

[image: Sea Levels Dynamical Downscaling and Climate Change Projections at the Uruguayan Coast]
Sea Levels Dynamical Downscaling and Climate Change Projections at the Uruguayan Coast





ORIGINAL RESEARCH

published: 25 March 2022

doi: 10.3389/fmars.2022.846396

[image: image2]


Sea Levels Dynamical Downscaling and Climate Change Projections at the Uruguayan Coast


Michelle Jackson *, Monica Fossati and Sebastian Solari


Instituto de Mecánica de los Fluidos e Ingeniería Ambiental, Facultad de Ingeniería, Universidad de la República, Montevideo, Uruguay




Edited by: 

Adem Akpinar, Uludağ University, Turkey

Reviewed by: 

Ricardo de Camargo, University of São Paulo, Brazil

Matthew Dudley Palmer, Met Office Hadley Centre (MOHC), United Kingdom

*Correspondence: 

Michelle Jackson
 mjackson@fing.edu.uy

Specialty section: 
 This article was submitted to Coastal Ocean Processes, a section of the journal Frontiers in Marine Science


Received: 31 December 2021

Accepted: 02 March 2022

Published: 25 March 2022

Citation:
Jackson M, Fossati M and Solari S (2022) Sea Levels Dynamical Downscaling and Climate Change Projections at the Uruguayan Coast. Front. Mar. Sci. 9:846396. doi: 10.3389/fmars.2022.846396



This work implements a dynamical downscaling approach, based on a set of nested two-dimensional hydrodynamic models, to quantify the expected changes in the total sea level climate and its components for the Uruguayan coast, using surface wind and sea level pressure projections from global climate models generated during the Phase 5 of the Coupled Models Inter-Comparison Project, considering three time horizons: historical period (1986-2005), short term (2027-2045) and long term (2082-2100), and the future scenarios RCP 4.5 and RCP 8.5. It is concluded that the main contribution to the projected changes in the area is the regional mean sea level rise, followed in importance by the effect that the increase in the water depth has on the amplitude of the tidal components. Moreover, it is concluded that changes in the meteorological residuals (or surges), associated with potential changes in the atmospheric circulation patterns, are negligible in the study area. The obtained results reinforce the need to resort to dynamic downscaling for projecting total sea level changes in areas characterized by wide and shallow continental shelfs and estuaries, as this approach allows to resolve the interactions that may arise between tides, surges and the mean sea level rise, something that cannot addressed with an approach based solely on statistical downscaling.
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1 Introduction

The planning of coastal adaptation measures to climate change requires projections of the changes that are expected to occur in the maritime agents (i.e. waves and sea level) in the future under different scenarios and for different time horizons. There are several studies aimed at quantifying future changes in the waves and sea level climates at global or regional scales (e.g. Hemer et al., 2015; Vousdoukas et al., 2016; Camus et al., 2017; Casas-Prat et al., 2017; Wandres et al., 2017; Meucci et al., 2020). All these studies share a common line of work where results from global climate models (GCM), such as surface winds and sea level pressures (SLP), are used to project changes in the variables of interest in a certain domain, resorting to one of the two methodologies available to this end, known as statistical and dynamic downscaling.

Statistical downscaling methods are based in training statistical models that relate predictor (winds and SLP) and predictand (waves and/or sea levels) variables. These methods are inexpensive from a computational point of view, which makes it possible to use a large number of GCMs, allowing to improve the quantification of the uncertainty involved and the consensus of the projected changes (Perez et al., 2015). In fact, the studies using statistical downscaling methods usually use all GCM results available (e.g. Wang et al., 2014; Camus et al., 2017). On the other hand, dynamic downscaling is based on the use of physics-based numerical models that are forced with wind and SLP fields time series obtained from the GCM, resulting in high computational costs and, also, in more demanding requirements in terms of spatial and temporal resolution of the GCM used to force the models (e.g. Vousdoukas et al., 2016).

When looking at changes in the sea level, an advantage of the dynamical downscaling over the statistical downscaling is that the use of physic-based numerical models allows for considering the non-linear interactions between the different components that make up the total sea level and its change, namely: mean sea level rise, astronomical tides (or tides) and meteorological residuals (or surges). Unlike dynamical downscaling, the statistical downscaling approach can only determine changes directly associated with changes in atmospheric patterns (see e.g. Camus et al., 2014).

Uruguay has more than 600 km of coast, encompassing both the Río de la Plata estuary and the Atlantic Ocean (Figure 1). Along the coast, meteorological residuals and astronomical tides have the same order of magnitude and are important components of the total sea level (Santoro et al., 2013). The main component of the astronomical tide is M2, with amplitudes of up to 15 cm, followed by component O1 in most of the coast (Fernández & Piedra-Cueva, 2011). Regarding the variability of the M2 amplitude along the coast, there is a tendency of higher amplitudes around Colonia and Montevideo, and lower amplitudes between these and towards the ocean. Studies based on in situ measured sea level data showed that the magnitude of the meteorological residuals (or surges) decrease from the inner part of the estuary towards the ocean (Fossati et al., 2013; Santoro et al., 2013).




