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Abstract: Data collected at the Cascais tide gauge, located on the west coast of Portugal Mainland, 8 
have been analyzed and sea level rise rates have been updated. Based on a bootstrapping linear 9 
regression model and on polynomial adjustments, time series are used to calculate different 10 
empirical projections for the 21st century sea level rise, by estimating the initial velocity and its 11 
corresponding acceleration. The results are consistent to an accelerated sea level rise, showing 12 
evidence of a faster rise than previous century estimates. Based on different numerical methods of 13 
second order polynomial fitting, it is possible to build a set of projection models of relative sea level 14 
rise. Appling the same methods to regional sea level anomaly from satellite altimetry, additional 15 
projections are also built with good consistency. Both data sets, tide gauge and satellite altimetry 16 
data, enabled the development of an ensemble of projection models. The relative sea level rise 17 
projections are crucial for national coastal planning and management since extreme sea level 18 
scenarios can potentially cause erosion and flooding. Based on absolute vertical velocities obtained 19 
by integrating global sea level models, neo-tectonic studies and permanent Global Positioning 20 
System (GPS) station time series, it is possible to transform relative into absolute sea level rise 21 
scenarios, and vice-versa, allowing the generation of absolute sea level rise projection curves and its 22 
comparison with already established global projections. The sea level rise observed at the Cascais 23 
tide gauge has always shown a significant correlation with global sea level rise observations, 24 
evidencing relatively low rates of composed vertical land velocity from tectonic and post-glacial 25 
isostatic adjustment, and residual synoptic regional dynamic effects rather than a trend. An 26 
ensemble of sea level projection models for the 21st century is proposed with its corresponding 27 
probability density function, both for relative and absolute sea level rise for the west coast of 28 
Portugal Mainland. 29 

Keywords: Cascais tide gauge; sea level rise; sea level acceleration; sea level projection; SLR 30 
probability density function; uplift derived from SLR 31 

 32 

1. Introduction 33 

After almost two decades of continuous observations of the digital acoustic Cascais tide gauge 34 
(TG), operated under the responsibility of the actual national authority, the Directorate-General for 35 
Territorial Development (DGT), it is now possible to estimate sea level rise rates with lower 36 
uncertainties and increased reliability. From November 2003 up to present, the acoustic TG has 37 
recorded sea level, initially with a rate of 6 minutes and since 2010 with an updated rate of 3 minutes. 38 
A daily mean sea level data set, created from the combination of these data with data acquired, from 39 
2000 to 2003, by the previous analogical TG installed at Cascais, has been used to monitor mean sea 40 
level interannual variations, due to storm surge, other oceanic and atmospheric forcing factors, and 41 
mainly due to sea level rise (SLR) caused by regional eustatic changes. To guaranty the reliability of 42 
the results, regular spirit-levelling observations relative to a stable benchmark and to the Cascais 43 
EUREF permanent GNSS station (CASC) have been performed for monitoring vertical 44 
displacements. 45 
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The effects of climate change due to global warming are mostly recognized as the main driving 46 
force for global SLR [1]. The eustatic component of SLR is driven mainly by two forcing factors, the 47 
thermal expansion, due to the increase of ocean heat content (nowadays measured mainly by the 48 
ARGO float network), and the ocean mass charge, due to glacier and ice sheets melting and, land 49 
water reservoirs discharges. Data collected by the GRACE mission satellites and by the ARGO float 50 
network, from 2005 onwards, have been used to quantify and validate these two forcing factors of 51 
eustatic SLR, showing a strong agreement with Topex/Pseidon and Jansen I & II satellite altimetry 52 
data series [2]. 53 

The variation of relative mean sea level (MSL) depends, mainly, on the eustatic variation of the 54 
global mean sea level (GMSL), on regional ocean dynamic effects (such heat flux and wind-driven 55 
currents) and on regional vertical movements of the crust (tectonic and post-glacial isostatic 56 
adjustment). To transform relative into absolute SLR, or to adjust tide gauge rates to regional satellite 57 
altimetry data rates, the absolute vertical land velocity must be evaluated, usually, from reliable 58 
GNSS time series from a nearby permanent station combined with precise spirit-levelling data. 59 
However, through the direct comparison of relative MSL time series obtained from TG data with data 60 
resulting from satellite altimetry and secular GMSL series. Alternatively, one might also obtain 61 
vertical velocity estimations from available neo-tectonics studies. Since for the Cascais TG all these 62 
types of data are available, results can be easily compared to convert relative to absolute SLR. 63 

While relative SLR is mostly important to coastal risk assessment and land management, the 64 
respective absolute SLR rate is important to improve sea level rates estimation models. Coastal 65 
absolute vertical velocities are important parameters to convert GMSL rates, such as projection from 66 
climate change scenarios, for instance the Representative Concentration Pathways (RCP) form the 67 
Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC), into local 68 
SLR for coastal vulnerability and risk assessment.  69 

Cascais TG data has been used to assess regional SLR because of its long continuity and 70 
reliability, and mainly, due to the low rates of the West Coast of Portugal Mainland (WCPM) vertical 71 
velocity. Cascais TG data have shown very similar SLR rates when compared with the ones retrieved 72 
by GMSL models, either by considering global network TG or satellite altimetry models, denoting 73 
very low tectonic and post glacial isostatic adjustment (GIA) velocities and low ocean dynamics on a 74 
decadal scale.  75 

