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16 Key Points: 
 

17 • We estimate 20th-century sea-level changes in the South Atlantic Ocean from tide- 

18 gauge data and a new palaeo proxy. 

19 • 20th-century sea-level rise in the South Atlantic might have been above the global 

20 mean, but uncertainties remain large. 

21 • Estimates of contemporary mass redistribution and sterodynamic effects support 

22 this above-average trend. 
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23 Abstract 

24 Sea level in the South Atlantic Ocean has only been measured at a small number of tide- 

25 gauge locations, which causes considerable uncertainty in 20th-century sea-level trend es- 

26 timates in this basin. To obtain a better-constrained sea-level trend in the South Atlantic 

27 Ocean, this paper aims to answer two questions. The first question is: can we combine 

28 new observations, vertical land motion estimates, and information on spatial sampling bi- 

29 ases to obtain a likely range of 20th-century sea-level rise in the South Atlantic? We com- 

30 bine existing observations with recovered observations from Dakar and a high-resolution 

31 sea-level reconstruction based on salt-marsh sediments from the Falkland Islands and find 

32 that the rate of sea-level rise in the South Atlantic has likely been between 1.1 and 2.2 

33 mm yr−1 (5 − 95% CI), with a central estimate of 1.6 mm yr−1. This rate is on the high 

34 side, but not statistically different compared to global-mean trends from recent recon- 

35 structions. The second question is: are there any physical processes that could explain a 

36 large deviation from the global-mean sea-level trend in the South Atlantic? Sterodynamic 

37 (changes in ocean dynamics and steric effects) and gravitation, rotation, and deformation 

38 effects related to ice mass loss and land water storage have probably led to a 20th-century 

39 sea-level trend in the South Atlantic above the global mean. Both observations and phys- 

40 ical processes thus suggest that 20th-century sea-level rise in the South Atlantic has been 

41 about 0.3 mm yr−1 above the rate of global-mean sea-level rise, although even with the 

42 additional observations, the uncertainties are still too large to distinguish a statistically sig- 

43 nificant difference. 
 
 

44 Plain language summary 
 

45 Before the satellite era, we depend on the tide-gauge network to measure sea-level 

46 changes. In the North Atlantic and Pacific Oceans, many tide gauges have been installed, 

47 but there are only a handful in the South Atlantic Ocean. Because of this, it is challeng- 

48 ing to accurately determine 20th-century sea-level changes in the South Atlantic. Because 

49 the South Atlantic Ocean covers about one fifth of the global oceans, estimates of global 

50 sea-level changes are also affected by the low number of observations in the South At- 

51 lantic. Here, we try to improve this situation by adding recently rescued tide-gauge obser- 

52 vation data from Dakar and a new paleo record that has been derived from a salt marsh 

53 in the Falklands to the existing sea-level records. We find that since 1900, South Atlantic 

54 sea level has likely risen slightly faster than the global average. This above-average rate 
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55 makes sense, because thermal expansion in the South Atlantic has likely been faster than 

56 the global mean, and mass loss from ice sheets and glaciers results in above-average sea- 

57 level rise in the South Atlantic. 
 
 

58 1 Introduction 
 

59 Reconstructions of global-mean sea level (GMSL) over the 20th century are predom- 

60 inately based on tide-gauge observations, which are both sparse and unevenly distributed 

61 around the globe. The tide-gauge network consists of a limited number of records, most 

62 of which are found along the North American and European coastlines, while large parts 

63 of the oceans in the Southern Hemisphere are sparsely sampled [e.g. Woodworth et al., 

64 2011; Jevrejeva et al., 2017]. Since century-scale sea-level trends show a strong regional 

65 component [Kopp et al., 2015], this sparse sampling results in a considerable uncertainty 

66 in reconstructed GMSL trends, which is difficult to quantify, since the causes and mag- 

67 nitude of these regional deviations are often unknown. Because all processes that cause 

68 sea-level changes have distinct spatial signatures, the sparse sampling could also result in 

69 biased estimates [Thompson et al., 2016]. Among other factors, this uncertainty results 

70 in a spread between estimates of the rate of 20th-century sea-level rise: the central esti- 

71 mates in recent reconstructions varies from 1.3 to 2.0 mm yr−1 between 1901-2010, with 

72 recent reconstructions [e.g. Hay et al., 2015; Dangendorf et al., 2017, 2019; Frederikse 

73 et al., 2020] tending towards lower trends than previously assumed [e.g. Church and White, 

74 2011; Jevrejeva et al., 2014]. 
 

