some values departed from that bounded function, 
contributing to a light tail (Figure 12 right), resembling a Gumbel-type distribution, 
which is the result of a light tail function (like the maxima of a normal one).

Figure 11. 
Extreme yearly levels (ELs) at Montevideo from 1902 to 2021.

Decade Nb of events

≥ 200 cm

Nb of events

≥ 250 cm

Nb of events

≥ 280 cm

1983–1992 115 13 1

1993–2002 104 19 6

2003–2012 137 21 10

2013–2022 162 21 6

Table 2. 
The number of storm surges, by decade, from 1983 to 2022. It was updated until October 2022 from [10].

Figure 12. 
Histograms of the maximum levels (m) of the Río de la Plata in the last 40 years (colour according to the intensity 
of the ENSO), and the black line indicates the average (left) and last 120 years (right).
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The probability of heights greater than 320 cm in 150 years is close to 100% 
according to the Monte Carlo simulation, while for the return times, these lev-
els would occur every ten years (Figure 13). Therefore, it is highly likely that in 
150 years, values of levels higher than those observed in the last 40 years will occur. 
The probability of witnessing another event like the one observed in 1923 (height: 
430 cm) is improbable according to return times (see Figure 13 left) because the 
values do not fall within the 95% confidence interval. However, in the simulations, 
a probability of 0.07 of having 430 cm or more values in the next 150 years was 
obtained (see Figure 13 right). Quartiles 95 and 99 would be 438 and 478 cm, respec-
tively, while the maximum would be 600 cm.

3.2.5 Occurrence of heights ≥200 cm (storm surges)

Table 2 shows the occurrence (decades) of storm surges at Montevideo from 
1983 to 2022. Notably, the events ≥200 cm increased by 38% from 1983 to 2002 to 
2003 to 2022.

3.3 Water-/sea-level time series

The water level at Colonia from 1981 to 2019 (Figure 14 above) in the tidal river 
estuary (see Figure 1) showed an increase of 8 cm at a rate of 2.0 mm.yr.−1, acceler-
ated since 1990.

The sea level at Montevideo from 1980 to 2019 (Figure 14 middle) shows an 
increasing trend of 2.5 cm (0.6 mm.yr.−1), below the global trend, notably since 
1990, accelerated since 2014. This low rate is partly explained by the very high level 
of 1981, the second highest ever (since 1902), after the maxima of 1998. However, 
since 2015, the levels have been within the range of 107–111 cm, 16–20 cm above the 
reference level (91 cm established in 1949) before the rise in MSL.

The sea level at Punta del Este from 1980 to 2019 (Figure 14 below) increased by 
11.5 cm (2.9 mm.yr.−1,) with a sustained increase since 2014. Nevertheless, this time 
series is discontinuous due to the need for more data yearly over two short periods.

The compared water−/sea-level rise for the period 1954–2019 at Colonia and 
Montevideo and 1964–2019 at Punta del Este (Figure 15) showed an increase of 
10.5 cm at Colonia (1.38 mm.yr.−1), 9.5 cm at Montevideo (1.25 mm.yr.−1) and 22 cm at 
Punta del Este (3.9 mm.yr.−1).

Figure 13. 
A. Density of results according to Monte Carlo models. B. Return values as a function of 150 years, with a 95% 
confidence interval. Black line: 320 cm, red line: 430 cm.
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Figure 14. 
Water/sea level (cm) in Colonia (above), Montevideo (middle) and Punta del Este (below) (1980–2019).

Figure 15. 
Water−/sea-level rise (cm) at Colonia (green below, 1954–2019), Montevideo (blue above, 1954–2019) and Punta 
del Este (red middle, 1964–2019) for the period 1954–2019.
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4. Adaptation framework

Climate change and variability harm the coast, exposing infrastructure, residents 
and their means of livelihood, ecosystems and services to extreme events and sea-
level rise (SLR) [43]. As a result, the Uruguayan Environment Ministry’s Division of 
Climate Change (DCC) conducted a risk assessment and developed strategic lines on 
adaptation, ready to be executed in the short and long term [43, 44] as follows:

1. Strengthening the capacities to reduce climate change risk through early-warning 
systems.

2. Elaboration of Climate Change Coastal Adaptation Agendas at the municipality 
level.

3. Creation of knowledge regarding climate change and variability and technology 
transfer for coastal adaptation focused on vulnerability, SLR, extreme events, 
impact thresholds and coastal forms.