Figure 1 | Study area and in-situ measurements stations along with the bathymetry of the area.



Despite the importance of specifically knowing how total sea level will change along the Uruguayan coast, there are few studies in relation to this. While there are global studies about mean sea level change projections (e.g. IPCC, 2013; Slangen et al., 2014; Carson et al., 2016), there are no global or regional studies that determine the change in the total sea level climate for this zone.

The objective of this work is to quantify the expected changes in the total sea level climate and its components for the Uruguayan coast, using surface wind and SLP projections from GCM generated during the Phase 5 of the Coupled Models Inter-Comparison Project (CMIP5) (Taylor et al., 2012) in the framework of the WRCP (World Climate Research Program), which are presented in the IPCC fifth report (IPCC, 2013). At the moment, the latest report published by the IPCC is the AR6 (only draft, final publication is expected on September 2022) where the CMIP6 (Eyring et al., 2016) is presented, providing the state of the art climate models; in addition, the Special Report on the Ocean and Cryosphere in a Changing Climate (IPCC, 2019) brings together recent research regarding sea level projections. Nevertheless, at the time of initiating this work only information from IPCC AR5 was available, so this is the one used. Three time horizons are considered: historical period (1986-2005), short term (2027-2045) and long term (2082-2100), and two future scenarios RCP 4.5 and RCP 8.5 (Moss et al., 2010). Given characteristics of the continental shelf and of the Río de la Plata estuary (Figure 1), it is expected that non-linear interactions between sea level rise and tides and surges would play a significant role in the estimation of projected changes, so a dynamic downscaling scheme is adopted in this work.

The rest of the document is organized as follows. Sections 2 and 3 describes the methodology and the data used in this study. Obtained results are presented in section 4 and discussed in section 5, while section 6 summarizes the main conclusions.



2 Methods


2.1 General Methodology

To obtain sea level projections in the study area, a dynamic downscaling methodology is adopted, based on the implementation of two nested hydrodynamic models. The nested models are called regional and local model, and are forced by the inflows from the tributaries of the Río de la Plata estuary, surface winds and SLP, and tides at its outer oceanic boundaries.

To determine the future sea level climate, the hydrodynamic models are forced with the wind and SLP projections of the GCMs listed in Table 3. Results are obtained for three time-horizons: historical, short term (2027-2045) and long term (2082-2100); and for two representative concentration pathways scenarios: RCP 4.5 and RCP 8.5. Figure 2 shows an outline of the methodology. On the one hand, the models are forced with winds and SLP from the CFSR reanalysis (Saha et al., 2010). Sea level time series obtained with this forcing are validated using measured data to later be considered as the ground true (Figure 2, left panel). On the other hand, models are forced with GCM winds and SLP for both the historical period and the future periods. First, results from the historical period are used to evaluated whether the models correctly represent the sea level climate in the study area when forced with GCMs. Then, changes in the sea level climate are quantified by comparing historical and future periods for each GCM (Figure 2, right panel).




Figure 2 | Flowchart representing general methodology.





2.2 Hydrodynamic Models Setup

Hydrodynamic modeling is carried out by means of two nested numerical models. Figure 3 shows the domains used in the two models, along with a detail of the inner part of the Río de la Plata estuary.




Figure 3 | Nested hydrodynamic models scheme used in this study.



The first model encompasses the domain comprised by the South Atlantic Ocean (regional model; Figure 3, left panel), and is forced by astronomical tides at the ocean boundaries, average inflows from the Paraná and Uruguay rivers, and by surface winds and SLP in the free surface. In particular, the astronomical tide is imposed at the ocean boundaries as the superposition of 13 tidal components (M2, N2, S2, K2, 2N2, O1, Q1, K1, P1, Mf, Mm, Mtm, MSqm) obtained from FES2004 global ocean tide atlas (Lyard et al., 2006). The objective of the regional model is to generate the total sea levels time series to be imposed at the oceanic boundaries of the local model (Figure 3; central panel). The regional model is based on MOHID (Mateus and Neves, 2013) and was previously calibrated and validated for this domain (Martínez et al., 2015; Jackson et al., 2021). The most relevant characteristics of its implementation are presented in Table 1.


Table 1 | Features of the setup for both regional and local hydrodynamic models.