Instead of a single estimation of SLR velocity and acceleration for Cascais, as proposed in [3] and 76 
[4], the present work provides an ensemble of SLR projections estimated and combined to assess the 77 
probability density function (PDF) of relative SLR from the present up to 2100. Such PDF is intended 78 
to be used for the estimation of the probability of a certain level of SLR being exceeded and for the 79 
evaluation of the probability of a certain projection model. Knowing, or assuming, a certain value for 80 
the vertical velocity of the region and disregarding residual ocean dynamics, the present projections 81 
might be compared with other estimations, such as the RCP scenarios from IPCC or from other 82 
authors.  83 

Rather than calculating each individual SLR based on historical data analysis and other 84 
estimation methods, a probabilistic range is considered for each estimation to retrieve an ensemble 85 
of probabilistic projections. Each individual estimated projection comprises the respective parameter 86 
uncertainties, both for SLR initial velocity and the corresponding acceleration. Taking advantage of 87 
the uncertainty estimates, a set of projections for intervals of 5% of probability, ranging from 5 to 95% 88 
with additional tail limits of 1 and 99%, is calculated for each individual projection. Combining all 89 
sets of individual SLR estimated projections, an ensemble of 147 probabilistic projections is obtained. 90 

The additional extreme probability of 99% was included in the ensemble to represent the 91 
probability of the extreme limit scenarios of Greenland´s and Antarctica’s fast-flowing outlet glaciers 92 
[5, 2, 6, 7], due to possible positive feedbacks and amplification processes, as well as, ice shelves 93 
dynamics uncertainties, and, to consider a wider range of probability. Additionally, the possibility of 94 
a greater global warming than expected [8], must also be considered. 95 
  96 
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2. Data and Methods  97 

2.1. Sea Level Data 98 
The present work considers three main sea level data sets : 1) Cascais TG data divided in two 99 

subsets, the secular monthly MSL series and the annual daily MSL series ; 2) satellite MSL anomaly 100 
composed by three subsets, MSL anomaly from the NASA (National Aeronautics and Space 101 
Administration) Sea Level Change Portal, MSL anomaly from the AVISO+ CNES (Centre National 102 
d'Études Spatiales) Data Center and MSL anomaly from the CSIRO (Commonwealth Scientific and 103 
Industrial Research Organisation) Data Center; and, 3) two GMSL models from [9] and [10]. 104 

 105 
Figure 1. Cascais TG secular series of monthly MSL, from 1882 to 2017, relative to the national vertical datum, 106 

and a moving average of 10-year base period. 107 
 108 
Figure 1 shows the secular time series of the Cascais TG monthly MSL. Superimposed to the 109 

main series (in red) is the moving average of a 10-years period (in blue), from which sea level rates 110 
and velocities for different time periods can be evaluated. Excluding data acquired before 1920, in 111 
average the SLR rate in Cascais until 2000 was 1.9 mm/yr, slightly higher than the GSLR rate of 1.6 112 
mm/yr generally assumed for the 20th century [11]. After the decade of 1970, the SLR rate at Cascais 113 
TG exhibited a constant increase, reaching the 2.1 mm/yr in the century transition. Such increase has 114 
continued to rise and, based on the satellite altimetry data series, one can observe a global mean rate 115 
of 3.3 mm/yr, from 1992 to 2016 [12, 2], with a slight rate increase over the past years, mainly since 116 
2007 (Figure 2), denoting the beginning of an SLR accelerating process [13]. For the same period, a 117 
3.1 mm/yr rate is observed for the Cascais TG and a 3.0 mm/yr rate for the North Atlantic MSL 118 
anomaly obtained by CNES. 119 

 120 
Figure 2. Satellite altimetry GMSL anomalies from three international data centers, NASA, CNES (global and 121 

North Atlantic region) and CSIRO, superimposed to the Cascais MSL trend adjusted to 2000 reference. 122 
 123 
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From the secular time series, a SLR rate of 2.1 mm/yr was estimated for the century transition, 124 
which can be assumed as the rate at the beginning of the 21st century. However, other rates can be 125 
estimated from different numerical methods and different ranges of data, namely, from a sequential 126 
numerical velocity computed through a numerical running differentiation. 127 

Using a different data set, such as the acoustic Cascais TG daily MSL observations with higher 128 
acquisition rates (6 minutes until 2010 and 3 minutes afterwards), recent SLR rates can be estimated 129 
to demonstrate the increased rate of change and therefore to enable the SLR acceleration evaluation 130 
[4]. Figure 3 shows a refined series obtained from the decadal time series of daily MSL, from which 131 
known effects were modeled and removed, namely, the barometric inverse effect, the vertical 132 
displacement of the site and the mean seasonal oscillation [4]. 133 

 134 
Figure 3. Daily mean sea level series (in meters) at Cascais TG, from 2000 to 2016, relative to the national 135 

vertical datum (in red), corrected from inverse barometric effect, vertical displacement and mean seasonal 136 
oscillation, with a 6-months base period moving average (in blue). Analogue TG data from Jan/2000 to 137 

Nov/2003 and from new acoustic TG data from Nov/2003 to Dec/2016. 138 
 139 
These two sea level time series, shown in Figures 1 and 3, can be used to estimate MSL rate and 140 

acceleration to model SLR empirical projections for the current century. Based on their uncertainties, 141 
the projection uncertainty estimation can also be derived to model the probability distribution error 142 
and the respective confidence intervals. 143 

