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Long-term morphological evolution of urban pocket beaches  

in Montevideo (Uruguay): impacts of coastal interventions  

and links to climate forcing* 
@, 

 

Ofelia Gutiérrez @, a; Daniel Panarioa; Gustavo J. Nagyb; Gustavo Piñeiroc; Carlos Montesd  
 
 
ABSTRACT 
Two pocket beaches, Ramírez and Pocitos (Montevideo, Uruguay) are analyzed to assessing their evolution (erosion/accretion) 
associated with human interventions and climatic forcings from 1927-2008. A multitemporal study was conducted using GIS, 
long series of aerial photos, satellite imagery, survey of historical background, and statistical analysis. Qualitative indicators of 
the stability of the beach area are proposed. The relevance of this methodology is analyzed on beaches whose fluctuations tend 
to mask their long-term evolution. Both beaches remain relatively stable but fluctuating since 1927, with slight loss of surface, 
especially in Ramírez. The influence of the following factors is discussed: i) human interventions; ii) ENSO events; iii) storm 
surges; iv) changes in beach area according to the Bruun rule and rising sea level in Montevideo. Although the four of them 
appear to have acted in different periods, the evidence is not conclusive regarding their relative quantitative importance. This 
article highlights the importance of using long series of remote sensing and historical analysis to interpret processes linked to 
inertia of the past in environments that have been modified from longstanding. The trend analysis of these two urban pocket 
beaches allows to infer that their resilience has not been affected yet, which would allow them to face not extreme climatic 
stressors. For the purpose of better management it is recommended to: i) conduct continuous monitoring; ii) minimize the ac-
tions of mechanized cleaning and sand losses by leakage or removal; iii) implement the reconstruction of natural structures 
such as primary dunes; and iv) apply the methodology explained in this paper in other Montevideo urban beaches to better un-
derstand the climate forcings. 
Keywords: Remote sensing, sandy beaches, coastline proxy records, erosion/accretion, omega parameter, coastal management. 
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RESUMO§ 
Evolução morfológica de longo prazo  das praias urbanas de bolso de Montevidéu (Uruguai): impactos das intervenções cos-
teiras e relações com as forçantes climáticas. 
Duas praias de bolso, Ramírez e Pocitos (Montevideo, Uruguai) foram analisados para avaliar a sua evolução (erosão / acre-
ção) associado a intervenções humanas e forçantes climáticas durante o período 1927-2008. Para tal, desenvolveu-se estudo 
multitemporal utilizando GIS, uma série longa  de fotos aéreas, imagens de satélite, exame dos antecedentes históricos, e aná-
lise estatística. São propostos indicadores qualitativos da estabilidade da praia. A relevância da metodologia utilizada é ana-
lisada em praias cujas variações tendem a mascarar a sua evolução a longo prazo. Ambas as praias permaneceram, desde 
1927, relativamente estáveis, embora com variações e ligeira perda de superfície, especialmente a praia de Ramirez. Neste 
artigo é discutida a influência dos seguintes fatores: i) intervenções humanas; ii) eventos de El Niño; iii) temporais; iv) mu-
danças na praia de acordo com a regra Bruun e elevação do nível do mar, em Montevidéu. Embora os quatro fatores referi-
dos tenham atuado em diferentes períodos, as evidências não são conclusivas quanto à sua importância quantitativa relativa. 
O artigo destaca a importância da utilização de séries longas de sensoriamento remoto e da análise histórica na interpretação 
dos processos ligados à inércia do passado em ambientes que foram modificados desde há muito. A análise de tendências des-
tas duas praias urbanas de bolso permite inferir que a sua resistência ainda não foi afetada, o que lhes permitiria enfrentar os 
estressores climáticos extremos. Com o objetivo de conseguir uma melhor gestão, recomenda-se: i) realizar monitoramento 
contínuo; ii) minimizar as ações de limpeza mecanizada e as perdas de areia  por vazamento ou remoção; iii) implementar a 
reconstrução de estruturas naturais, como dunas primárias; e iv) aplicar a metodologia apresentada neste artigo noutras 
praias urbanas de Montevidéu para compreender melhor as forçantes climáticas. 
Palavras-chave: sensoriamento remoto, praias de areia, indicadores da linha de costa, erosão / acreção, parâmetros omega, 
gestão costeira. 
 

1. Introduction   § 

Beach erosion is a serious world-wide problem; accord-
ing to Bird (1985), at least 70% of sandy beaches are 
recessional. From the 1990s, this finding has driven to 
the achievement of long-term studies, in some countries 
taking advantage of the existence of high-resolution im-
ages (from circa 1930) and cartographic precision sur-
veys (since the late nineteenth century). The relation-
ship between trends and natural or induced events has 
allowed to understand the processes involved in each 
case, and develop baseline scenarios (i.e., Dias et al., 
2000; Ferreira et al., 2006; Dolch, 2010; Baptista et al., 
2011; Klemas, 2011; Pilkey et al., 2011; Sato et al., 
2011; Almeida, 2012; Freitas & Dias, 2012; Echevarría 
et al., 2013; Ribeiro et al., 2013; Splinter et al., 2013).  
Achieving integrated coastal management of beaches is 
a global aspiration because of their vulnerability, eco-
logical and heritage value, and the mounting pressure 
on the ecosystem driven by the steady increase in the 
population settled in coastal areas over the past few 
decades (Brown & McLachlan, 2002).  
Modification of coastal ecosystems and increased pres-
sures on the resources that sustain their structure and 
function, should be seen as a global problem, as these 
ecosystems are of fundamental importance, providing 
various goods and services that directly contribute to 
socio-economic development defined by the Millen-
nium Ecosystem Assessment (2005) as the direct or in-
direct benefits that humans obtain from ecosystems. 