The local model is an implementation of TELEMAC-MASCARET (Hervouet, 2007), in its 2D version, to a domain that includes the estuary of the Río de la Plata and its continental shelf (Figure 3, central panel). TELEMAC has been successfully applied in several estuarine dynamics studies (Briere et al., 2007; Jones and Davies, 2008; Guillou & Chapalain, 2012; Huybrechts et al., 2012; Huybrechts & Villaret, 2013; Luo et al., 2013; Sathish Kumar & Balaji, 2015). The vertically integrated two-dimensional hydrodynamic TELEMAC-2D model solves the momentum and continuity equations using finite elements on unstructured meshes. The equations are simplified assuming incompressible fluid, vertical homogeneity, and hydrostatic pressure distribution. The model is forced by surface winds and SLP on the free surface, mean inflows from the Uruguay, Paraná and Santa Lucía rivers (Figure 3, right panel), and from the sea level time series coming from the regional model at the open oceanic boundaries. The time step used for running the model is 60 seconds and results are saved at every node of the mesh every 1 hour. Table 1 summarizes most relevant characteristics of the implementation of the local model.



2.3 Calibration and Validation of the Local Model

The calibration of the model was carried out using data measured during the period 1985 to 2005, forcing the models with the CFSR reanalysis, varying the Manning number and testing different formulations for the wind shear stress. More than 40 calibration simulations were carried out, comparing the obtained results against sea levels measured at 3 stations on the Uruguayan coast, namely: La Paloma, Montevideo and Colonia (see Figure 1).

Validation is performed by comparing the results obtained with the calibrated model and the sea level data measured at the 6 stations shown in Figure 1. The goodness of the model is analyzed by estimating bias (BIAS), mean square error (RMSE) and correlation coefficient (r) at each station, as expressed by equations 1, 2 and 3 respectively,







where ym refers to the modeled data and yo to the measured (observed) data. In addition, scatter diagrams are presented for total sea level and for the meteorological residual, showing data density according to a color scale, superimposed by a quantile-quantile plot (25 quantiles are considered, evenly spaced on the Gumbel scale, between 0.001 and 0.999). Once validated, results of the model are considered the ground true for subsequent analyzes.



2.4 Projections of Change in Sea Level Climate

The analysis of the sea level projections obtained by forcing the numerical models with the GCM is carried out focusing on different spatial and temporal scales, using a series of evenly spaced nodes located along the Uruguayan coast, from Conchillas to Chuy (see e.g. Figure 8A).

Table 2 lists the different components of the total sea level that are considered in the analysis. Total Sea Level (TSL) is arguably the most important variable to be considered when analyzing changes in sea level climate form a coastal engineering and coastal management viewpoint. However, to better understand these changes, their origin and their interactions, other variables are analyzed as well, namely: sea level without regional sea level rise (SLWR), model mean sea level (MSLmodel), meteorological residuals (surge or meteorological tides; Tmet) and tides (or astronomical tides; Tast).


Table 2 | Sea level components considered in the analysis.



MSLimposed is the imposed regional sea level rise and in consequence is uniform in the entire domain and does not depend on atmospheric forcing. On the other hand, MSLmodel does depend on atmospheric forcing, but it has a spatial scale similar to that of the analysis region, being approximately uniform throughout the local domain. Both MSLimposed and MSLmodel are removed from the results to better analyze the other components of the sea level signal.

Changes in Tmet and Tast are analyzed separately because they have different origin. While Tmet depends on the atmospheric forcing, Tast does not depend on the atmospheric forcing but can be affected by the nonlinear interactions with Tmet and by the change in the MSL.

To obtain Tmet at each point, first MSLmodel is subtracted from the SLWR in order to avoid the influence of sea level components of spatial and temporal scales greater than that of the meteorological events (synoptic scale), and then the Doodson filter (Pugh, 1987) is applied to filter out astronomical tides from the signal. To obtain Tast, an harmonic analysis is carried out using T-Tide toolbox (Pawlowicz et al., 2002), and only the amplitudes of the M2 and O1 components is analyzed, as these are the two most relevant components along the Uruguayan coast (Fossati et al., 2013).

For each variable the projected changes are evaluated by looking at changes in its mean value and in the 1% and 99% quantiles (the latter two representatives of extreme low and high conditions). Changes are evaluated considering results from each GCM separately and also by looking at the ensemble of the results.



2.5 Significance of the Projected Changes

The significance of the changes is analyzed only for the SLWR and its components. To analyze the significance of the changes projected by each GCM, the Student-t test was applied to the series of annual values of the three analyzed statistics (i.e. series of annual mean and of 1% and 99% quantiles; see e.g. Casas-Prat et al., 2017 and Hemer et al., 2013). Null hypothesis in this test is that the distribution of the annual statistics is the same in the historical period and in the future periods.

On the other hand, for the analysis of the ensemble of the results, the significance of the change is determined following a methodology similar to that used in Wandres et al. (2017) and Camus et al. (2017). For each model, the difference between the statistic estimated from projections and the one estimated in the historical period is calculated. Then, if the mean of the differences is greater than the standard deviation, and if at least 6 of the 7 models project the same direction of the change (increase or decrease), then the change in is said to be significant (i.e. when working with the ensemble of the results, a change is considered significant if both conditions are met).