To derive absolute projections from relative SLR, for the sake of tectonic dynamics and glacial 144 
GIA, the vertical velocity of the region must be estimated. There are two sources of information that 145 
can be used to perform such transformation, data from the Cascais EUREF permanent GNSS station 146 
and estimations resulting from the comparison between global and local MSL rates. However, 147 
because of different rate values retrieved from GPS time series, due its short data series (only 17 148 
years), the most reliable estimate comes from the rate difference obtained relatively to the GMSL 149 
models when neo-tectonic studies are considered as a reference. 150 

By accessing the web, two regional data series were obtained for this study. Data for a region 151 
near Cascais was downloaded from the NASA Sea Level Change Data Analysis Tool (DAT), while 152 
data for a region in the North Atlantic Ocean was downloaded from the AVISO+ CNES Data Center 153 
website. Both data sets are also used to estimate empirical models for the ensemble of SLR projections, 154 
after vertical land velocities have been removed. 155 

The reason not to include data from other TG, with longer time series, available in the region, 156 
namely, Lagos in south Portugal, and Vigo and La Corunha in northern Spain, is related with the lack 157 
of data reliability and continuity, as well as, the lack of other types of data that are required for time 158 
series analysis. However, in future studies, efforts should be made to allow its use.  159 

2.2. Methods of MSL Projection 160 
To derive a projection model for 21st century, the SLR is generally assumed to be accelerated, by 161 

observing an increasing rate starting from the initial velocity at reference time. Therefore, a 2nd order 162 
polynomial function is used for the purpose, by the Eq. (1), where t represents the time interval in years, 163 
starting from 2000 (considered the reference year, t0). 164 

(ݐ)ܮܵܯ = ଵ
ଶ
ଶݐ∆ܽ + ݐ∆଴ݒ +  (1) (଴ݐ)ܮܵܯ
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Equation 1 defines any accelerated model of SLR, from which the independent parameters (a, v0), 165 
initial velocity (or rate) and acceleration, must be determined using numerical estimation methods 166 
based on MSL data series. Therefore, the empirical models will only depend on the data used and on 167 
the method applied for the parameter’s estimation. Since these parameters are unknowns of an 168 
undetermined problem, due to data redundancy, any estimation returns a possible solution for the SLR 169 
projection models, depending on the method, type of data, time scale and resolution. Hence, the final 170 
SLR projections are probabilistic rather than deterministic models based on physical basics. 171 

2.2.1. Method One  172 
The first numerical method is based on the application of a linear regression (LR) to a certain time 173 

domain of the MSL data series, through a linear equation system represented by the generic Equation 174 
2. This method returns the estimation of average SLR rates (r) for a certain time domain, given by the 175 
slope or first derivative of the linear function and represents the linear trend of a time series for a certain 176 
period. 177 

(௜ݐ)ܮܵܯ = ௜ݐݎ̂ + ෠ܾ	;	(݅ = 1,… , ݊) (2) 
Considering two consecutive time intervals (t1, t2), and applying a LR to both, two slope 178 

estimations are obtained, corresponding to the two consecutives rates of an accelerated SLR (r1, r2). 179 
Then, by applying a numerical derivative by finite differences to the estimated rates, the SLR 180 
acceleration is then obtained by Equation 3. 181 

ܽ = 2 ×
ଶݎ − ଵݎ
ݐଶ+ݐଵ

 (3) 

The initial velocity of Equation 1 is determined by LR applied to an interval of time centered at the 182 
reference year, 2000. For this specific case, the time interval for the initial velocity estimation is the same 183 
as the first interval (t1) used for the estimation of the acceleration (Equation 3), which means that v0 = 184 
r1. 185 

Since both rates (r1, r2) are estimated by a Least Square Adjustment (LSA), it has its own standard 186 
deviation estimated by the respective stochastic model. Thereby, applying of the variance propagation 187 
law, the variance of the acceleration in Equation 3 is also estimated. 188 

2.2.2. Method Two  189 
The second method is the direct application of LSA to a 2nd order equation system of the following 190 

type (Equation 4), applied to a MSL data series using a certain time interval.   191 

(௜ݐ)ܮܵܯ =
1
2 ොܽݐ௜

ଶ + ௜ݐො଴ݒ + ෠ܾ	;	(݅ = 1, … , ݊) (4) 

The application of a LSA requires the linearization of the equation system (Equation 4), that after 192 
being normalization allow the estimation pf the two unknown parameters ( ොܽ,  ො଴), the acceleration and 193ݒ
the velocity of SLR, and their respective uncertainties. 194 

2.2.3. Method Three 195 
The third method results from the numerical computation of the SLR velocity time series, where 196 

the numerical velocity at each time tk is computed continuously using a 10-year baseline through 197 
Equation 5. 198 

(௞ݐ)ݒ =
௜ݐ)ܮܵܯ + −(ݎݕ10 (௜ݐ)ܮܵܯ

ݎݕ10 	;	(݇ = 1,… , ݊) (5) 

Applying a smoothing moving average to the obtained SLR velocity time series, then a linear 199 
regression enables the estimation of the acceleration by its own first derivative. 200 