4. Encouragement of sustainable and climate change-resilient tourism.

Uruguay developed a National Adaptation Plan-Coasts (NAP-C) [43, 44] to imple-
ment the strategic action lines and consolidate platforms for sharing knowledge and 
information concerning adaptation at all governance levels and secure academic and 
civil society networks.

On the sub-national level, common priorities are managing the beach profile and 
dune ridges, recovering public coastal space and adapting spaces exposed to coastal 
floods [43]. In addition, municipalities address coastal erosion through “grey” or 
“green” solutions. For instance, from 2015 to 2020, alternative ecosystem-based solu-
tions were developed [27, 45].

The NAP-C developed the following strategic lines of action on coastal  
adaptation. [43, 44]:

• Deepening of knowledge and search for technological solutions about coastal pro-
cesses and vulnerability to SLR and extreme events

• Coastal spatial planning

• Climate-resilient tourism strategies

• Restoration and recovery of dune systems, rain drainage management, beach 
accessibility and eroded areas

The NAP-C also developed climate projections [44, 46, 47], aligned with the 
previous assessments based on the Representative Concentration Pathways (RCPs) 
for Uruguay [17, 26] and the observed trends.

• A quasi-linear rise in mean annual temperature

• A gradually increasing occurrence of extreme events associated with ENSO
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According to another report of the CNAP [48], some climate-related risks and 
impacts (with medium to high certainty) based on the RCP scenarios (intermediate 
4.5 and pessimistic 8.5) are as follows:

• A mean SLR of 80 cm (RCP8.5) by the end of the 21st century

• An increase of 43% in flood hazard by the end of the 21st century

• Significant damage to residential assets

• An increased ecosystem risk due to flood impact

• An increased beach erosion by 2050 (RCP4.5) due to the reduction of the protec-
tion service provided by the sand dynamics to arc-shaped beaches

• Damage caused by structural erosion due to SLR might exceed the annual erosion 
caused by extreme events by the end of the 21st century

• Significant effects on beaches due to the modification of flood levels and the 
retreat/advance of the shoreline. For a 2050 time horizon (RCP8.5), the shoreline 
of all Uruguayan beaches will retreat ≤5 m.

5. Discussion

This section discusses the Reasons for Concern (RFC) due to the observed 
weather, climate and water−/sea-level trends and extremes in the Rio de la Plata estu-
ary (RdlP) and the research questions (RQs). The RFC show that only one metric can 
capture some of the dimensions of climate risk and the diversity of its consequences 
[9, 49]. First, we introduce how climate change, variability and extremes affect transi-
tional and coastal areas in the context of the nine planetary boundaries [50, 51].

5.1 Reasons for concern (RFC) in transitional systems

The complex forces of climate change affect biogeochemical cycles, acidification 
and dissolved oxygen and nutrient levels in transitional and coastal areas [52], which 
are among the nine planetary boundaries [50, 51]. The ability of different coastal eco-
systems (seagrass, marshes and estuaries) to cope with the effects of climate change is 
variable, as their vulnerabilities depend on local conditions [53].

Likewise, the change in the frequency and intensity of rainfall, SLR and increased 
climate variability, combined with greater urbanisation, more dams and agricultural 
intensification, will exacerbate the current problems in estuaries and coastal waters, 
affecting their resilience and resistance to natural hazards [52]. Additional limits, 
such as the biophysical processes, impose the need for further investigations, given 
the fundamental dependence of the global biosphere on ocean components and pro-
cesses of marine and coastal systems. The challenge is to understand global changes 
and their consequences, for reducing the risk of crossing thresholds that lead to 
devastating and irreversible environmental changes while ensuring the maintenance 
of ecosystem services [54].
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5.2 RFC in the RdlP

There are several increasing Reasons for Concern (RFC) in the RdlP associated 
with SLR, warming, the ENSO-related climate variability trends and the increasing 
occurrence of extreme river flows and water/sea height. We analyse the extreme 
weather events (RFC2), focusing on cyanobacterial blooms (Cyano-HABs) and 
beach erosion.