3 Data


3.1 Measured Sea Level Series

Sea level data measured at six stations located in the study area are used for the calibration and validation of the local model. Of these, five stations are located along the Uruguayan coast and one in the inner part of the Río de la Plata estuary (Figure 1). Only years with less than 50% missing data are used in this study, considering the time period 1985-2005. Figure 4 shows the data availability at each station.




Figure 4 | Measured data available in each station (only years with less than 50% missing data are considered).





3.2 Reanalysis CFSR

The calibration and validation of the hydrodynamic model is carried out by forcing it with hourly wind and SLP fields from the atmospheric reanalysis of the National Centers for Environmental Prediction NCEP-CFSR of USA (Saha et al., 2010). Wind data have a spatial resolution of 0.205°x0.204°, and SLP data have a spatial resolution of 0.312°x0.312° 1. Here, only the data covering the historical period (1985-2005) is used.



3.3 Global Climate Models (GCMs)

To obtain sea level projections, the 2D hydrodynamic models are forced with wind and SLP fields of the seven GCM from the CMIP5 listed in Table 3. The selection of these models is made on the basis that these were the only models (at the moment of downloading, january 2019) having the required variables with temporal resolution of three-hours or higher. In all cases only r1i1p1 runs were used, and all data was downloaded through the Earth System Grid Federation2.


Table 3 | CMIP5 models used in this study: name, institution, country and spatial resolution.





3.4 Mean Sea Level Rise

Regional sea level rise projections from IPCC AR5 (Church et al., 2013; IPCC, 2013) are used for climate scenarios RCP 4.5 and RCP 8.5 (data available from the Hamburg University3). Regional mean sea level rise data, relative to the baseline period 1986-2005, is available in a global domain with a 1°x1° resolution. In this work, the increase in mean sea level (we considered mean values of increase from the data set) is considered as uniform in space and is added to the boundary condition of the hydrodynamic model. This uniform regional mean sea level rise value is estimated as the spatial mean of the regional mean sea level rise within the computational domain of the hydrodynamic model, which includes the Río de la Plata and part of the Atlantic Ocean [lat (-54.2, -22) lon (-70, -45.5); see Figure 2].

Table 4 summarizes the estimated values of the regional sea level rise for four time-horizons and the mean rise for 2081-2100 period, for the two scenarios analyzed. It is noted that these values are in agreement with the values obtained when considering the regional sea level rise at the nodes closest to the Uruguayan coast (i.e. average regional sea level rise within the computational domain is in agreement with sea level rise projected for the Uruguayan coast and the Rio de la Plata estuary).


Table 4 | Mean sea level change used in this work for RCP 4.5 y RCP 8.5 scenarios.






4 Results


4.1 Local Model Calibration and Validation

The calibration of the local model results in choosing the Flather (1976) formulation for the wind shear stress and a non-uniform Manning number for the domain (0.007 in the inner zone of the estuary and 0.15 in outer and middle zones). Regarding validation, Figures 5, 6 show the scatter plots and the quantile-quantile plots for each station for total sea level (TSL) and meteorological residuals (or surge, Tmet; see Projections of Change in Sea Level Climate), respectively. In addition, Table 5 lists RMSE and correlation coefficient for the different stations for both variables, along with the bias for the TSL.




Figure 5 | Scatter plot and qq-plot (black) from modeled total sea level (m) vs measured total sea level (m) in: (A) La Paloma, (B) Punta del Este, (C) Montevideo, (D) Juan Lacaze, (E) Colonia and (F) Pilote Norden. Only years with less than 50% hourly missing data considered. Read line represents 1-1 and colorscale represents data density (blue less data – yellow more data). 25 equispaced quantiles shown with Gumbel scale ranging from 0.001 to 0.999.






Figure 6 | Scatter plot and qq-plot (black) from modeled meteorological tide (m) vs measured meteorological tide (m): (A) La Paloma, (B) Punta del Este, (C) Montevideo, (D) Juan Lacaze, (E) Colonia and (F) Pilote Norden. Only years with less than 50% hourly missing data considered. Read line represents 1-1 and colorscale represents data density (blue less data – yellow more data). 25 equispaced quantiles shown with Gumbel scale ranging from 0.001 to 0.999.




Table 5 | Stadistics obtained comparing modeled total sea level (BIAS, RMSE and r) and meteorological tide (RMSE and r) with measures in La Paloma, Punta del Este, Montevideo, Colonia, Juan Lacaze and Pilote Norden.