Since the different SLR accelerated methods, applied to different MSL data sets, return different 201 
possible solutions of the same undetermined problem, an inter-independent set of 2nd order models are 202 
obtained for the 21st century SLR projection, with respective uncertainties.  203 
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The application of the LSA, both to the linear regression and to the 2nd order polynomials, with its 204 
stochastic model returns the parameters’ uncertainty estimation. The respective uncertainties can be 205 
propagated through the variance propagation law to any future sea level value, in this case until the 206 
end of this century (year 2100). These uncertainties must then be used, either to be combined in 207 
probability density functions (PDF), or to determine the conditional probability function for each 208 
projected SLR model. 209 

3. Numerical Estimations 210 
The combined vertical velocity estimation of a site or region, based on neo-tectonics and post-211 

glacial isostatic adjustment, is fundamental to compare relative with absolute SLR at a regional basis. 212 
Nowadays, the commonly used information to calculate uplifting or subsidence, when no neo-213 
tectonic observations are available, is the vertical velocity from permanent station time series of the 214 
Global Navigation Satellite System (GNSS) located near the TG. GNSS (or just GPS) solutions do not 215 
always result in consistent values when compared to different sources of solutions or even with neo-216 
tectonics characterization (when available), which is the case of Cascais as it will be furthermore 217 
demonstrated. 218 

The basic principle of the relationship between coastal vertical velocities and relative SLR is 219 
ruled by the fact that if land is moving up (uplifting) the relative SLR is slower and if land is moving 220 
down (subsidence) the relative SLR is faster than absolute rates. Knowing, by geological hypothesis, 221 
that Iberia Peninsula southwest coast is uplifting, relative SLR at Cascais should be lower than 222 
absolute SLR given by global models or regional satellite altimetry anomalies. 223 

3.1. Uplift Rate 224 
In the last decade GPS solutions have shown different values for the vertical velocity estimation 225 

at the Cascais permanent station (CASC), ranging from -1.3 to +2.1 mm/yr [3], while the most recent 226 
solution from ITRF2014, EUREF and URL6 from SONEL (http://ww.sonel.org), show mostly 227 
subsidence with values varying between -0.4 and -0.05 mm/yr. These solutions have been changing 228 
as new data are incremented, being highly dependent one the time span of the data series, the 229 
reference frame and the type of solution adopted, exhibiting uncertainties of the same order of 230 
magnitude (tens of mm). These are good reasons to evaluate different approaches for the estimation 231 
of such important parameter, even when its order of magnitude is much lower than the SLR itself. 232 

[14] and [15] presented neo-tectonics studies that proves the existence of an uplifting of the 233 
southwest coast of Portugal mainland with an estimated velocity of 0.1 to 0.2 mm/yr. The ICE6G 234 
model of GIA shows a SLR effect at Cascais of around -0.01 mm/yr [16]. Therefore, the combination 235 
of both vertical velocity components seems to be very small, with a negligible value for a time span 236 
of 100 years, with just a SLR of couple of centimeters. 237 

The difference between the relative SLR series of Cascais TG and a reliable GMSL, obtained 238 
either from a global TG network or from satellite altimetry data, must return reliable vertical velocity 239 
estimates for Cascais. Assuming the good quality of the data, the estimation of the vertical velocity 240 
was obtained, firstly by adjusting the MSL of Cascais to fit the GMSL of [9] and of [10], and then by 241 
comparing Cascais SLR rates to different SLR rates obtained from recent satellite altimetry data. 242 
Figure 4 shows the comparison between the Cascais TG MSL and the GMSL of [9], and between 243 
Cascais TG and the GMSL of [10]. For the first case (left), a rate of 0.43 mm/yr was applied to Cascais 244 
TG time series to fit the relative MSL to the GMSL for the recent decades. For the second case (right), 245 
a value of 0.2 mm/yr was applied to fit the most recent period, from 1990 to 2010. Earlier periods, 246 
previously to 1960, have different adjustment rates for both cases. Comparing with [9], the rate of 0.3 247 
mm/yr can be estimated, while with [10], the adjusted rate is negative. Since we are mostly interested 248 
in recent uplifting rates to transform actual absolute into relative SLR, or vice-versa, the rate for the 249 
1990-2010 period is the most important for the future empirical SLR projections. 250 
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 251 
Figure 4. MSL of Cascais (in mm), modeled by a 20-years moving average of the secular series (Figure 1), 252 

adjusted to the GMSL from [9] by a rate of 0.43 mm/yr (left graph) and over GMSL from [10] by a rate of 0.2 253 
mm/yr (right graph), both with rotation points at the year 2000 and an adequate shift to overlay the curves. 254 

 255 
The decade-scale base vertical velocity estimation for the study region is more compatible with 256 

recent neo-tectonic studies than the vertical velocities obtained by GPS data series. Furthermore, an 257 
identical vertical rate can be found by comparing recent Cascais relative SLR with SL anomalies from 258 
satellite altimetry. Using the SL anomaly average rates taken from the data of the three international 259 
data centers, NASA, CNES and CSIRO (Figure 2), for the period of 1993.0 to 2017.0, a SLR average 260 
rate of 3.28 mm/yr is obtained. By comparing the three rates obtained from satellite altimetry MSL 261 
anomaly series with the respective Cascais TG rate of 3.10 mm/yr, corresponding to the period of 262 
1990 to 2016, the uplift rates of 0.19, 0.28 and 0.08 mm/yr are obtained. 263 