                                                        
§ Abstract and captions tranlation to Portuguese on behalf of the 
Editorial Board 

Thus, healthy and functional beaches provide various 
ecosystem services, which can be grouped into three 
main functions: provisioning, regulating and cultural. 
However, these ecosystems have been modified and 
adapted by direct or indirect human interventions, 
which ultimately affect the system's capabilities to pro-
vide these services and therefore support social welfare.  
In this article, the concept of ecosystem services is the 
framework of our research and hypotheses. Therefore, 
the focus is on the surface of the beach and not only in 
the behavior of the coastline. 
Despite the interest in beach conservation, management 
successes have been few, and since the 1980s wide-
spread erosion of beaches (Bird, 1985) has increased 
due to Land Use Change (civil construction, real estate 
pressure, aggregate extraction), or simply by gradual 
depletion of circulating sand. These changes are en-
hanced by the effects of climate change such as rising 
sea levels, and increased frequency and intensity of 
storms (Nordstrom, 2004).  
Causes of successive failures are multiple, but two can 
be highlighted: firstly the lack of knowledge of the 
long-term dynamics of each particular beach (Carter, 
1988) and secondly, the multiplicity of jurisdictions and 
interests acting in this complex system. In Uruguay in 
particular, during the twentieth century, human inter-
ventions have changed the coastal morphology and dy-
namics, while in parallel the beaches began to show 
erosion and retreat of the coastline was observed 
(Panario & Gutiérrez, 2006).  
According to Dias et al. (2012) in order to adopt correc-
tive measures and an effective coastal zone manage-
ment, it is essential to understand the current situation.  
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This analysis focuses on two beaches, Ramírez and Po-
citos at Montevideo, the capital city of Uruguay and 
home to a million and a half inhabitants. Both beaches 
have economic importance as areas for recreation, tour-
ism, culture, and as iconic symbols. The intensity of use 
in both beaches led to a loss of their natural structure, 
leaving only sand surfaces bordered by a waterfront 
promenade, called “Rambla Costanera" or simply “La 
Rambla”, which is the most popular ride in the city. 
Because of their importance, these beaches have been 
certified for bathing, according to ISO 14001 standards 
by the municipal government of Montevideo (IdeM). 
These standards require the implementation of a con-
tinuous improvement process. Therefore, a retrospec-
tive analysis was performed in order to: i) depict the 
historical evolution; ii) project trends of erosion-
accretion, taking advantage of the existence of a large 
number of remote sensing images; and iii) establish 
management recommendations. 
The trends and drivers of the historical evolution of the 
beaches are analyzed from the extensive series of verti-
cal aerial photographs since 1927, old maps, chronicles 
of physical and climatic databases over time using sta-
tistical indicators and various indicators of changes in 
the coastline. So the relevance of the method of long 
multi-temporal analysis (1927-2008) is tested on 
beaches whose fluctuations tend to mask long-term 
trends. 

2. Study area and characterization 

2.1. The Beaches 

Ramírez and Pocitos are two urban pocket beaches lo-
cated opposite each other, on a headland. They are ori-
ented NNE-SSW, the former to the east side and the 
latter to the west side of the bow (Figure 1). This coast 
is a microtidal environment (amplitude less than 50 cm, 
Verocai et al., 2015), wave-dominated (significant 
wave height [Hs]: 0.54 m; wave period [T] 5.66 s) and 
located in the middle region (brackish waters) of the 
Río de la Plata river estuary.  
Ramírez is a dissipative beach with a convex profile 
bounded by two headlands (Figure 2a), a gentle slope 
(1.9°) that accentuates to the north end with a maximum 
of 2.7 degrees between 0.5 and 1.5 m water level amsl 
(meters above mean sea level reference = 0.91 m), with 
wet and dry sectors 10-15 and 65 m wide respectively, 
measured in its middle section, with a coastline of 
500 m. As a particular feature, Ramírez exposes more 
than 100 m of additional beach during ebb, composed 
of sediments enriched with dense minerals. 
Pocitos is also bounded by two headlands (Trouville 
and Kibón). It is a sandy beach convex toward the berm 
(Figure 2b), with a gentle slope (1.8°), which is accen-
tuated to the north end (2.6° between water levels 0.5  
 

and 1.5 m), concomitant with its northward evolution 
from a dissipative beach into an intermediate one. This 
beach has a wet area of 10 to 15 m width at its middle 
zone and a dry width of 65 m. The coastline is 1,427 m 
length. Both beaches are bounded by the wall of the wa-
terfront, which is semicircular in Ramírez, and both 
lack the primary dune. The sediments of Pocitos and 
Ramírez beaches originate from different sources: es-
tuarine sands and gravels, subrecent autochthonous al-
luvium, erosion of the crystalline basement debris and 
bioclastic material (shells). These sediments are par-
tially re-transported by runoff, human action in mecha-
nized maintenance, and wind action with sand losses to 
the mainland (roads). 

2.2. Issues and Background 

a. Ramírez Beach 

Maps by the British Navy (years 1849 and 1883) and 
the French Navy (1867) indicate that Ramírez was 
wider and extended to the NW about 800 meters (about 
twice as long as by 2008), and seaward about 200 me-
ters (twice the width remaining in its current location) 
(Figure 3). The survey of the IdeM (25/07/2007 man-
zanas.dwg, file) included cadastral references that are 
now located under water on this beach.  
Ramírez beach was probably used as one of the primary 
sources of sand for construction of Old Montevideo and 
later the surrounding neighborhoods, as was subse-
quently Pocitos, once the expansion of the city reached 
its vicinity. In particular, in the early 1960s, according 
to MTOP/PNUD/UNESCO (1979) Ramírez was used 
as a source of sand to make an attempt to nourishment 
of Pocitos beaches. 
Ramírez suffered significant erosion before 1927, leav-
ing a surface enriched with sandy heavy minerals, 
which explains the slope of the beach. An area located 
to the NW was covered by the construction of the 
southern waterfront promenade, and the fill material 
was sand dredged from the offshore vicinities, which 
reduced the stock of nearshore sediment available in 
this area. 
In photographic records of 1927 and 1929, a retreat of 
200 meters had already occurred. The chart of the Mili-
tary Geographic Service (published in 1929) based on 
surveys conducted in 1920, recorded this shoreline re-
treat with a configuration similar to the present. In turn, 
the image of 1927 presumably reflects the effect of ex-
treme storm surges that occurred in 1923 and 1924, a 
feature clearly documented in the existing iconography. 
The storm surge of July 1923 was the strongest ever re-
corded since the beginning of measurements in 1898 
(Verocai et al., 2015) with a water level of 3.39 m amsl 
and an estimated return period of 821 years 
(MTOP/PNUD/UNESCO, 1979). The storm surge of  
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Figure 1 - Location of the urban pocket beaches Ramírez and Pocitos, metropolitan area of Montevideo, Uruguay. 
Figura 1 – Localização das praias urbanas de bolso, Ramírez and Pocitos, na area metropolitana de Montevideo, Uruguay. 
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Figure 2 - Digital elevation models of (a) Ramírez and (b) Pocitos beaches. Contour interval is 20 cm. 
Figura 2 – Modelos digitais do terreno das praias de (a) Ramírez e (b) de Pocitos. Equidistância: 20 cm. 
 