75 The South Atlantic Ocean is one of the most sparsely sampled oceans [Dangendorf 

76 et al., 2017]. An analysis of the sea-level budget in this basin by Frederikse et al. [2018] 

77 points at a discrepancy between reconstructed sea-level changes and the estimated sum of 

78 contributing processes between 1958-2014: the reconstructed trend over 1958-2014 was 

79 2.56 ± 0.47 mm yr−1, which was both significantly larger than the global-mean trend of 

80 1.52 ± 0.19 mm yr−1 and the sum of contributing processes in the South Atlantic, which 

81 was estimated at 1.58 ± 0.28 mm yr−1. The tide-gauge record in Buenos Aires is the only 

82 record that provides observations for the first half of the century, and for which estimates 

83 of vertical land motion are available [Santamaría-Gómez et al., 2017]. As a result, this sta- 

84 tion has a large influence on sea-level reconstructions, and errors and uncertainties will 

85 propagate into GMSL estimates with considerable weight. However, it is unknown how 

86 representative this station is for sea-level changes in the South Atlantic. The record also 
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87 shows considerable interannual variability, which is not consistent with the low interannual 

88 variability in the South Atlantic Ocean that is expected from ocean dynamics models [For- 

89 get and Ponte, 2015]. Furthermore, estimates of vertical land motion (VLM) in this area 

90 differ between nearby GNSS stations, as well as between processing centers, although gen- 

91 erally, they indicate an uplift signal [Wöppelmann and Marcos, 2016; Santamaría-Gómez 

92 et al., 2017]. Therefore, to increase confidence in reconstructed sea-level changes in the 

93 South Atlantic, we have to overcome our dependence on this single tide-gauge record, and 

94 increase the number of sea-level observations that span the whole twentieth century. 
 

95 An alternative to observation-based sea-level changes is to reconstruct sea level by 

96 quantifying and summing up all relevant physical processes that cause sea-level changes 

97 in the South Atlantic Ocean. Since for multiple processes no estimates of their contribu- 

98 tion to 20th-century basin-mean sea level are available, which include the sterodynamic 

99 (i.e. the combined effects of ocean dynamics and global-mean steric sea-level changes) 

100 and the Antarctic Ice Sheet contribution, this approach is not feasible. However, we could 

101 determine whether there are processes that could likely cause a deviation between GMSL 

102 changes and sea-level changes in the South Atlantic Ocean over the 20th century. Glacial 

103 Isostatic Adjustment (GIA) and present-day mass redistribution over the 20th century 

104 cause changes in the geoid, Earth rotation and deformation (GRD), resulting in spatial sea- 

105 level and VLM patterns, which could cause such deviations on decadal and longer time 

106 scales [e.g. Spada, 2017]. Ocean sterodynamic processes related to large-scale changes 

107 in the ocean temperature and salinity could also drive such deviations [e.g. Durack et al., 

108 2014; Kopp et al., 2015]. A similar process-based analysis was done by Thompson et al. 

109 [2016], who showed that many long tide-gauge records underestimate rather than overesti- 

110 mate the 20th-century global-mean sea-level trend. 
 

111 In this paper, we combine existing tide-gauge observations with a new long-term 

112 tide-gauge record from Dakar and a high-resolution salt-marsh record from the Falkland 

113 Islands [Newton, 2017; Newton et al., 2020] to estimate a likely range of 20th-century sea- 

114 level rise in the South Atlantic. With these new observations, we estimate 20th-century 

115 sea-level changes in the South Atlantic Ocean. Due to the new records, this estimate does 

116 not depend solely on the tide-gauge record of Buenos Aires to estimate the sea-level changes 

117 over the early decades of the 20th century. We combine these in-situ sea-level observa- 

118 tions with local VLM observations and estimates of spatial sampling biases related to 

119 GRD effects due to GIA and present-day mass redistribution to reconstruct the 20th cen- 
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120 tury sea-level trend in this basin, together with an estimate of its uncertainty. We then use 

121 the process-based approach to determine whether there are known physical processes that 

122 could cause a difference between global and South Atlantic Ocean sea-level changes over 

123 the 20th century. 
 