Assuming uplifting estimates, from 0.08 to 0.43 mm/yr, obtained from the comparison with the 264 
GMSL times series (TG and satellite sources), an average rate of 0.24 mm/yr is obtained from 1990 to 265 
the present date. This rate has an order of magnitude close to the one reported in neo-tectonics studies 266 
of the region [14, 15]. 267 

3.2. SLR Rates 268 
The current SLR rate estimation f can be derived from most recent Cascais MSL data, either using 269 

data shown in Figure 1 or in Figure 3. Due to the high MSL annual variability, the monthly mean 270 
series must be smoothed, for instance, by a low pass filter or a moving average operator. A smoothing 271 
moving average of 10-year baseline generated an SLR rate of 2.2 mm/yr (± 0.07 mm/yr) by linear 272 
regression for the period of 1992 to 2004. 273 

Using the refined daily MSL series from 2000 to 2016 (Figure 3), corrected from the inverse 274 
barometric effect and local vertical displacement observed by spirit levelling, and additionally 275 
reduced from mean seasonal oscillation, different SLR rates can be estimated by linear regression. 276 
Applying the bootstrapping technique, SLR rates for five time periods applied to Cascais MSL series, 277 
from 1992 to 2004, and from 2000, 2001, 2003 and 2005 to 2016, are obtained (Table 1). The increasing 278 
rate values obtained for the successive periods, ranging from 2.2 mm/yr to 4.1 mm/yr, shows evidence 279 
of an accelerated relative SLR observed at Cascais TG, which was also demonstrated by [13] with 280 
satellite altimetry data. 281 

Table 1. SLR rates and respective standard deviation (SD) for different periods (in mm/yr), 1992 to 282 
2004 from secular monthly mean series, and 2000 to 2016 from decadal daily mean series. 283 

Period 1992-2004 2000-2016 2001-2016 2003-2016 2005-2016 
SLR rate 2.2 3.0 3.2 3.4 4.1 

Standard Deviation 0.07 0.09 0.10 0.11 0.14 
 284 

Considering satellite GMSL data series form the three international satellite altimetry data 285 
centers, NASA, CNES and CSIRO, an average SLR rate of 3.28 mm/yr is obtained for the period of 286 
1993 to 2016 and of 4.33 mm/yr for the most recent period of 2007 to 2016. 287 
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Table 2. Global SLR rates and respective standard deviation (SD) for two different periods (in 288 
mm/yr), obtained with satellite altimetry MSL anomalies from three international data centers. 289 

Series 1993-2016 SD 2007-2016 SD 
NASA 3.16 0.02 4.37 0.07 
CNES 3.27 0.01 4.17 0.06 
CSIRO 3.36 0.03 4.46 0.11 

 290 
3.3. SLR Acceleration  291 

Based on the methods presented oi section §2, the acceleration is obtained from three numerical 292 
estimations methods. First, by finite differences using two consecutive time period rates, the 293 
acceleration is obtained by Equation 3; second, by adjusting a second order polynomial to the data 294 
series, the acceleration is obtained by the double of the second order coefficient; and third, computing 295 
a SLR velocity time series, the original series or a smoothed one, the 1st order coefficient of a LR, being 296 
the derivative of the linear SLR velocity, returns the acceleration estimation. 297 

The datasets used for the acceleration estimations, listed in Table 3, were: 1) Cascais TG MSL 298 
(monthly and daily MSL series); 2) MSL anomaly from NASA (East North Atlantic and near Cascais); 299 
and, 3) MSL anomaly from CNES (North Atlantic satellite altimetry series). All SLR rates obtained 300 
from satellite altimetry were corrected from the estimated uplift rate of 0.24 mm/yr2 to be compatible 301 
with WCPM relative SLR rates.  302 

Table 3. List of SLR accelerations and respective standard deviation (SD) obtained with different 303 
methods, using the relative Cascais TG MSL and the satellite altimetry MSL anomalies of near the 304 

WCPM. 305 

Series & Period Method Model Acceleration 
(mm/yr2) 

SD 
(mm/yr2) 

Cascais MSL (2007-2016) Linear Regression Mod.FC_0 0.000 - 
Cascais MSL (1980-2017) 2nd order polynomial Mod.FC_1 0.100 0.030 
Cascais MSL (1976-2016) LR of SLR Velocity Mod.FC_2a 0.127 0.031 
Cascais MSL (1992-2016) Finite Differences Mod.FC_2b 0.152 0.032 

NASA - NearCASC (1995-2017) Finite Differences Mod.FC_2c 0.186 0.038 
CNES - North Atl. (1996-2017)  Finite Differences Mod.FC_3a 0.209 0.038 

NASA - WCPM (1995-2017) Finite Differences Mod.FC_3b 0.263 0.038 
 306 

4. Ensemble of empirical SLR projections for the 21ST century  307 
The different acceleration estimations, presented on Table 3, along with the respective rates 308 

(initial velocities in the Table 4) are used to model relative SLR projections for the 21st century through 309 
the model described, in an equation basis, by Equation 1.  310 

The set of empirical relative SLR projections for the WCPM is obtained by assuming an initial 311 
MSL value, at the year 2000, of 13 cm, as regional reference inferred from the smoothed trend of the 312 
Cascais TG secular MSL series (Figure 1), and a mean uplift rate of 0.24 mm/yr (subsection §3.1) for 313 
the projections obtained from the regional satellite altimetry MSL anomalies. 314 