 
Figure 3 - a) Current location of the coastline of Montevideo overlapped over the old map of Montevideo (Royal Navy, 1849). 

The current urban blocks (turquoise), the waterfront (“La Rambla”, in blue), the coastline according to WDL-RM at 1927 
(green) and 2008 (red). The location of some urban blocks is on the beach. b) The same composition, but with the superpo-
sition of the April 2008 image. Note in this case, the location of urban blocks under water. 

Figura 3 – a) Localização actual do litoral de Montevidéu sobreposto a um antigo mapa de Montevidéu (Royal Navy, 1849). 
Os atuais blocos urbanos (turquesa), a beira-mar ("La Rambla", em azul), o litoral de acordo com WDL-RM em 1927 
(verde) e em 2008 (vermelho). A localização de alguns blocos urbanos situa-se na praia. b) A mesma composição, mas 
com a sobreposição da imagem de Abril de 2008. Neste caso, alguns blocos urbanos situam-se debaixo de água. 
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January 1924 reached a water level of 2.19 m amsl 
(MTOP/PNUD/UNESCO, 1979; modified from the da-
tabase of the Directorate of Oceanography, Meteorol-
ogy and Hydrography of the Navy-SOHMA). The 1923 
storm had winds of over 150 km/hour. This storm dev-
astated the south coast of the city, which was reported 
by the press: "All the (South) Rambla has disappeared 
as well as the resorts of Ramírez and Pocitos" (El País 
Newspaper the day after the storm surge). 
The cartographic documentation hiatus between 1886 
and 1920 has not allowed generating a reconstruction of 
the rhythms of intense erosion process verified over that 
period, or specifying their causes. 
The existence of a dune field is reflected in old place 
names (e.g., Road to the Dunes: “Camino a los Méda-
nos”). The recirculation of this sand dune field origi-
nated from the mouths of the two creeks that existed on 
this beach. This recirculation was stopped early (late 
nineteenth century), when the waterfront promenade 
“La Rambla” was built, encircling the arc of the beach. 
This first layout of the waterfront at Ramírez beach, 
confined the beach to a well constrained arc. Such in-
tervention modified the beach, dividing what was origi-
nally a functional unit, consisting of an arc of beach 
with the presence of a small tombolo near his its south-
ern end. Subsequently, the northwest beach portion was 
filled, with the promenade (public walk), which was 
built gaining land to sea.  
The arc of beach on the outside did not encompass the 
shape as was the original natural setting, because the 
new beach had a greater curvature. Since then the storm 
waves concentrate at both ends. 

b. Pocitos Beach 

The geomorphological changes documented in Pocitos 
beach have also been dramatic. Near the mid-nineteenth 
century there were dunes up to 10 meters high, and a 
beach prism several meters higher than the current 
situation (Ros, 1923; García-Moyano, 1969; Barrios-
Pintos, 1971). These dunes were removed along with 
beach sand, to be used for construction (Ros, 1923; 
García-Moyano, 1969). This activity severely affected 
the amount for the beach sediment budget, to the extent 
that the foundations of houses were seen during an ex-
treme low water event in the early twentieth century 
(Ros, 1923). 
At the beginning of the twentieth century, three creeks 
flowed into this beach, but when the southern stretch of 
the waterfront was built in 1912, the creeks were en-
cased and diverted. This original waterfront protruded 
into a section of beach and divided it into two sections 
(See Supporting Information SI.1c). At that time a large 
building (“Hotel de los Pocitos”) was built on the 
beach, but was demolished in 1935, after being affected 
by the extreme storm surge in 1923. The 1927 photo  
 

shows only the Pocitos creek (See SI.1b), which in 
1945 (See SI.1a) had also been encased and widened, 
cutting the recirculation of sand dune fields through its 
mouth. By 1950, the layout of “La Rambla” was recti-
fied to its present form, and the surface of dry beach 
located in the NE sector was artificially extended.  
Prior to the construction of “La Rambla”, the beach was 
wider, from 40 to about 80 meters (based on an accurate 
survey conducted for the "Sanitation Project of the Po-
citos Creek Basin", García, 1908). Also in that time, the 
prism of the beach was approximately two meters 
higher than present (Figure 4), whereas the prism now 
fluctuates around 60 cm thick above a layer of re-
worked Pleistocene sands. By the time of the photo-
graphic record of 1927, it had already occurred a wide-
spread retreat of the coastline (See Supporting Informa-
tion SI.2). 
Despite the importance of beaches in the social imagi-
nary for Uruguay, there is only one systematic study of 
beaches (MTOP/PNUD/UNESCO, 1979), which in-
cludes a reference to Pocitos and the recommendation 
for a refill of sand, and an article from Saizar (1997) 
which predicts its evolution using the Bruun’s Rule. 

3. Materials and methods 

A multi-temporal analysis was undertaken, using re-
mote sensing from 1927-2008, GIS techniques and his-
torical information. A total of 23 and 21 aerial photo-
graphic surveys (1927-2008) were analyzed for 
Ramírez and Pocitos respectively (Table 1), obtained 
from the archives of the IdeM, the National Directorate 
of the Environment (DINAMA), the Military Geo-
graphic Service (SGM), and Google Earth satellite im-
ages. To better understand the long-term morphological 
changes, maps of the nineteenth and early twentieth 
centuries were also included, which have acceptable 
accuracy. 
The series of aerial photographs was scanned at 1200 
dpi, and the Google Earth images were downloaded in 
the best possible resolution. ArcGIS 10 was used for 
georeferencing, which was carried out using a detailed 
mapping of the wall of the waterfront surrounding both 
beaches made by the Department of Geomatics of the 
IdeM. This map was made by orthorectification and 
checkpoints from differential GPS with sub-meter rela-
tive accuracy, allowing to minimize errors between im-
ages. An accuracy of one pixels is assumed for the im-
aging georeferencing process. The UTM (Universal 
Transverse Mercator) Zone 21S projection and WGS84 
datum was used.  
Shorelines were digitized on screen using a constant 
scale of 1:3000 to standardize the procedure, according 
to Ciavola et al. (2003), Gutiérrez & Panario (2005) and 
Armaroli et al. (2006). The landward limit of the beach  
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Figure 4 - Contours digitized every 1 meter (made in 1906 for the “Sanitation Project of the Pocitos creek Basin”; García, 

1908) superimposed on an image of 2007. The red line is the location of the current waterfront and the turquoise line shows 
the previous high tide high water level (PHTH-WL). Note the increased height and width of the beach shoreline in 1906 
compared to 2007 (Source: Image-2007, IdeM). 