124 The paper is structured as follows: in Section 2, we introduce the data and methods. 

125 In Section 3, we discuss an array of tide-gauge observations to estimate a likely range of 

126 the trend that follows from the observations, and in Section 4, we discuss whether the 

127 effects of GIA, GRD effects due to present-day mass redistribution, or ocean dynamics 

128 could explain a difference between the South Atlantic and GMSL, followed by the dis- 

129 cussions and conclusions in Section 5. Note that in this paper, we try to adhere to the 

130 sea-level terminology as proposed by Gregory et al. [2019], which introduces some of the 

131 terms that are used throughout this paper. 
 
 
 

132 2 Data and methods 
 

135 To obtain a consistent basin-mean sea-level curve, and to estimate basin-mean sea- 

136 level changes, we need a consistent definition of the basin. Here, we define the South 

137 Atlantic Ocean following the analysis of Thompson and Merrifield [2014], who split the 

138 global ocean in basins that show a common decadal sea-level variability signal. With this 

139 basin definition, which is depicted in Figure 1, parts of the classic Southern Ocean and 

140 Indian Ocean are part of the basin. This definition has two advantages over the use of the 

141 classic definition of the South Atlantic: the new domain is bounded by an extra histori- 

142 cal tide-gauge record, and the basin shares a common variability signal. The same basin 

143 definitions were also used in the global 20th-century sea-level reconstructions from Dan- 

144 gendorf et al. [2017] and Frederikse et al. [2020], and the regional budget analysis in Fred- 

145 erikse et al. [2018]. 
 
 

146 2.1 GIA and GRD effects due to present-day mass redistribution 
 

147 GIA is the ongoing response of sea level, the Earth gravity field, Earth rotation pa- 

148 rameters, and the solid Earth to the growth and deglaciation of the global ice sheets in the 

149 past. This response results in both local sea-level and solid-earth changes at the observa- 

150 tion locations, as well as in large-scale effects, that could affect the basin as a whole. To 

151 estimate these effects, and to quantify the related uncertainty, we use 5000 members of the 
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133 Figure 1. The locations of each region and the individual observations per region, as listed in Table 1. The 

134 red line denotes the boundary of the South Atlantic Ocean, as defined by Thompson and Merrifield [2014]. 
 
 
 
 
 

152 large ensemble of GIA models computed by Caron et al. [2018]. This ensemble is gener- 

153 ated by perturbing the deglaciation histories and the solid-earth properties, and each en- 

154 semble member is attributed a likelihood by comparing the modelled changes to an array 

155 of palaeo benchmarks and GNSS observations. 
 

156 Present-day mass redistribution also causes GRD changes, which could affect local 

157 and basin-mean sea level. To estimate the effects of individual sources of ice mass loss 

158 on South Atlantic sea level, we have computed the GRD effects from uniform mass loss 

159 from the Greenland Ice Sheet, the West and East Antarctic Ice Sheet, and from glaciers. 

160 For the latter, we determine the relative contribution of each glaciated region from the 

161 Randolph Glacier Inventory [Pfeffer et al., 2014] using the 20th-century regional estimates 

162 from Marzeion et al. [2015]. We also estimate the total effect of present-day mass redis- 

163 tribution, based on realistic estimates of ice-mass loss and terrestrial water storage on sea- 

164 level changes in the South Atlantic. For this estimate, we use two datasets: the estimate 

165 compiled by Adhikari et al. [2018] and the estimate from Frederikse et al. [2020]. Both 

166 sets contain realistic estimates of mass changes related to glaciers, ice sheets, terrestrial 

167 water storage related to the impoundment of water behind dams, and groundwater deple- 

168 tion, as well as an estimate of the uncertainties. 

 

Montevideo 

 

 

Dakar 
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169 We solve the sea-level equation of an elastic and incompressible Earth using the 

170 pseudo-spectral method [Tamisiea et al., 2010] and include rotational feedback following 

171 Milne and Mitrovica [1998]. We use elastic load Love numbers from Wang et al. [2012], 

172 which are based on the Preliminary Reference Earth Model [PREM, Dziewonski and An- 

173 derson, 1981]. 
 