4.1. Relative SLR models for the West Coast of Portugal Mainland (WCPM) 315 
The Cascais and WCPM projections are denominated as FCUL (Faculty of Science of the Lisbon 316 

University) models and represented by the acronyms Mod.FC_0, Mod.FC_1, Mod.FC_2, and 317 
Mod.FC_3 (Figure 3). They are obtained by estimation models applied to Cascais TG data and, 318 
additionally, to East North Atlantic satellite altimetry MSL anomaly (NASA data center), near the 319 
WCPM, and to North Atlantic region (CNES), reduced with the estimated uplift velocity. Based on 320 
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the observed regional MSL series and on different SLR acceleration estimates, these projections can 321 
be considered as the best relative SLR estimates for this region. 322 

 323 

 324 
 325 

Figure 5. Relative SLR projection models for the WCPM (in meters), superimposed with observed MSL at 326 
Cascais TG. 327 

 328 
Mod.FC_0 is the only linear model (no acceleration) in which the rate of 4.1 mm/yr is obtained 329 

from the most recent corrected daily MSL data series for the period from 2005 to 2016 (Table 1). 330 
Mod.FC_1 is estimated by a second order polynomial adjusted to a smoothed annual mean series for 331 
the period from 1980 to 2017 (acceleration on Tables 3). Mod.FC_2 is divided into three sub-models: 332 
a model (a) in which the acceleration was estimated by a linear regression of a SL velocity series of 333 
Cascais MSL from 1976 to 2016; a model (b) in which the acceleration was estimated by finite 334 
differences of two consecutive SLR rates; and a model (c) in which the acceleration was estimated by 335 
finite differences from two consecutive rates of MSL anomalies of a region near Cascais, downloaded 336 
from NASA DAT (in Table 3). Finally, the Mod.FC_3 is divided into two sub-models: a model (a) in 337 
which the acceleration was computed by finite differences of two consecutive SLR rates estimated by 338 
linear regression applied to MSL anomaly from CNES satellite altimetry for the North Atlantic region; 339 
and a model (b) in which the acceleration was computed by finite differences of two consecutive SLR 340 
rates estimated by linear regression applied to MSL anomaly from NASA satellite altimetry for the 341 
East North Atlantic region near WCPM (in Table 3). 342 

Table 4. Set of relative empirical SLR models for the WCPM, velocity and acceleration parameters, 343 
MSL projections for the middle (2050) and the end of century (2100), and the respective exceeding 344 

probability at epoch 2100. 345 

SLR Model 
Initial Velocity 

(mm/yr2) 
Acceleration 

(mm/yr2) 
MSL 2050 

(m) 
MSL 2100 

(m) 
Exceeding 
Probability 

Mod.FC_0 4.10 0.000 0.34 0.54 94.0% 
Mod.FC_1 2.72 0.100 0.39 0.90 72.9% 

Mod.FC_2a 3.35 0.127 0.46 1.10 53.7% 
Mod.FC_2b 2.20 0.152 0.43 1.11 52.7% 
Mod.FC_2c 1.98 0.186 0.46 1.26 37.5% 
Mod.FC_3a 2.49 0.209 0.52 1.43 22.4% 
Mod.FC_3b 2.08 0.263 0.56 1.65  8.8% 
 346 
Table 4 lists the set of relative SLR empirical models for the region of the WCPM with the MSL 347 

projections for the middle (year 2050) and end (year 2100) of the 21st century, ordered by the 348 
increasing values of SLR at epoch 2100 and based on the accelerated model of Equation 1, with the 349 
initial velocity and acceleration parameters listed in the same table. The probability of each projection 350 
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being exceeded at epoch 2100, computed from the normalized and adjusted PDF of the ensemble 351 
(Figures 7 and 8), is listed in the last column of Table 4. 352 

4.2. Probabilistic ensemble of empirical SLR projections and respective PDF 353 
The objective of building up a probabilistic ensemble of SLR empirical models for the 21st 354 

century is based on the idea of defining a PDF for the 2100 projections, based on a considerable 355 
number of empirical estimations from MSL time series combined through a probabilistic ensemble. 356 
Due to this fact, each empirical model estimation has an associated uncertainty, specifically a certain 357 
probability to occur or a certain probability to be exceeded. Furthermore, given a PDF for the 2100 358 
SLR one can determine the exceeding probability of a certain SLR projection by its cumulative density 359 
function (CDF, the percentile function). 360 

Considering all the acceleration estimations listed in the Table 3, and the respective initial SLR 361 
velocities in year 2000 (Table 4), a set of central SLR estimation can be derived and projection can be 362 
calculated from 2000 to 2100. Based on the general uncertainty propagation, the probability range of 363 
each centered estimation may be applied to any future time period, such as epoch 2100. Figure 6 364 
shows the case of model Mod.FC_2b with extreme limits of probability (95% of confidence interval), 365 
superimposed with the respective PDF at epoch 2100 estimated by the uncertainty propagation. As 366 
it is shown in Figure 6, with a 2.5% and a 97.5% probability propagation, this calculation can be done 367 
for the propagation of any level of probability. 368 