Figura 4 – Linhas de nível digitalizadas a cada metro (feito em 1906 para o "Projeto de Saneamento da Bacia do riacho Poci-
tos"; García, 1908) sobreposta a uma imagem de 2007. A linha vermelha corresponde à localização do cais atual e a linha 
turquesa traduz o nível máximo da maré cheia (PHTH-WL). É de ressaltar a grande altura e largura da praia em 1906 
comparativamente à de 2007 (Fonte: Imagem-2007, IdeM). 
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Table 1 -  List of imagery. Image availability is highlighted in green. 

Tabela 1 - Lista de imagens. A disponibilidade das imagens está realçada a verde.  
Date  * Source Original scale Ramírez Pocitos 

1927, March 16 DINAMA 1/8.000    

1929, March 21 SGM 1/7.500    
1939 IdeM 1/5.000     
1942, November 25 DINAMA 1/7.300     
1945, January IdeM 1/10.000     

1949 DINAMA ?     
1954, May 14 IdeM 1/15.000     
1954, May 17 IdeM 1/30.000     
1961, December 13 IdeM 1/15.000     
1961, December 21 IdeM 1/15.000     
1965, October 26 IdeM 1/10.000     
1966, January 26 SGM 1/20.000     
1970, July 21 IdeM 1/7.500     
1970, August 21 IdeM 1/7.300 y 1/10.000     
1970, December 07 IdeM 1/10.000     
1971, May 01 IdeM 1/10.000     
1975, January 29 IdeM 1/10.000     

1979, March 29 IdeM 1/10.000     
1983, February 12 IdeM 1/12.000     
1985, December IdeM 1/10.000     
1991, May IdeM 1/5.000     
1996, June IdeM 1/40.000     
2000, September 22 Google Earth       
2001 August 09 Google Earth       
2002, September 21 Google Earth       
2003, October 23 IdeM 1/10.000     
2004, May 28 Google Earth       
2005, November 27 Google Earth       
2006, September 6 Google Earth       

2006, September 24 Google Earth       
2007, September 29 IdeM 1/10.000     
2007, December 8 Google Earth       
2008, April 30 Google Earth      

   Totals of available imagery for each beach: 23 21 
* Detailed dates of the images are not always available. 
Abbreviations:  

IdeM: municipal government of Montevideo;  
DINAMA: National Directorate of the Environment;  
SGM: Military Geographic Service. 
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was defined as the wall of “La Rambla”, as it has his-
torically functioned as the limit of the active littoral 
zone, defined here as the area where sediment ex-
changes between the beach and the nearshore occur. 
Different proxy records were explored as indicators of 
coastline (Boak & Turner, 2005) in order to interpret 
the responses of the system, i.e., i) the previous high 
tide high water level - PHTH-WL (Boak & Turner, 
2005; Moore et al., 2006) and, ii) in order to evaluate 
the consistency of the results, the wet/dry line or run-up 
maxima - WDL-RM (Boak & Turner, 2005; Dolan et 
al., 1978, 1980; Overton et al., 1999). For the studied 
beaches, and in agreement with Boak & Turner (2005), 
both lines are clearly distinguishable from the other. 
The PHTH-WL is identified by the marks left by the 
tide (i.e. plant debris), and WDL-RM can be distin-
guished by the wet-dry sand contrast. 
Due to the small size of the beaches and the multi-
temporal evolution of the accretion and retreat of the 
coastline, a beach polygon (area) was drawn as pro-
posed by Gutiérrez & Panario (2005) which is defined 
by each coastline proxy in each of the images and the 
corresponding landward limit. This procedure allows 
reducing uncertainty, since the surface is equivalent to 
infinite transects (method commonly used for these 
studies), and ultimately, the beach area is the parameter 
of greatest socio-economic, ecological and management 
interest. 
It was calculated the percentage difference between the 
largest/smallest area for Ramírez and Pocitos beaches 
from 1927 to 2008 and their current areas. 
An artifact called "landward limits of the beach in 
1927" (L27) was used in Pocitos beach, where the 
landward limit of the beach was defined on the basis of 
its configuration in 1927, in order to know the trend, 
regardless of public works that expanded their area 
(creek diversion and re-alignment of the coast). A sec-
ond artifact called "landward limits of the beach in 
2008" (L08) was used, where the landward limit is the 
current (2008) spatial configuration.  
The analysis included the long-term fluctuations of the 
beach area, especially the reductions, which were 
evaluated against freshwater and sea levels increases in 
the Río de la Plata river estuary produced by the great 
floods of the rivers Paraná and Uruguay (combined or 
separated), the time-series of severe storm surges, and 
the occurrence of El Niño Southern Oscillation (ENSO) 
El Niño and La Niña anomalies. Data for sea-level and 
storm surges at Montevideo (brackish waters) and river 
flow at the middle Río de la Plata river estuary are pro-
vided for the studied period (1928-2008) by the Uru-
guayan Servicio de Oceanografía, Hidrografía y Mete-
orología de la Armada (SOHMA) and the Argentinean 
Instituto Nacional del Agua y el Ambiente (INA) re-
spectively. 