 

174 2.2 Sterodynamic changes and the CMIP5 ensemble 
 

175 Local sterodynamic sea-level variability can be separated into the steric part, which 

176 are local sea-level changes related to local density changes and the local ocean mass part, 

177 driven by ocean dynamics. The vast majority of the decadal sterodynamic sea-level vari- 

178 ability and long-term trends in the South Atlantic Ocean are associated with density changes 

179 rather than local ocean mass changes [Piecuch et al., 2013; Forget and Ponte, 2015; Meyssignac 

180 et al., 2017]. Therefore, we assume that estimates of temperature- and salinity-driven den- 

181 sity changes can be used to assess basin-scale trends in sterodynamic sea level. We use 

182 gridded temperature and salinity estimates from four different sources covering the pe- 

183 riod 1957-2018: monthly data from EN4 version 4.2.1 [Good et al., 2013], Cheng and Zhu 

184 [2016], and Ishii et al. [2017]. From these fields, we computed local steric anomalies us- 

185 ing the TEOS-10 toolbox [McDougall and Barker, 2011], from which we compute linear 

186 trends over the 1957-2018 period. We also use the pentadal steric anomaly estimates from 

187 Levitus et al. [2012]. 
 

188 To further analyse whether sterodynamic processes could lead to basin-mean devi- 

189 ations on century time scales, we use the model estimates from Meyssignac et al. [2017] 

190 and Slangen et al. [2017], which are compiled from the CMIP5 global climate model en- 

191 semble. This database contains estimates of sterodynamic changes, changes due to GIA, 

192 and GRD effects due to present-day mass redistribution. The data set has 12 ensemble 

193 members, from which we compute time series of 20th-century sea-level changes over the 

194 South Atlantic basin and over the global oceans. We consider both sterodynamic sea level 

195 and total sea level, which consists of sterodynamic changes, GIA, and GRD effects due to 

196 present-day mass redistribution. 
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198 Table 1. Overview of tide-gauge and GNSS stations used for each region. For those regions based on 

199 tide-gauge time series, the completeness denotes the percentage of months within the time span for which 

200 observations are available. Note that for the Falklands and Kerguelen records, because of the use of index 

201 points instead of monthly data, no completeness has been listed. The PSMSL id denotes the station numbers 

202 as used by the Permanent Service for Mean Sea Level [PSMSL, Holgate et al., 2013], and the GNSS code 

203 refers to the codes for each GNSS station as used by Blewitt et al. [2018]. Stations denoted with an asterisk (∗) 

204 denote DORIS stations [Klos et al., 2017]. 
 

Region Time span Completeness (%) PSMSL id GNSS code 

Buenos Aires 1905 - 2018 99.5 157, 832 IGM1, BUE1, BUE2, 
    MA02, LPGS 

Montevideo 1938 - 2018 89.2 431, 434, 761 UYMO, MTV1, 
    MTV2, UYLP 

Mar del Plata 1910 - 2018 96.8 177, 223, 819, BCAR, MPLA, MPL2 
   857  

Puerto Madryn 1944 - 2000 72.7 501, 867 RWSN 

Dakar 1902 - 2018 42.1 - DAKR, DAKA, FG02 

South Africa 1957 - 2018 98.4 284, 820, 826, DRBA, DRBN, 
   836, 910, 911, IXOP, PMBG, SCO1, 
   914, 950, 1192, STNG, PELB, CPNT, 
   1195 CTWN, HNUS, 
    MALM, STBS, 
    GEO1, GEOA, FG08, 
    BISO, ELDN, WORC 

Kerguelen 1962 - 1999 - - KERG, KRGG, 

 

Falkland Islands 

 

1908 - 2006 

 
- 

 
- 

KETG, KETB∗ 

FALK, LKTH 
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197 2.3 Sea-level observations and estimates of vertical land motion 

 
 
205 We use sea-level observations from tide gauges and a salt-marsh record from the 

 
206 Falkland Islands. All locations from which we use data are shown on the map in Figure 1. 

 
207 We use monthly tide-gauge data from the Permanent Service for Mean Sea Level [PSMSL, 

 
208 2019; Holgate et al., 2013], as well as historical observations from Dakar and Kergue- 

 
209 len Island, which have been the result of multiple data rescue efforts. Le Cozannet et al. 