 369 
Figure 6. Relative SLR projection of Mod.FC_2b (in meters) with probability limits of 95% confidence, 370 

superimposed with a PDF at epoch 2100 and observed MSL at Cascais TG, relative to the national vertical 371 
datum of Cascais 1938 (13 cm at epoch 2000). 372 

 373 
From each of the seven estimated projection models (Figure 5) an ensemble of n projected SLR 374 

probability curves, with a 5% of interval, varying from 5 to 95%, with additional tail probabilities of 375 
1 and 99%, can be generated. In total, an ensemble of 147 probabilistic projections are obtained, from 376 
which the relative frequency is analyzed and fitted to a normal probability density function (Figure 377 
7). Based on the histogram of the relative frequency of MSL ensemble projections for 2100, it is 378 
possible to adjust a PDF function to the empirical relative frequency of the SLR projections ensemble 379 
for 2100. Figure 7 shows the histogram of the ensemble distribution (left) and the PDF adjusted to the 380 
empirical relative frequency (right). 381 

 382 
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 383 
Figure 7. Histogram of the relative frequency of the ensemble projections at epoch 2100 (left) and the standard 384 

adjusted PDF (right) with a standard deviation of 38 cm. 385 
 386 

Figure 8 shows the projection of relative SLR for the WCPM with the probabilistic ensemble of 387 
147 runs. Superimposed to Figure 8 (plotted in vertical) is the PDF curve of the relative MSL 388 
distribution (from Figure 7) for the 2100 probabilistic ensemble. 389 

 390 
Figure 8. Ensemble of 147 relative SLR projections (in meters) for the 21st century of the WCPM, superimposed 391 

with PDF for 2100 and relative to the national vertical datum of Cascais 1938 (13 cm at epoch 2000). 392 
 393 

Based on the PDF for the projected MSL at epoch 2100, the exceeding probability for each central 394 
projection can be computed. Table 4 lists the exceeding probability of empirical SLR projections, 395 
ranging from 94.0% for the lowest hazard projection of Mod.FC_0 to 8.8% for the highest hazard 396 
projection of Mod.FC_3b. The empirical projection with the highest probabilistic density is the model 397 
Mod.FC_2b, with 52.7% of exceeding probability. 398 

Concerning to the PDF for MSL at epoch 2100, the limits of 5% and 95% percentiles of the CDF 399 
correspond to the values of 0.51 m and 1.77 m, and the 50% percentile, corresponding to the MSL 400 
ensemble average at epoch 2100, is estimated to be 1.14 m. Table 5 lists the lower and the upper limits 401 
for the confidence intervals of 30%, 60%, 90%, 95% and 99% for the relative SLR at the WCPM. There 402 
is a 95% confidence that SLR at the WCPM may reach at epoch 2100 any value in a range of 0.39 and 403 
1.89 m. 404 

Table 5. Intervals of confidence for the WCPM relative SLR at epoch 2100 based on the cumulative 405 
density function of the PDF in Figure 7. 406 

Confidence Level Lower Limit (m) Upper Limit (m) 
30% 0.94 1.34 
60% 0.74 1.54 
90% 0.51 1.77 
95% 0.39 1.89 
99% 0.16 2.12 

 407 
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 408 
Figure 9. Relative SLR projections (in meters) for the 21st century of the WCPM, corresponding to a discrete set 409 

of percentiles, from 1 to 99% (probability of not being exceeded). 410 
 411 
To convert the ensemble of relative SLR to absolute SLR, to be comparable with IPCC RCP 412 

scenarios or with any other global or regional absolute model, the 2000 relative MSL for the local 413 
datum must be subtracted (13 cm relative to the national vertical reference of Cascais 1938) and 414 
reduced for the estimated uplift rate of 0.24 mm/yr for the region applied to the initial SLR velocity 415 
at epoch 2000. The respective PDF must be shifted and scaled to be adjusted to the histogram of the 416 
respective relative frequency of the absolute SLR ensemble. Figure 10 shows the absolute SLR 417 
ensemble of the WCPM for the 21st century, relative to 2000 MSL, in this case with an average absolute 418 
SLR of 0.99 m at epoch 2100, corresponding to the exceeding probability of 50%. 419 

 420 
Figure 10. Absolute SLR projections (in meters) for the 21st century of the WCPM, relative to 2000, and 421 

with the local vertical velocity removed, corresponding to a discrete set of percentiles, from 1 to 99%, or the 422 
probability of not be exceeded. 423 

 424 
The probabilistic SLR projections shown in Figure 10, can be compared to any global or regional 425 

model in order to estimate the respective exceeding probability. For instance, the SLR of RCP4.5 and 426 
RCP8.5 [1] at epoch 2100, in this probabilistic projection, corresponds to an exceeding probability of 427 
88.4% and 74.5%, respectively, while the RCP2.6, corresponding closely to Mod.FC_0, corresponds to 428 
a 92.5% of exceeding probability. On the other end, the used NOAA GSLR high-end projection 429 
models [17] (2.0 and 2.5 m of SLR), concerning to the presented PDF of the absolute SLR, correspond 430 
to very low values of exceeding probability, respectively, 0.4% and 0.004%. 431 