Mineralogical analysis of the subaerial and subacuatic 
sediments of Ramírez and Pocitos beaches was con-
ducted. 
For Ramirez beach the Dean´s dimensionless parameter 
Ω (Hb / wf . T) was calculated where Hb is the signifi-
cant wave height, wf is the sediment fall velocity and T 
is the wave period, applied as proposed by Wright & 
Short (1984). 
A simple regression statistical analysis is performed us-
ing R-CRAN statistical (R Core Team, 2013) software 
to calculate the model parameters of sand surface evo-
lution. The assumption of normality and randomness 
was previously evaluated (See Supporting Information 
SI.I and SI.II). The Anderson-Darling test for normality 
was conducted on the surfaces value series and a run 
test was applied with PAST 1.96 (Hammer et al., 2001). 
The run test analysis is a non-parametric test for values 
obtained in time sequence to analyze randomness of 
events. The data set was transformed by subtracting the 
average, to obtain positive and negative numbers. This 
test was used because the data are not continuous by 
nature, since the flights were not planned for the sys-
tematic survey of the morphological evolution of 
beaches and that despite their statistical significance, 
the small magnitude of the changes could introduce un-
certainty about the randomness of trends. 

4. Results and discussion 

4.1. Evolution of Ramírez beach 
To analyze Ramírez beach, the start date was set at the 
date of the first image available (1927), when the arc of 
beach was similar to the current one. 
Using a first series of 16 images (1927-2007), the evo-
lution of the coastline according to PHTH-WL and 
WDL-RM indicators showed a weak significant trend 
of loss of surface (p <0.19) (Figure 5a and 5b). Then, 
with a second series of 23 images (1927-2008), the 
analysis was completed (Figure 5c) and, given the simi-
larity of results obtained, WDL-RM was the only one 
used as the proxy because it was best expressed in the 
time-series resulting in a tendency to a significant sur-
face loss with p <0.02. Some of the early records were 
removed (Figure 5d), based on the assumption that the 
image of 1945 (there are no records between 1927 and 
1929) was shaped more like the present form. Before 
1927, the most intense storms ever recorded occurred in 
Montevideo in 1923, and after the image of 1929, a 
prominent structure was built in the north end that 
changed the circulation patterns of sand sediment; 
hence the images of 1927 and 1929 were excluded. 
Since 1927, there was an increase in the area of the arc 
of the beach until 1961 (maximum increase), possibly 
recovered from the impact of storm surges of 1923 and 
1924. Since 1945, the beach has had the current con- 
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Figure 5 - Historical development of Ramírez beach arc from 1927-2008. a) First series of photos (16 entries) using the 

previous high tide high water level (PHTH-WL). b) the same series, using wet/dry line or run-up maxima (WDL-
RM). The trend line indicates a weak decline of beach surface but sustained over time and statistically significant at 
81%. c) all the 23 registers were used with WDL-RM. The trend line indicates a reduction of the beach surface sta-
tistically significant at 98%. d) Post-1945 records using WDL-RM are highly significant at p <0.001. e) Series of 
ENSO anomalies and extreme storm surges show some degree of association with erosion-accretion of the beach 
surface. Blue triangle represent La Niña events, red triangle El Niño events, and green triangle the extreme storms. 

Figura 5 - Desenvolvimento histórico do arco da praia de Ramírez no período 1927-2008. a) Primeira série de fotos 
(16) considerando a linha da maré cheia anterior à foto (PHTH-WL). b) A mesma série, considerando a linha praia 
seca / praia molhada ou o run-up máximo (WDL-RM). A linha de tendência revela um pequeno declínio da superfí-
cie da praia, mas persistente ao longo do tempo e estatisticamente significativo (81%). c) Conjunto dos 23 registros 
considerando em todos a linha praia seca / praia molhada ou o run-up máximo (WDL-RM). A linha de tendência 
indica uma redução da superfície de praia estatisticamente significativa em 98%. d) Os registos pós-1945 utilizando 
WDL-RM são altamente significativas para p <0,001. e) As séries de anomalias ENSO e de temporais extremos a-
presentam algum grau de associação com a erosão-acreção da superfície da praia. Os triângulos azuis representam 
eventos de La Niña, os triângulos vermelhos os eventos de El Niño, e os triângulos verdes os temporais extremos. 
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figuration and the evolution of its surface areas shows a 
highly significant (p <0.001) negative trend (Figure 5d 
and see Supporting Information SI.III). The randomness 
of the process was ruled out by the runs test (Figure 6). 
Descriptive statistics (See SI.IV) for the series of 16 
images (1927-2007) was analyzed for the full set of 23 
images (1927-2008), and the complete series using 
post-1945 images. The coefficient of variation (CV = 
12.69%) of beach surface areas shows little variability 
in the data and it is further reduced by removing from 
the analysis the photos prior to 1945 (CV = 13.24%). 
From the analysis of the multi-temporal evolution of 
Ramírez, and depending on the considered period, a de-
crease in the surface area of 126 m2/year was recorded 
(from 1945-2008). 
Ramírez behaves as a dissipative beach in typical sea 
conditions because it is characterized by a large area of 
low slope, surf and spilling breaking waves. However, 
the Dean´s dimensionless parameter Ω classifies 
Ramírez as an "intermediate" sandy beach (46cm / 
[2cm.s x 4.4s] = 5.2). The Ω parameter determines the 
threshold values or transition from reflective to inter-
mediate or from dissipative to intermediate beach type. 
Dean (Ω) values “less than 1” are associated with re-
flective beaches, values between "1 and 6" are interme-
diate states and those "over 6" are typically dissipative 
beaches. The apparent contradiction of this result, may 
explain its relative stability, despite suffering significant 
losses due to wind transport towards the waterfront. 
The convex transverse profile is characteristic of an in-
termediate beach as established by the parameter Ω. 
However, the geological control exerted by the shore 
platform in the surf zone, determined that under normal 
conditions the beach behaves as dissipative, whereas it 
behaves as intermediate under storm surge conditions 
according to its convex profile and the value of Ω. 
Here, storm surge is defined as an increase in coastal 
water level caused by the action of wind blowing over 
the sea surface (wind setup) (DECCW, 2010).  
During low water conditions, the coastline of this beach 
retreats 200 m and exposes an area of abrasion enriched 
in dense minerals. Therefore, the relative stability of 

this beach would be supported by a slow recovery of 
the profile due to sediment transport from the plain of 
abrasion to the sub-aerial beach. The analysis of the se-
ries of images indicates that Ramírez lost a beach area 
of 5,791.5 m2 (19.7%) from 1927 to 2008. This loss is 
relatively consistent with the observed 11 cm sea level 
rise (SLR) at Montevideo in the last 100 years (Bide-
gain et al., 2005; Magrin et al., 2007; Nagy et al., 2013, 
2014a; Verocai et al., 2014), and the consequent reduc-
tion of 5,600 m2 obtained by Saizar (1997) applying the 
Bruun Rule (where the shoreline retreat is equal to the 
ratio of rising sea level with the tangent of the angle of 
the beach).  
In addition, the difference between the current state and 
the best/worst case scenario of each beach in the time-
series was analyzed. The percentage difference between 
the largest observed area and its current area was  
-37.1%, whereas the percentage difference between the 
smallest observed area and its current area was only 
2.3% (Table 2). 