In Figure 5 it is observed that in all the stations the scatter points are aligned with the line 1-1 (indicated in red). In the case of Punta del Este, it is observed that the quantile-quantile plot shows a negative bias for all quantiles, in agreement with the high bias and RMSE and low correlation estimated for the TSL for this station (see Table 5). TSL at the rest of the stations present high correlation coefficients and RMSE values around 25 cm (Table 5). In Figure 6 it is noted that the scatter plots tend to be aligned with the identity line, although some points depart form the trend in some stations; in all cases the quantile-quantile plots are clearly aligned with the identity line. These is consistent with the large correlation coefficients listed for Mmet in Table 5, although in this case the lowest correlations are obtained Punta del Este and La Paloma stations. Regarding astronomical tide, the model overestimates the amplitudes, reaching around 0.07 m and 0.04 m global RMSE values for M2 and O1 constituents respectively (considering only the coastal stations from Figure 1). Differences between measured and modeled amplitude and phase for each station are shown in Table S1. Nevertheless the model represents correctly the regional trend of the tide.

In general terms, the model correctly represents both the total sea levels and the meteorological component along the entire coast. These validated results are considered as the reference results from now on.



4.2 GCMs Historical Period

Figure 7 shows the quantile-quantile plots comparing TSL series obtained with the GCM with the reference series obtained with the CFSR at the 6 coastal stations presented in Figure 1, for the historical period. For the sake of readability, from now on when referring to results of a GCM, reference is made to the results obtained with the hydrodynamic model forced with that particular GCM. It is observed that the results get worse for the stations located at the inner part of the estuary (Colonia, Juan Lacaze and Pilote Norden).




Figure 7 | QQ-plots of data obtained from the local model forced with each GCM (Modeled) vs reference data (Reference) for the historical period (1986-2005): (A) La Paloma, (B) Punta del Este, (C) Montevideo, (D) Juan Lacaze, (E) Colonia and (F) Pilote Norden. 25 equispaced quantiles shown with Gumbel scale ranging from 0.001 to 0.999.



For the stations located at the outer part of the estuary and at the oceanic coast, a good performance is observed for all the GCM for low and middle quantiles; however, most of the GCM underestimate the high quantiles, with underestimations of up to 40 cm in La Paloma and 60 cm in Montevideo for the GFDL-ESM2G model. Exceptions are results from the MIROC5 and CMCC-CM models, for which the highest quantiles are well represented and tend to improve from La Paloma to Montevideo.

On the other hand, for stations at the inner part of the estuary, good results are observed for the MIROC5 and CMCC-CM models in the entire range of quantiles, while the rest of the models overestimate (underestimate) low (high) quantiles: lowest quantiles are overestimated by up to 30 cm, while highest quantiles are underestimated by up to 90 cm.



4.3 Projections


4.3.1 Changes in TSL

Figure 8 shows changes in the mean (left panels), 1% quantile (center panels) and 99% quantile (right panels) of the TSL, for both the short term (2027-2045) and long term (2082-2100) projections, and for both RCP scenarios. For the mean, a constant change is projected along the coast, while for the 1% and 99% quantiles it is observed that the projections of change vary along the coast.




Figure 8 | Change in mean (A–C), change in 1% quantile (D–F) and change in 99% quantile (G–I) of TSL obtained from local model forced with each GCM and ensemble (black), along the coast for short (2026-2045) and long term (2082-2100) and for RCP 4.5 (continuous lines) and RCP 8.5 (dotted lines). E.g.: change in 99% quantile for the short term is calculated as the difference between 2045-2026 99% quantile and 1985-2005 99% quantile. (A, D, G): coastal grid cells. (B, E, H): change for short term. (C, F, I): change for long term.



For the 1% quantile, a pattern of spatial variability is observed with a maximum around Colonia and a minimum between Juan Lacaze and Montevideo. In the short term, the range of projected changes is similar for both RCP scenarios. In the long term, the same spatial pattern is observed as in the short term, but with different ranges of variation for the different RCP (associated with differences in the mean sea level rise), and with larger differences between maximums and minimums.

On the other hand, changes in the short term of the 99% quantile shows a very similar range for the two scenarios and a relatively uniform pattern all along the coast. Whereas in the long term a marked spatial distribution is observed, with maximum values in the inner area of the estuary and a relative maximum around Montevideo, with similar behavior observed for both scenarios, although with different ranges of values.

From Figure 8 it is clear that the mean sea level rise dominates the projected changes in the TSL, therefore it is relevant to analyze changes in the SLWR and its components to better quantify and understand other sources of changes and their interactions.



4.3.2 Changes in the SLWR

Figure 9 shows the projected changes in the mean and in the 1% and 99% quantiles of the SLWR, for the long and short term and for both RCP scenarios, as well as the significance of the changes. It should be noted that the Student-t test, applied to each member of the ensemble, rejected the null hypothesis (i.e. changes are statistically significant) for all the nodes and for all the models and scenarios analyzed (for SLWR and for the variables Tmet and Tast analyzed next); therefore in Figure 9 and in those that follow, only the result of the significance of the changes in the ensembles is included.