5.2.1 Global temperature and sea-level rise at the Rio de la Plata

According to Copernicus Global Climate Highlights 2022 [55], 2015–2022 was the 
warmest globally (maximum in 2016). However, by 2022, in some regions, such as the 
Uruguayan coast, influenced by the triennial La Niña event (2019–2022), there were 
slight negative anomalies relative to the 1991–2020 baseline, which are in line with the 
observed trends reported in previous studies [17, 19, 21, 22] and this chapter until 2019 
(see Figures 2, 5-7, 14). Such observations highlight the importance of ENSO in the 
temperature, rainfall, river flow and wind regime variations and their effects on salin-
ity, beach erosion and eutrophication processes in the RdlP and the Uruguayan coast.

On inter-annual timescales, the global mean sea level record shows significant 
variations related mainly to ENSO events [56], for instance, a rapid increase in sea 
level during EN-2015, followed by little change during 2016.

The water−/sea-level trend in the RDLP shows a maximum in 2016 (CL and 
MVD) and a minimum in 2009 (CL) and 2013 (MVD), linked to LN and EL events 
(see Figures 14 and 15). Nevertheless, these inner and middle estuary trends remain 
below the global trend. On the contrary, the recent SLR in Punta del Este on the 
border of the Atlantic Ocean, which is less river-influenced, with the accelerated rate 
since 2016, reaching maxima in 2018–2019, is more aligned with the global SLR trend, 
with more significant acceleration.

5.2.2 Extreme events and sea-level rise

Extreme weather events such as wind storms and extreme flow levels (ELs) can 
cause or trigger storm surges and sea floods, impacting the natural systems and built 
environment. In addition, these extremes may lead to a short-term linked sequence of 
events affecting vulnerable low-lying flood-prone coasts, which often persist after the 
storm diminishes [21, 22, 57, 58].

Severe and extreme “EN” have a more marked influence on the maxima flows and 
levels (EQs) and, to a less degree, on the extreme levels (ELs) than on averages (see 
Figures 7-9), thus causing more adverse impacts than a continuous effect caused by a 
slow-onset increasing trend in flow, height or wind. Furthermore, the implications of 
these extremes intensify the impacts due to coastal mismanagement, which can cause 
them to lose resilience [19, 33, 34].

In micro-tidal river-influenced environments like the RdlP, river flow forces the 
water/sea level variations seaward of the inner estuary [21, 22, 26]. Consequently, 
several authors have estimated the contribution of EQs to the sea level based on 
specific events [22], comparison between average water/sea level with those associ-
ated with strong El Niño [21, 26] and regression analysis between stream flow and sea 
level [59]. The former found that river flow contributed to a 5 to 20 cm increase in the 
level, thus increasing the risk in case of coupled “EN” and EQs with ELs extremes in 
the short term (24–72 hrs). The latter [59] found a sea level increase at Montevideo 
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of 0.48 ± 0.38 mm.yr.−1 and 0.71 ± 0.35 mm.yr.−1 at Buenos Aires (tidal river, close to 
Colonia) accounted for river inflow.

5.2.3 Application of extreme value approach: Intercomparison examples

Monte Carlo simulations help determine extreme flow and precipitation events 
and relate them to ENSO, for example, in the western United States [60]. Increases 
in the frequency of extreme events were mainly observed during El Niño, while 
events of a near-average nature did not see their frequency change, similar to what we 
observed in this study. Additionally, the FTG theorem has been used to determine the 
frequency of extreme flows in rivers in Mexico, considering the flows that could cause 
cyclonic events [61]. However, the Peaks on Thresholds method has been more effec-
tive in predicting extreme flows in Austria; even so, this methodology is more meth-
odologically complex [39]. To determine the sea level, non-stationary GEV models 
are being used, which include parameters such as the increase in surface temperature 
or sea level, which allows for better observe the changes of the time series over time 
[62] because due to the increase in the level of the coast (Figure 15), the levels in the 
simulations could be underestimated.