 
210 [2015] analyzed the available data from Dakar from 1942-2012. This time series has been 

 
211 expanded and now covers large parts of the 20th century, together with benchmark stabil- 

 
212 ity information. We use all available data between 1900 and 2010. For Kerguelen Island, 

 
213 we use the measurements from the data rescue effort by Testut et al. [2006], which is a 

 
214 synthesis of a year (1962) of tide pole readings and a decade (1994-2004) of hourly tide 

 
215 gauge measurements separated by three decades without data. Testut et al. [2006] derived 

 
216 a linear trend of 1.1 mm yr−1 between 1962 and 2004 from this record. 

 
 
217 For the Falkland Islands, Newton [2017] and Newton et al. [2020] have produced a 

 
218 late Holocene sea-level reconstruction from the Swan Inlet salt marsh. From this record, 

 
219 we use the 15 sea-level index point that are dated within the 20th and 21st century. To 

 
220 the best of our knowledge no other suitable paleo records are available in this basin, be- 

 
221 sides the salt-marsh record in eastern South Africa [Strachan et al., 2014] which has too 

 
222 low a resolution to resolve recent sea-level changes. A full description of this salt-marsh 

 
223 reconstruction can be found in Newton [2017] and Newton et al. [2020], and we provide a 

 
224 summary below. Like other salt-marsh sea-level reconstructions [e.g. Kopp et al., 2016], 

 
225 the Falkland Islands record is based on the assumption that, over multiple decades, the 

 
226 sediment accretion rate in the salt marsh combined with microfossil analyses of the sed- 

 
227 iments can be used as a proxy for sea-level rise [Gehrels, 2000]. This approach requires 

 
228 that the sediments can be accurately dated, which was accomplished by a combination of 

 
229 

137Cs and 14C dating (Supplementary Text S2), providing a 1300-year long sea-level re- 
 
230 construction from a 0.9 m sediment core [Newton, 2017]. The 20th and 21st century part 

 
231 of the reconstruction is used here. This part consists of 15 index points, with a maximum 

 
232 time step of 10 years between two consecutive points. It is based on the top 0.15 m of the 

 
233 core and supported by 137Cs (Figure S3) and 14C (Table S3) measurements that provided 

 
234 an age-depth model for the core (Figure S4). Former heights of the salt-marsh surface 

 
235 relative to sea level were estimated from detailed analyses of microfossils (diatoms) pre- 

 
236 served in the sediments [Table S1; Figure S5; Newton et al., 2020]. To achieve this, the 
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237 vertical distributions of the modern counterparts of the diatoms were first surveyed across 

238 Swan Inlet salt marsh, and their relationship with tidal elevations was quantified in regres- 

239 sion equations (a ‘transfer function’) [Supplementary Text S1; Figures S1 and S2; Newton 

240 et al., 2020]. 
 

241 This transfer-function approach is widely used in proxy-based sea-level reconstruc- 

242 tions [Barlow et al., 2013; Kopp et al., 2016]. The Swan Inlet transfer function was sub- 

243 sequently applied to the microfossils in a sediment core to calculate former heights of sea 

244 level (Supplementary Text S1, Table S2) spanning the period 1908-2006. For further de- 

245 tails of the proxy sea-level reconstruction technique we refer to Newton et al. [2020] and 

246 to the Supporting Information [Birks, 1995; Blaauw and Christen, 2011; Brain et al., 2011; 

247 Juggins, 2003; Kemp and Telford, 2015; Shennan, 1986; Shennan et al., 2015; Watcham 

248 et al., 2013]. Some index points have a higher dissimilarity coefficient to modern ana- 

249 logues. These points are depicted in light blue in Figure 2h. We have tested the effect 

250 of omitting these points, which only led to minor changes in the resulting 20th-century 

251 trends. See Supplementary Text S1 for more details on this experiment. Figure 2h also 