Figure 9 | Change in mean (A–C), change in 1% quantile (D–F) and change in 99% quantile (G–I) of SLWR obtained from local model forced with each GCM and ensemble (black), along the coast for short (2026-2045) and long term (2082-2100) and for RCP 4.5 (continuous lines) and RCP 8.5 (dotted lines). E.g.: change in 99% quantile for the short term is calculated as the difference between 2045-2026 99% quantile and 1986-2005 99% quantile. (A, D, G): coastal grid cells and significance for the ensemble change for each scenario (the symbol indicates statistical significance of the ensemble change). (B, E, H): change for short term. (C, F, I): change for long term.



The change in the mean of the SLWR assembly is practically null and not significant along the entire coast, except for the innermost nodes in the long term, which indicates that the change in the mean of the TSL comes almost entirely from the increase in the mean sea level. On the other hand, the change in the 1% and 99% quantiles shows the same spatial patterns observed in the TSL.

The 1% quantile of the SLWR shows values very close to 0 in the short term along the entire coast for every scenario, although some significant negative changes are observed in the ensemble (less than 5 cm) for the RCP 8.5 scenario. In the long term, the spatial pattern of the changes is clearer, and the changes in the ensemble are significant in the inner zone of the estuary, between Juan Lacaze and Montevideo, as well as on the oceanic coast, from La Paloma to the East, for both scenarios. These changes show a minimum in the inner zone of the estuary, a relative minimum between Juan Lacaze and Montevideo, as well as a decrease from Punta del Este towards the east. It is noted that in the long term all the models show the same spatial pattern.

The 99% quantile of the SLWR shows significant changes in most of the coast for both future horizons and both scenarios. In the short term, the change is practically uniform along the coast for both scenarios, and the ensemble shows positive changes of less than 5 cm. In the long term, the same spatial pattern as for the change in TSL is observed, although in this case the maximums in the RCP8.5 scenario are more pronounced, which could be associated to either changes in the atmospheric patterns or to non-linear effects produced by the depth increase due to the mean sea level rise.



4.3.3 Change in the Meteorological Residuals (Tmet)

Figure 10 shows the changes in the 1% and 99% quantiles of the Tmet (by its definition, the mean value of Tmet is always zero). The objective of analyzing this variable is to focus attention on the changes in sea level produced by changes in the atmospheric patterns in the region.




Figure 10 | Change in 1% quantile (A–C) and change in 99% quantile (D–F) of Tmet obtained from local model forced with each GCM and ensemble (black), along the coast for short (2026-2045) and long term (2082-2100) and for RCP 4.5 (continuous lines) and RCP 8.5 (dotted lines). E.g.: change in 99% quantile for the short term is calculated as the difference between 2045-2026 99% quantile and 1986-2005 99% quantile. (A, D): coastal grid cells. (B, E): change for short term. (C, F): change for long term.



It is observed that the projected change for the 1% quantile is small along the entire coast for all models and RCP scenarios, barely exceeding one centimeter in the short term and two centimeters in the long term. The maximum change in the 1% quantile occurs for the GFDL-ESM2G model in the long term and for the RCP 8.5 scenario, with a decrease of only 2 cm. It is noted that changes in the ensemble are not significant in all cases.

In general terms, the changes in the 99% quantile are small, although there is a slight trend towards positive changes towards the east, reaching values that exceed 5 cm in the short and long term for some of the models. In the inner area of the estuary, changes are negligible for all models. The model that shows the greatest changes is the CMCC-CM in all cases. The ensemble shows a clear trend to larger positive changes towards the east, with values not exceeding 2 cm in any case. As in the previous case, changes in the ensemble are not significant, mainly due to the great dispersion of the results.



4.3.4 Changes in the Astronomical Components (Tast)

Figure 11 shows the projected changes in the amplitude of the tidal components M2 (right panel) and O1 (left panel), including the amplitude of both components for the historical period.




Figure 11 | Change in O1 component amplitude (A–D) and change in M2 component amplitude (B–H) obtained from local model forced with each GCM and ensemble (black), along the coast for short (2026-2045) and long term (2082-2100) and for RCP 4.5 (continuous lines) and RCP 8.5 (dotted lines). E.g.: change in M2 component for the short term is calculated as the difference between 2045-2026 M2 amplitude and 1986-2005 M2 amplitude. (A, E) coastal grid cells coastal grid cells and significance for the ensemble change for each scenario (the symbol indicates statistical significance of the ensemble change), (B, F): component amplitude, (C, G): change for short term, (D, H): change for long term.