5.2.4 Research questions

The research questions related to the RFC2 (RQ 1: Is the increase in extreme 
weather events and their risks to the coast from river/sea flooding and sea level rise 
(SLR) reaching high-risk levels? RQ 2: Are the extreme sea heights (ELS) increasing/
decreasing or fluctuating over time?) are answered below:

Since 1980, the RFC2 in the RdlP northern coast has been steadily augmenting due 
to the following:

1. The steady increase in QU, reaching averages ≥7.000 m3.s−1, can govern the hy-
drological processes over tides and moderate winds [29], leading to environmen-
tal changes from eutrophication to invasive species [20, 63, 64].

2. The increasing occurrence of wind-induced storm surges has accelerated over 
the last 20 years. The impacts of ELs > 350 cm from 1914 to 1932 on the coastal 
environments [19, 34] exemplify how these impacts would increase compared to 
the usual 300 cm observed since 1932.

3. SLR serves as a metric of climate-related hazards where the transition from undetect-
able to moderate risk started before 1986–2005 [10, 18], increasing the risk of flood-
ing. The risk is judged to reach a moderate level at about 10 cm above the 1986–2005 
level [10]. Although SLR is still moderate [17, 18], without an appreciable impact 
yet, the acceleration since 2014 at Montevideo and Punta del Este suggests that these 
increasing levels, particularly since 2016, could become an impact soon, under a 
scenario of compounded risks due to extreme storm surges and river flow producing 
extreme levels, as suggested by several authors [17–22] before this recent acceleration.

5.2.5 Harmful cyanobacteria (Cyano-HABs)

In the LPB, the increase in flows leads to freshwater displacement to the estuary 
and Atlantic Ocean [28, 29, 65]. Furthermore, the climatic effects of “El Niño” favour 
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the appearance of cyanobacteria; the bloom that occurred in 2019 was exceptional 
due to the increase in surface temperature in the LP and RdlP and an extremely high 
QU [66–68] associated with the very strong EN in 2018–2019 (see Figures 4 and 7) 
causing the largest cyanobacteria bloom (Cyano-Habs) ever recorded in 2019 affect-
ing the RdlP and Atlantic Ocean coast [65, 66].

The above hydroclimatic condition is not infrequent in the long term. For example, 
it happened eight times that the QU maximums and the other flow sources coincided 
in summer when the most oversized Cyano-HABs occur in the Uruguay River and the 
inner estuary. However, on 6 of these occasions, at least one moderate “EN” event is 
recorded that year (ONI > 0.8° C).

Despite the above, this massive bloom is evidence that cultural eutrophication is 
deteriorating aquatic systems, generating a loss of water quality. Therefore, phenom-
ena that previously could have gone unnoticed are currently generating problems at 
the ecosystemic, health and economic levels, becoming a RFC 2 related to the plan-
etary boundaries [50, 51].

5.2.6 Climate-induced beach erosion

In the short term, ENSO-related variability influences erosion processes under 
strong “LN” or consecutive moderate or even weak events and intense and persistent 
SW and SE winds [19] or, conversely, accretion associated with “EN”. Furthermore, 
during the El Niño-related recovery, milder meridional winds prevail over the south 
quadrant ones occurring during “LN” [19]. In turn, the North Atlantic Oscillation 
(NAO) manifests at the decadal level, with a maximum of wind energy in the 1920s, 
a minimum in the 1970s and an increase from then to the present, appearing to be a 
cycle of circa 80 years or more [19] (see Figure 11).