252 depicts two tide-gauge records that are close to the Swan Inlet salt marsh: Port Louis and 

253 Port Stanley. Woodworth et al. [2010] have analyzed observations collected during indi- 

254 vidual campaigns in Port Louis, and Stanley features a permanent tide-gauge station listed 

255 on PSMSL. The tide-gauge data from both Port Louis and Port Stanley do not point at 

256 any large discrepancies with the index points.This agreement of the index points with the 

257 tide-gauge observations gives additional trust in the index points that have been dated after 

258 1970, who generally have a relatively large minimum dissimilarity coefficient with modern 

259 analogues (Figure S5), which implies a larger uncertainty that is not directly quantifiable. 
 

260 The time series of the sea-level observations at individual locations are merged into 

261 regions, which are listed in Table 1. For some regions, only one location with observation 

262 is available, and in that case, the observation at this single location is used as the regional 

263 estimate. For many regions, more than one record is available. To merge these multiple 

264 records into a single regional estimate, we apply the virtual station method [Jevrejeva 

265 et al., 2014; Dangendorf et al., 2017]. First, we remove the seasonal cycle from the time 

266 series of each record, and then the time series from the two stations are subsequently aver- 

267 aged into a new time series at a virtual station until only one virtual station is left, which 

268 is used as the regional sea-level curve. 
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269 Tide gauges are referenced to a local stable benchmark, and therefore, two differ- 

270 ent tide gauges, which are each referenced to their own benchmark, cannot be combined 

271 without defining a common reference level. We estimate a common reference level by 

272 estimating mean sea level in both merged stations over the period where both stations 

273 provide observations. We subsequently adjust both records to this mean value. For the 

274 region estimates, we deviate from the original virtual station method: instead of subse- 

275 quently merging the closest stations, we average the two stations with the longest common 

276 overlap period into a new virtual station. We have chosen this approach, since all merged 

277 stations are located close to each other, and maximizing the overlapping periods reduces 

278 the chance of drifts. The regions with the tide gauges that have been used to compute the 

279 region-averaged time series are listed in Table 1. 
 

280 Since tide gauges are located on land, local VLM could affect the observations [Wöp- 

281 pelmann and Marcos, 2016]. Therefore, we assess VLM at our observation locations using 

282 a combination of GNSS and DORIS observations. Due to solid-earth deformation caused 

283 by present-day mass redistribution, VLM derived over the short GNSS/DORIS records 

284 is not necessarily representative of the longer sea-level records [Riva et al., 2017]. The 

285 coastal regions of South America are especially affected by solid-Earth deformation due to 

286 changes in terrestrial water storage, which could alias into the VLM trend when the VLM 

287 observations are not corrected [Frederikse et al., 2019]. 
 

288 To avoid this aliasing, we use an updated version of the GNSS dataset from Fred- 

289 erikse et al. [2019]. This dataset uses GNSS data from the University of Nevada, Reno 

290 (UNR) database [Blewitt et al., 2018], from which solid-Earth deformation due to GIA and 

291 contemporary mass redistribution is subtracted. After this subtraction, local linear residual 

292 VLM trends are computed using the MIDAS approach [Blewitt et al., 2016]. Note that the 

293 specific choice of the GNSS trend estimation approach could have an impact on the esti- 

294 mated linear trend [Santamaría-Gómez et al., 2017]. We assume that the trend in residual 

295 VLM is predominantly driven by secular processes and is representative of the whole tide- 

296 gauge record. We apply the same approach to the DORIS data from Klos et al. [2017]. 

297 For each tide-gauge location, we check all available GNSS stations within a 50km radius 

298 for which at least 4 years of data is available, and for which the estimated uncertainty in 

299 the vertical trend is smaller than 2 mm yr−1. We have manually checked every GNSS sta- 

300 tion for spurious signals, and only include stations without obvious issues. Table 1 lists 

301 all the GNSS and DORIS stations used for each region. For regions with multiple VLM 
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302 observations, the individual trends are averaged, weighted by the inverse of the standard 

303 error squared. 
 