In the case of the M2 amplitude, it is seen that the spatial pattern of the changes along the coast is repeated in the short and long term, showing mostly positive changes for the amplitude of this component along almost the entire coast, with increases of about 1 cm in the short term and between 2 cm and 5 cm in the long term. It is noted that both the amplitude calculated for the historical period and the projected change have the same pattern, with relative maxima and minima almost coinciding in space. There is a relative minimum between Colonia and Juan Lacaze, with zero change in both the short and long term; then, there is another minimum in the amplitude between Montevideo and Punta del Este, also associated with zero change. In turn, near Punta del Este there is a significant negative change in both the short and long term. On the other hand, the largest projected changes occur for the largest amplitudes, in the inner zone of the estuary, where the maximum change in the short term reaches 1.5 cm and in the long term exceeds 4 cm for RCP 4.5 and 6 cm for RCP 8.5. Between Juan Lacaze and Montevideo there is a relative maximum in the amplitude of the M2 component that exceeds 30 cm; the changes for both time horizons also present a relative maximum in this zone, with short-term changes barely reaching one centimeter, and long-term changes exceeding 2 cm for RCP 4.5 and 4 cm for RCP 8.5. It should be noted that within each scenario and time horizon the dispersion of the results of the different models is small, resulting in all projected changes being significant for practically the entire coast. In addition, in the short term there is almost no difference in the projected changes for the different scenarios, while in the long term there are some differences between the scenarios, particularly in the magnitude of the projected changes.

The O1 component shows a similar behavior to that observed for the M2 component: the spatial pattern of the projected changes is similar to that of the amplitudes, with greater changes projected in the zones of higher amplitudes. Short-term changes show greater dispersion between models (with respect to that observed in M2), although they do not exceed one centimeter in any case. In the long term, there is a slight difference between scenarios, and the maximum change does not reach 4 cm for the RCP 4.5 scenario and barely exceeds 4 cm for the RCP 8.5 scenario, where the amplitude of the component is approximately 20 cm. As for the M2 component, the changes in the ensemble are significant along the coast.





5 Discussion

The results obtained by modeling the historical period, forcing the hydrodynamic models with the GCMs, show that a better representation of the sea level climate is achieved at the stations located in the outer estuary zone and in the oceanic coast. In particular, most GCMs underestimate the higher quantiles at all stations (except CMCC-CM at La Paloma, Punta del Este and Montevideo, and MIROC 5 at La Paloma), while the lower quantiles are well represented at the outer stations and overestimated at the inner stations. The models that best represent current sea level climate in the region are MIROC5 and CMCC-CM, which have a spatial resolution of 1.4°x1.4° (the lowest resolution among the 7 GCMs used) and 0.75°x0.75° (the highest resolution), respectively; thus, there seems to be no dependence between the resolution of the GCMs and their performance in modeling sea level climate. In any case, none of the models present results clearly at odds with the reference climatology, therefore it is reasonable to retain all of them when analyzing projections of change in order to have the widest possible range of results.

When analyzing the changes in TSL for all scenarios and future periods, it is observed that the change in the mean is uniform along the coast, dominated mainly by the increase in regional mean sea level. When analyzing the changes in the 1% and 99% quantiles of the SLWR, the influence of other components is observed, with a spatial pattern of changes that is not always uniform along the coast, which also emerge when analyzing the 1% and 99% quantiles of the TSL. The analysis of SLWR allows focusing attention on the changes induced in the tidal and surge wave dynamics resulting from the increase in the water depths due to the regional mean sea level rise. While the distribution of the 1% SLWR quantile does not yield additional information to that already observed in the distribution of the 1% TSL quantile (the SLWR shows almost overlapping changes for both scenarios, both in the short and long term), the analysis of the 99% SLWR quantile shows that in the long term for the RCP 8.5 scenario the change intensifies, obtaining differences of more than 5 cm between the maximum changes of the ensemble for each RCP scenario. It is possible to relate the latter to the interaction between tidal wave propagation and mean sea level rise, as in the future the difference between the mean sea level rise for both scenarios increase (see Table 4).

Regarding the meteorological residuals, both the 1% and 99% quantiles show changes close to 0 and not significant along the coast, for both the short and the long term. This indicates that the changes observed in the TSL are not associated with changes in the atmospheric circulation patterns. There are no previous studies of this type for our region, neither at global nor regional scales, but it is interesting to note that Vousdoukas et al., 2016) reach the opposite conclusion for the European coasts: these authors perform a dynamic downscaling of sea levels, forced with surface winds and SLP from 8 GCMs (without considering astronomical tides), finding that the increase in extreme levels associated with meteorological events along the European coast range from 15% to 40% in certain regions.

On the other hand, the changes in the amplitude of the M2 and O1 astronomical components along the coast were shown to be very similar between models. The general trend is to have large changes in areas of large tidal amplitude, and larger ratio between change and current amplitude for the O1 component than for the M2 component, with the former showing changes that reaches 4 cm for a current amplitude of 20 cm. It is also noted that the change in the astronomical components is not influenced by the atmospheric, as the 7 GCMs projected quite similar changes forcing (i.e. there are no strong tide-surge interaction affecting the changes), implying that changes in the astronomical tide amplitudes are due to the imposed regional mean sea level rise and the resulting increase in water depths.