The erosion in the unstable estuarine beaches can exceed four linear metres of 
retreat per year in wide arcs [19, 33, 34], while in the middle estuary area, the esti-
mated retreat of pocket beaches is 1.70 metres per cm of rising in the mean sea level 
(MSL). Besides, considering a water-level increase of 15 cm, the estimation of beach 
retreat attributable to MSL change is up to 25.5 metres [34].

The data shown in Section 4 (Adaptation framework) highlight the need to arrest 
coastal mismanagements to reduce the risks due to SLR and flood hazards over the near 
future, posing a severe risk to coastal assets and beaches [19, 34, 48], by 2050–2100 [48].

6. Summary and conclusion

6.1 Summary

This chapter highlighted the RFC associated with impacts and adaptation on 
managing climate risk and disaster risk reduction [69]. This study’s most relevant and 
new outcomes (mainly climatic and hydrological data analyses from 1980 to 2019) 
along the Uruguayan RdlP coast are as follows.

• The annual mean air temperature increased by ~0.5°C.

• The maximum monthly gusts of winds in Carrasco slightly increased with 32 
extreme events (90–109 km/h), 13 high-impact (110–140 km/h) and one acute 
(>140 km/h) event.
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• The accumulated rainfall in the LPB showed a decreasing trend, reversing previ-
ous periods with increasing trends since the 1970s.

• The yearly QF showed a decreasing trend, aligned with the Paraná rivers since the 
mid-2000s. However, the QU continued its positive trend reaching close to the 
threshold of 7000 m3/s since 2014.

• The extreme flow distribution shows that all the outliers from the central 
tendency coincide with the very strong and one strong “EN” for the highest ones 
(≥ 56,000 m3/s) and with a weak “LN” for the lowest one. Also, the limits of the 
central tendency are related to “EN” and “LN”, respectively. The flow rates show 
a decreasing curvilinear trend from the “EN” + 4 to “LN”– 3, showing a signifi-
cant jump from 2 to 3 and mainly 4.

• The probability of observing in 50 years a maximum flow exceeding the maxi-
mum (51,670 m3s-1) recorded in 2019 is 83.95%, with a return time of 5–6 years. 
Moderate relationships between the ONI index and maximum flows are more 
remarkable for the maxima than for the averages.

• The water−/sea-level rise has continued at the three studied stations, accelerat-
ing since 2015 at Montevideo and Punta del Este. The latter showed an increasing 
rate above the local and global trends.

• The extreme yearly levels (ELs) at Montevideo showed from 1902 to 2021 a slight 
linear decreasing trend with maxima from 1914 to 1932 and a slight increase over 
the last 40 years, affecting the calculation of return periods. For instance, heights 
above 320 cm (the maximum since 1932) would occur every 27 years, while 350 cm 
height is expected every 52 years. There is no clear pattern of cause-effect relation-
ships between ENSO events and ELs. For instance, return values reaching the 
catastrophic ≥400 cm level are improbable from the 1980–2019 data. The return 
times for the height 320 cm (from the 1902–2021 data) is only ten years, while the 
return of the extreme level ever (430 cm, recorded in 1923) is improbable because 
the values do not fall within the 95% confidence interval. The occurrence of storm 
surges over the last 40 years (1982–2021) has increased by 38% since 2013.

• Based on the observed trends and EQ return periods, cyano-HABs will likely 
occur shortly.

• Coastal erosion, including sandy beaches and the adverse impacts on the built 
environment, will likely significantly increase by 2050–2100.

7. Conclusion

During 1980–2019, the LPB rainfall and QF slightly decreased. However, the 
Uruguay River flow continued increasing, along with the air temperature, winds and 
sea level along the Northern coast of the RdlP, accelerating over the last 10–20 years.

Therefore, the climate risks have increased on the shoreline, and the Reasons for 
Concern are transitioning from undetectable to moderate and from moderate to high-
risk levels due to the compound risk associated with |SLR + “EN” + wind-induced 
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storm surges| causing coastal flooding. The high and accelerating SLR at Punta del 
Este is particularly relevant.
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