Table 2 - Calculated percentage difference for Ramírez and 
Pocitos between the largest/smallest area for each beach 
from 1927 to 2008 and their current areas. From this fig-
ure the distance between the current state and the 
best/worst case scenario of each beach is analyzed. 

Tabela 2 - Diferença percentual calculada para Ramírez e 
Pocitos entre a maior / menor área de cada praia entre 
1927 e 2008 e suas áreas atuais. A diferença entre o es-
tado atual e os pior e melhor cenários de cada praia foi 
analisada com base nestes dados.  

Ramírez Pocitos 
L27 L08 

% % % 
Difference with the 
largest beach area 
ever registered 

-37.1 -42.2 -32.6 

Difference with the 
smallest beach area 
ever registered 

2.3 0.2 0.0 

Nevertheless, this calculation assumes a linear steady 
SLR from 1927-2008 which was not been the case; 

Figure 6 - Run test results for Ramírez beach. a) all the 23 registers were used with WDL-RM; b) post-1945 records. 
Figura 6 - Resultados do teste para a praia de Ramírez. a) considerando a totalidade dos 23 registros, com WDL-RM; b) con-

siderando apenas os registos pós-1945. 
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more than half of the observed SLR occurred between 
1961-2003 (Nagy et al., 2005). Thus, there is not that 
good fit between morphological changes and SLR when 
shorter periods are considered.  

4.2. Evolution of Pocitos beach 

The analysis of the series of images of Pocitos also be-
gins in 1927, the year of the first photographic record. 
Unlike Ramírez, Pocitos is oriented eastward which 
made it less vulnerable to the extreme storm surge in 
1923, associated with very strong (> 100 km/hour) and 
persistent (over 24 hours) Southwest Wind (data col-
lected for the old Servicio Meteorológico del Uruguay). 
The trend analysis of Pocitos beach was performed us-
ing the two artifacts L27 and L08 for the wet/dry line or 
run-up maxima (WDL-RM) as a proxy of the coastline. 
The first trend analysis was performed with a series of 
15 images from 1927-2007 (Figure 7a and 7b). This se-
ries does not show significant changes in the surface 
area of exposed sand, but for the L27 limit it suggests a 
marginally significant retracement trend (p = 0.1) (Fig-
ure 7a and see Supporting Information SI.Va) of the 
beach area. 
The coefficient of variation (See Supporting Informa-
tion SI.VI) of beach surface area (series of 15 images: 
1927-2007) indicates little variability in the data using 
L27 (CV = 14.82%), which is further reduced by ana-
lyzing the series using L08 as landward limit (CV = 
10.21%). To deepen this analysis and confirm or ex-
clude the evidence shown in the previous analysis, a set 
of 21 images was analyzed from 1927 to 2008. The lin-
ear regression trend line indicates a reduction of the 
beach surface statistically significant (p <0.04) for L27 
(See SI.Vc), while the trend is not significant for L08 
(See SI.Vd), even indicating a very slight upward trend 
of beach area (+6 m2/year). This would confirm that the 
effect of the artificial extensions might have masked the 
loss of surface area (Figure 7c and 7d). The coefficient 
of variation of beach surface area (series of 21 images: 
1927-2007) indicates little variability in the data (L27 
CV = 15.33% and L08 CV = 10.94%) (See SI.VIc and 
SI.VId). 
For both series (15 and 21 images) the runs test does 
not rule out that the behavior of the advance and retreat 
of the coastline is of a random type, considering that the 
value of the test is very close to 0.2 at the edge of the 
range from which it is considered random (Figure 8a to 
8d). The Pocitos dry-beach surface area has increased 
by 24,000 m2 from 1927 to date due to the expansion 
work done by the IdeM. Likewise, what was done in 
Ramírez, assuming that the present configuration of the 
beach begins in 1954, images of 1927, 1945 and 1949 
were removed from the analysis. Then, the beach sur-
face area loss was not statistically significant for L27 
and L08. This result would indicate that the surface area 

of the beach shows a relatively stable system after hu-
man intervention began (Figure 7e and 7f).  
Such relative stability can have several causes: a) like-
wise Ramírez, Pocitos also has an abrasion plain lo-
cated on its southern area (end of Trouville) and much 
of its current relative stability may be due to slight drift 
transport from the South to the North, which is rein-
forced by aeolian transport in the same direction; b) due 
to its location, the beach is relatively protected from the 
SW storms, the primary cause of wind-related coastal 
erosion. Furthermore, fluctuations in the beach match 
its natural dynamics and/or human intervention, includ-
ing beach sand filling from Ramírez in the early 1960s. 
The descriptive statistics of the series of 18 images 
from 1954 were also analyzed (See Supporting Infor-
mation SI.VIe and SI.VIf) when the coast had already 
been rectified and the beach had a configuration similar 
to the present. The coefficient of variation of beach sur-
face for L27 decreases (CV = 14.77%) when compared 
to the test performed with the full set of 21 images, 
probably because since 1954 the beach has had a con-
formation similar to the present. However, when the 
analysis is performed for the series of 18 images using 
L08 as landward limit (CV = 11.49%), this ratio in-
creases due to increases in the beach surface area and 
the various modifications made by the local government 
(IdeM). 
Runs test was applied to this series of 18 images (1954 
to 2008), and to the two approaches (L27 and L08). The 
test infers that the advance and retreat of the coastline is 
random for the level of significance set for both L27 
and L08 (Figure 8e and 8f), while the coefficients of 
variation of the data are kept low for both cases (L27 
CV = 14.77% and L08 CV = 11.49%). The figure ob-
tained by applying the Bruun Rule, with the parameter 
calculated by Saizar (1997) for beaches of Montevideo, 
is 15,982 m2 in Pocitos which is intermediate between 
the current (L08), and which would have been observed 
without human intervention (L27). Also, the estimated 
regression loss would be negligible for L08 (470 m2) 
and 10,328 m2 for L27 for 1927-2008 which represents 
0.8 and 16.9% respectively. 
The loss of sand in Pocitos from 1927-2008 was esti-
mated at 5,257 m2 (8.6% of the surface area) using the 
L08 artifact, which includes all interventions that in-
creased the surface of the beach; instead, the L27 arti-
fact, that restricts the analysis to the original surface of 
the beach in 1927, estimated a loss of 25,756 m2 or 
42.2% (1927-2008). Despite the relative stability of the 
coastline, the beach prism suffered a significant reduc-
tion from the earliest available detailed map (Figure 4). 
Such reduction could be explained by the permanent 
leakage of sand towards the waterfront, from where the 
sand has been definitively removed whit mechanized 
cleaning by the IdeM, during the entire analysis period. 
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Figure 7 – See caption in the next page 