From the previous analysis, it is clear that the main contribution to the change in the TSL is the regional mean sea level rise. Then, the analysis of the signals obtained by subtracting this contribution (SLWR and its components), shows that the change in the astronomical tide resulting from the increase in the regional mean sea level is especially important, and that it is from this interaction that arises the spatial patterns observed in the 1% and 99% quantiles (mainly in the latter). Moreover, since the change in MSLmodel is constant along the coast, it is understood that it does not contribute significantly to the observed spatial patterns. On the other hand, the changes in the 99% quantile of the meteorological residual does not present the spatial pattern observed in TSL and SLWR, but shows minimum values along the coast towards the inner zone of the estuary and grows outwards. In contrast, the change along the coast in the tidal components does present a spatial pattern that agrees with that observed in the SLWR, especially in the inner zone of the estuary, where the change for the M2 and O1 component are maximum. In particular, the M2 component presents a relative maximum that encompasses the zone of maximum change around Montevideo observed in the TSL and SLWR, which leads to think that it may also be contributing significantly to these, although for the M2 component the zone of change extends almost to Punta del Este, unlike for the SLWR. All the above agrees with the fact that changes in the 99% quantile intensify in the long term with the more severe scenario, given that the difference in regional mean sea level rise between scenarios increases in the long term. It is noted that this result is consistent with that of Pickering et al. (2012); Pelling et al. (2013) and Idier et al. (2017) for the European shelf, where they analyzed the effect of the mean sea level rise on the astronomical tide, confirming the importance of the interaction between the mean sea level change and the tides: Idier et al. (2017) concludes that changes of up to +/-15% are reached in the amplitudes of the most important tidal components in the region, such as M2, S2, N2, among others; Pickering et al. (2017) investigated the effect of mean sea level rise on the tides globally, concluding that significant changes occur in the M2 and S2 constituents in most shelf seas. Moreover, Haigh et al. (2020) does a comprehensive review of past and future non-astronomical changes in tides, concluding regional increases and decreases in tides are likely to occur in response to MSL rise, changes in coastal morphology and variations in ice sheets extension, affecting particularly shelf seas and coastal waters; Howard et al. (2019) provided a synthesis of results of projections of 21st century change in extreme sea levels around the coast of the United Kingdom and reached similar conclusions as this work, finding projections dominated by the effects of the mean sea level rise and changes in tidal amplitudes induced by it, also noting that the tidal changes do not depend on the atmospheric forcing (i.e. on the GCM forcing model), being these highly uncertain, what makes changes in tidal amplitudes more robust.

There are certain limitations in this work that are worth highlighting. First, the number of GCMs available for analysis was relatively small, which is detrimental to the robustness of the projections; although criteria have been implemented to determine when a change is significant, having a small number of models increases the risk of not being able to differentiate between climate trends and the internal variability of the GCMs used. In any case, this problem may be overcome in future studies using the growing number of GCM results made available by CMIP for dynamic downscaling. A second limitation is related to the use of two-dimensional models, since they cannot capture variations in mean sea level due to changes in the baroclinic structure of the oceans; Hermans et al., 2020 have shown that this effect is significant in the case of the North Sea, so it should be included in future studies in order to analyzes its relevance in this region. Lastly, this work used sea level rise projections corresponding to AR5 (IPCC, 2013), which were improved in the SROCC (IPCC, 2019) and for AR6 (Fox-Kemper et al., 2021). However, comparison of CMIP5 and CMIP6 shows that there are no qualitative differences in sea level rise projections, and that quantitative differences are limited to a few centimeters (see e.g. Hermans et al., 2020, Lyu et al., 2020), so it seems that updated regional sea level rise values would lead to similar results in our work.



6 Conclusions

From the analysis of the changes projected for the different components of the total sea level along the Uruguayan coast, it is concluded that the main contribution to the projected changes is the regional mean sea level rise, followed in importance by the effect that the increase in the water depth has on the amplitude of the tidal components. Moreover, it is concluded that changes in the meteorological residuals, associated with potential changes in the atmospheric circulation patterns, are negligible in the study area. This in turn reinforces the need to resort to dynamic downscaling for studies of these characteristics, since this approach allows to resolve the interactions that may arise between tides, surges and the mean sea level rise, something that cannot addressed with an approach based solely on statistical downscaling.

Regarding the magnitude of the projected changes for the Uruguayan coast, there are two regions along the coast that deserve special attention, as there is where the greatest increases in the 99% quantile of the TSL is projected: from Colonia towards the inner part of the estuary and the coastal zone around Montevideo. In the long term (2082-2100) the ensemble shows increases of up to 52 cm in Colonia and 50 cm around Montevideo for RCP 4.5, with around 46 cm explained by the 2081-2100 mean sea level rise. For RCP 8.5, the ensemble shows increases up to 74 cm in Colonia towards the inner part of the estuary and 71 cm around Montevideo, where 64 cm comes from 2081-2100 mean sea level rise.
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