5. Conclusions 432 

The present idea of running an ensemble of SLR projections for the West Coast of Portugal 433 
Mainland until the end of the 21st century, instead of projecting the best estimates based on empirical 434 
analyses or on global warming scenarios, intends to assess the probability and the respective 435 
cumulative density functions of a SLR ensemble. With such achievement, and through an adjusted 436 
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PDF with a normal distribution, it is possible to estimate the exceeding probability of each SLR 437 
projection for 2100 based on MSL data, both relative and absolute SLR, as well as, the limits of 438 
confidence intervals for a certain probability. 439 

All the central projections of the empirical estimates were obtained by fitting a second order 440 
polynomial to the MSL data, running it for different data sets, different time period intervals and by 441 
applying different numerical parametrization methods. The MSL present data is not yet influenced 442 
by the eventual collapse of the Greenland and Antarctica glaciers and ice caps. A future possibility 443 
of extreme ice melting acceleration, mainly from the West Antarctic Ice Sheet (WAIS), can only be 444 
represented by process-based models or semi-empirical projections. Therefore, extreme projections, 445 
such as those from the NOAA 2017 assessment report, which represent the possibility of such high-446 
end GSLR scenarios at the end of the 21st century, have been pointed out by some authors as possible 447 
scenarios with higher probabilities as new data and new research are published [5, 17, 23, 24, 25, 26]. 448 
However, based on this current PDF estimation, those extreme scenarios still show very low 449 
exceeding probabilities, less than 1%. Therefore, by the present approach, the PDF cannot be 450 
representative of such extreme projections and scenarios, as those presented by [5]. 451 

With a different approach and based on the RCP8.5 scenario, [27] reached a similar PDF result 452 
for a GSLR projection for 2100. Comparing the high-end probability results, [27] obtained a GSLR of 453 
1.8 m for the 5% of exceeding probability, a similar value when compared with 1.77 m obtained in 454 
this study. While in present study such absolute SLR of 1.8 m corresponds only to 1.7% of exceeding 455 
probability. According to the previous authors, such high estimate is supported by the 1.90 m of SLR 456 
calculated using the high-end estimates from process-based models for individual sea level 457 
components forced by the RCP8.5 scenario.  458 

[28] provide also a complete probability distribution of GSLR projection under the 459 
representative concentration pathways of IPCC and present a global set of local SLR projections. 460 
Unfortunately, the authors do not include Cascais on the published list of local SL projections. 461 
However, from their its map representation of the medium RCP8.5 GSLR projection for 2100 (of 0.79 462 
m) a value around 0.75-0.8 m for WCPM can be observed, denoting a low local vertical velocity, as it 463 
was calculated in this study. For the Cuxhaven site in Germany, the closest site to Cascais on that list, 464 
under the RCP8.5, [28] present a likely range of 0.57 to 1.06 m (67% of probability) and a 99.9% 465 
percentile of 2.60 m. While for the GSLR under RC8.5, the authors present a very likely range of 0.52 466 
to 1.21 m (90% of probability) and the respective high-end 99.9% percentile of 2.45 m. The 99.5% and 467 
99.9% percentiles of GSLR projection from [28] resemble, respectively, the percentiles of 98.8% (1.76 468 
m) and 99.994% (2.45 m) of the present study. 469 

The large contributions from Antarctica and Greenland ice cap melting, as well as the thermal 470 
expansion of the deep-sea layers, are the most uncertain components for future SLR projections, 471 
either based on global warming scenario models or on semi-empirical projection models. According 472 
to [5], GSLR could reach several meters into 50 to 150 years of time-scale if WAIS and other ice 473 
systems collapse and highly accelerating freshwater discharges from Antarctica and Greenland 474 
happen before the end of the century due to the actual and future global warming. Such extreme 475 
events, if started, have the possibility to initiate several positive feedbacks that will trigger higher ice 476 
melting accelerations.  477 

Based on the values listed in Table 5 and on the PDF model of absolute SLR ensemble, there is 478 
60% confidence that sea level at the WCPM will rise between 0.74 and 1.54 m with 50% of chance to 479 
reach 1.14 m at the end of the 21st century. Higher SLR, based on the right-end tail of the PDF, have 480 
lower probabilities to be exceeded, with 0.4% chance to reach 2.0 m (NOAA High scenario) until 2100 481 
and only 0.004% chance to reach 2.5 m (NOAA Extreme scenario). These are SLR equivalent to [28] 482 
and higher than [27]. 483 

The present probability distribution, with higher SLR range by the end of the 21st century as the 484 
projection made by [27, 28], presents consistency with the most recent observations that show the 485 
polar ice melting acceleration and with the possibility of extreme scenarios of [17] and [5]. 486 

The projections calculated in this study assume that SLR changes will be similar in the future, 487 
meaning that the acceleration estimates will not change until the end of the century. If SLR changes 488 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2019                   doi:10.20944/preprints201902.0113.v1

Peer-reviewed version available at J. Mar. Sci. Eng. 2019, 7, 61; doi:10.3390/jmse7030061

http://dx.doi.org/10.20944/preprints201902.0113.v1
http://dx.doi.org/10.3390/jmse7030061


 14 of 15 

 

more rapidly in the future, showing higher acceleration values, due to rapid changes in the ice sheet 489 
dynamics, for instance, then these extrapolation-based projections will probably represent a 490 
conservative lower bound on future SLR. With such extreme scenarios, the second order polynomial 491 
models adjusted to current data will not fit to future SLR estimations and different approaches such 492 
as exponential, rather than accelerated, must then be applied. 493 
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