Figura 7 – Ver legenda na próxima página 
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Figure 7 - Historical trend-line of Pocitos beach arc from 1927-2008 using WDL-RM. In a), c) and e) the artifact (L27) "land-
ward limits of the beach in 1927" is used, while in b), d) and f) the artifact (L08) "landward limits of the beach in 2008" is 
used. In a) and b) the trend-line of the first series of 15 photos shows a weak but sustained decline over time in beach area, 
significant at 90% in a), and not significant in b). In c) and d) all 23 records of this beach are used. The beach area reduc-
tion is statistically significant at 96% when the L27 limit is used, but not significant when using the L08 limit, even indicat-
ing a very slight upward trend of the beach area. In e) and f) the post-1954 records are used. The trends are not statistically 
significant for any of the limits, although a slight loss of area was observed. g) Series of ENSO anomalies and extreme 
storm surges show some degree of association with erosion-accretion of the beach surface. Blue triangle represent La Niña 
events, red triangle El Niño events, and green triangle the extreme storms. 

Figura 7 - Tendência histórica da linha do arco da praia de Pocitos no período 1927 a 2008 usando WDL-RM. Em a), c) e e) 
foi utilizado o artefato (L27) "limite terrestre da praia em 1927", enquanto que em b), d) e f) se utilizou o artefato (L08) 
"limite terrestre da praia em 2008". Em a) e b) a linha de tendência da primeira série de 15 fotos revela pequeno mas per-
sistente declínio ao longo do tempo da área de praia, significativa a 90% em a), e não significativa em b). Em c) e d) fo-
ram utilizados todos os 23 registros desta praia. A redução de área de praia é estatisticamente significativa em 96% quan-
do o limite L27 é utilizado, mas não é significativa quando se usa o limite L08, mesmo indicando uma ligeira tendência de 
aumento da área de praia. Em e) e f) foram utilizados apenas os registros pós-1954. As tendências não são estatisticamen-
te significativa para qualquer um dos limites, embora se tenha observado uma ligeira perda de área. g) As séries de ano-
malias ENSO e de temporais extremos apresentam algum grau de associação com a erosão-acreção da superfície da prai-
a. Os triângulos azuis representam eventos de La Niña, os triângulos vermelhos os eventos de El Niño, e os triângulos ver-
des os temporais extremos. 

However, the percentage difference between the largest 
observed area compared with the photographical re-
cords shows differences of -42% for L27 and -32.6% 
for L08 suggesting that beyond the statistical results, 
the current state of the beach shows the highest percent-
age loss of surface compared to previous states. Moreo-
ver, the percentage difference between the lower re-
corded area compared to the photographical record was 
0.2% for L27 and L08 for 0.0%, since 2008 coincides 
with the lowest record (Table 2). 
Therefore, the analysis of the series of 21 images of Po-
citos beach from 1927-2008, shows that the dry surface 
area of this beach has increased, although the same con-
siderations that were made to Ramírez are valid, com-
pounded by the fact that Pocitos beach has in some ar-
eas less than 0.60 m of sand thickness. Therefore, the 
apparent stability of this beach can relate mainly to a 
continuous "dry beach construction” by the IdeM (Fig-
ures 7c and 7e). So, without human intervention Pocitos 
beach should have suffered a significant reduction. 

4.3. Behavior of the ensemble of case studies 

For pocket beaches, especially if they are subject to 
human intervention, a different analysis than the one 
usually used for a wide beach is required. Pocket 
beaches may have significant responses to severe cli-
mate events; however, trends show spatial changes of 
small magnitude in the medium term. Ramírez and Po-
citos have almost opposite orientations (the former to 
the West and the latter to the East), different depth gra-
dients and divergent drifts, and although they have a 
similar mineralogical composition, they are two sepa-
rate beaches, and independent of the other urban 
beaches of Montevideo (Figure 1). Therefore, it is par-
ticularly important to analyze the causes of the similari-
ties in behavior over the years. 

The existence of a relationship between the floods of 
the Paraná and Uruguay rivers, individually and com-
bined, with the Río de la Plata level at Montevideo was 
explored, since floods trigger sea level fluctuations 
(Bidegain et al., 2005; Nagy et al., 2005) and according 
to recent studies (Nagy et al., 2013, 2014b, 2015), these 
fluctuations may be in the range of 10-20 cm. This in-
fluence of river inflow on SLR is explained by the local 
effect of a close mouth of a great river (Nicholls et al., 
2011) such as the Río de la Plata (Nagy et al., 2014b). 
Thus the possibility of a receding shoreline cannot be 
ruled out. However, the comparison between these flood 
events and the behavior of the middle estuary beaches, 
contrary to expected, shows that the period when the 
beaches show increased recovery coincide with major 
flooding and higher sea levels at Montevideo.  
A series of subsequent images to the extreme Southern 
storm events (1923 and 1924) was analyzed that pro-
duce positive anomalies in sea level (storm surges), 
finding three events with increases in water/sea level of 
2 m amsl or more, which coincide with the shoreline 
retreats observed in 1943, 1993 and 2005. Storm surges 
over 2 m amsl are those exceeding the prism of the 
beaches studied in most of its surface. These beaches 
have very little area above 1.84 m amsl which is the 
height of the biennial extraordinary high tide, and 
2.11 m amsl with an estimated return period of 10 years 
(MTOP/PNUD/UNESCO, 1979). Therefore, since the 
current major impacts occur when water level increases 
2 m amsl, and the observed SLR is 0.11 m amsl, a fu-
ture SLR of only 0.20 m or less, would be sufficient to 
reach a critical point. 
Unfortunately, the available discontinuous series of im-
ages and the low number of simultaneous occurrence of 
ENSO years 1-2 years before them precludes any robust 
statistical inference. However, the results presented  
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Figure 8 - Run test results for Pocitos beach. L27: a) First aerial photographic series: 1927-2007 (15 records); c) Complete se-

ries: 1927-2008 (21 records); e) Complete series (without 1927, 1945 and 1949 images). L08: b) First aerial photographic 
series: 1927-2007 (15 records); d) Complete series: 1927-2008 (21 records); f) Complete series (without 1927, 1945 and 
1949 images). 

Figura 8 - Resultados do teste para a praia de Pocitos. L27: a) Primeira série fotográfica aérea: 1927-2007 (15 registros); c) 
Série completa: 1927-2008 (21 registros); e) série completa (sem imagens de 1927, 1945 e 1949). L08: b) Primeira série 
fotográfica aérea: 1927-2007 (15 registros); d) Série completa: 1927-2008 (21 registros); f) série completa (sem imagens 
de 1927, 1945 e 1949). 

 
here support the hypothesis of the existence of some 
degree of relationship between the occurrence of strong 
to moderate La Niña events of long duration and shore-
line retreat, which were analyzed according to the his-
torical series of ENSO events (Severov et al., 2004) 
and, conversely, recoveries during El Niño events (Fig-
ure 5 and 7). In the same way, Ortega et al. (2013) in 
analyzing two ocean sandy beaches of Eastern Uru-
guay, plotted the values of wind speed anomalies for 
the area and the sedimentary balance of sands. The 
trend line from 1985-2009 and the distribution of out-
liers (anomalies) suggests a similar pattern of coinci-
dence between ENSO events and sedimentary balance. 
The apparent correlation with ENSO events needs fur-
ther research. 

5. Conclusions 

The examples presented in this article show how de-
pendent on the magnitude of the changes, the time-scale 

of the analysis and the frequency of records, are the 
conclusions. Thus, in urban pocket beaches, it is crucial 
to have numerous aerial photos and satellite images 
over long time intervals in order to make reliable analy-
sis of the morphological evolution. 
Since the discontinuous time-series of records can not 
match ideally with the occurrence of human interven-
tions and climate events, it is important to obtain as 
many records as possible. 
Ramírez and Pocitos beaches seem to be relatively sta-
ble but fluctuating from 1927 (first aerial photographic 
record available) to 2008. Both beaches are shown to be 
resilient to sporadic water/sea level rises. For Pocitos, 
this was true only after the end of heavy human inter-
vention affecting this beach in the first half of the twen-
tieth century which left the beach very vulnerable. 
However, the risk might increase again if the frequency 
of extreme events increases under likely future climate 
change scenarios. 
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In addition to the diverse human interventions ex-
plained along this article and the observed 11 cm sea 
level rise, some of the fluctuations observed in the 81-
year period of analysis seem to be associated with years 
with atmospheric circulation anomalies related to 
ENSO or extreme storms with an increase in sea level 
of more than two meters above the historical mean sea 
level.  
Therefore, a better understanding of the medium-term 
trends in regional atmospheric circulation will allow 
estimating likely beach evolution under climate change 
and, in particular in pocket beaches, of the expected sea 
level rise, in order to provide a basis to planning better 
adaptations to the threats and impacts associated with 
these trends.  
Understanding the evolution of urban beaches subjected 
to long term human interventions such as Pocitos and 
Ramírez of Montevideo, requires a historical analysis to 
determine both the effects of the inertia of the past, and 
to determine when the beaches acquired a dynamic set-
ting similar to the present, in order to have scenarios of 
future developments. Keeping the desired state of resil-
ience of these beaches under both climatic and human 
pressures requires a thorough understanding of trends 
and variables that affect their states of balance-
imbalance. 

6. Management recommendations 

To an effective coastal zone management it is crucial to 
understand the roots of the conflicts and issues that in-
fluence the littoral at Present (according to Dias et al., 
2012). 
Therefore, it would be a wise practice the recovery of 
natural structures, like primary dune and seed of 
psamophyl native grasses and other pioneers species as 
a way of recovering beach prism to prevent the reflec-
tion of waves from the armored road.  
From the knowledge generated by this research, we be-
lieve that in order to analyze long-term morphological 
changes and improve the prognosis of the future evolu-
tion of these beaches, it would be desirable that the lo-
cal government conduct the following actions: 

• Keep track of trends in these beaches. This will 
make it possible to assess the resilience of both 
beaches regarding restoration measures. But funda-
mentally, it will reveal the evolution of the beaches 
facing the gradual sea level rise and storm surges. 

• Control sand loss by building fences to prevent its 
loss by the stairs to the beach. 

• Replenish sand extracted in cleaning. 
• Redistribute the already existing sand aimed at in-

creasing prism height beach. 

Moreover, the implementation of a monitoring of the 
evolution of beach prism would allow the agencies in 
charge of coastal management to contrast the effective-
ness of the measures taken, considering not only the 
time factor but also some variables involved and/or af-
fected by the intra-annual variability. 
Will the studied pocket beaches keep stable under a 
plausible and likely climatic scenario for the near future 
of a La Niña event ("erosive Southwestern winds") and 
a storm surge (+ 2.3 amsl) with a slight SLR of only 
+5 cm? 
Therefore, our results suggest the importance of con-
tinuing the analysis of the evolution of these and other 
urban beaches of Montevideo, to better understand the 
suggested relationship between climate forcings, i.e., 
ENSO and fluctuations in the beach area. 
Knowing the morphological responses of these beaches 
will allow better coastal management and climate adap-
tation. 
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Supporting Information associated with this article is available on-
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