 

304 2.4 From observations to a basin-mean estimate 
 

305 To constrain a likely basin-mean 20th century trend range from the regional esti- 

306 mates, we have to consider that these estimates may be biased due the regional deviation 

307 from the basin-mean sea-level signals caused by GIA and GRD due to present-day mass 

308 redistribution, as well as due to local VLM. To remove these biases, we use the frame- 

309 work of Frederikse et al. [2018]: for each region, we compute an estimate of basin-mean 

310 sea level, based on the regional sea-level observations and the difference between regional 

311 and basin-mean sea level due to GIA and present-day mass redistribution. This basin- 

312 mean estimate ηi, based on sea-level observations ηi in region i reads 

 
ηi = ηi + Ri,residual + ηGIA − ηi,GIA + ηPD − ηi,PD. (1) 

 
313 Here, all over-lined terms denote basin-mean values. Ri,residual denotes residual VLM 

314 in region i, and ηi,GIA and ηi,PD denote RSL changes related to GIA and GRD due to 

315 present-day mass changes in the region, while the overlined terms denote their basin-mean 

316 counterparts. 
 

317 For each region in Table 1, we compute these basin estimates, as well as the accom- 

318 panying uncertainties by generating 5000 Monte Carlo ensembles. We start by estimating 

319 the properties of the serially-correlated noise content of each regional estimate. We then 

320 generate 5000 perturbed time series by simulating serially-correlated Gaussian noise with 

321 the same properties. We use the Hector software [Bos et al., 2013] to estimate the noise 

322 properties of each regional sea-level curve, and to generate the artificial noise, which is 

323 added to the observed sea-level curve. We assume that for all regions, the noise spectrum 

324 can be described by a Generalized-Gauss-Markov model. This model generally performs 

325 well for sea-level data and avoids the possible over- or underestimation of the temporal 

326 variability that could occur when using a first-order autoregressive noise model [Bos et al., 

327 2014; Royston et al., 2018]. For the salt-marsh data from Swan Inlet, Falkland Islands, 

328 we generate estimates by randomly perturbing both the time and height of each sea-level 

329 estimate following the estimated uncertainty in both. To be able to merge the salt-marsh 

330 and tide-gauge records, we interpolate each generated salt-marsh time series to monthly 

331 data. For Kerguelen Island, we perturb the estimated trend by the listed uncertainty. For 
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332 the GIA term, we use an ensemble member, and for present-day mass GRD effects, we 

333 use the aforementioned reconstruction from Frederikse et al. [2020], and perturb each lo- 

334 cal estimate using the accompanied uncertainty estimates. The residual VLM trend is also 

335 perturbed with a value that is derived from a Gaussian random number generator using the 

336 uncertainty estimate as the standard deviation of the generated noise. We use this ensem- 

337 ble of region estimates to derive a mean estimate of the trend, as well as the accompany- 

338 ing confidence intervals. 
 

339 To average the time series from each region into one basin estimate, we again use 

340 the virtual station method. We start with the two stations that are closest to each other, 

341 which are averaged into one virtual station halfway. This procedure is repeated until one 

342 station is left, which we then use as our basin estimate. We repeat this procedure for each 

343 of the 5000 regional sea-level curve ensemble members. This gives us 5000 basin esti- 

344 mates. Similar to the region estimates, we use this ensemble to derive the trend and the 

345 accompanying confidence intervals. Note that with this procedure, we obtain a monthly 

346 basin-mean time series of basin-mean sea level. However, this reconstructed time series 

347 consists of monthly-mean tide-gauge data, a 40-year linear trend from Kerguelen Island, 

348 and salt-marsh data that only contain information of longer-term sea-level changes, and as 

349 a result, the inter-annual and decadal variability in the resulting basin-mean curve has to 

350 be treated with caution. To avoid this issue, we only discuss the resulting trends over the 

351 period 1901-2010. 
 
 
 
 

 
352 3 An observation-based estimate of sea-level rise in the South Atlantic 

 
 
362 The time series and sea-level trends from each individual region are shown in Figure 

 
363 2. Also shown are the estimates of the basin-mean sea-level trend from each record after 

 
364 applying one or more of the bias corrections from Equation 1. 

 
 
365 The first region we analyse is Buenos Aires, whose time series is the longest avail- 

 
366 able record in this basin from the PSMSL database, although it consists of two different 

 
367 tide gauges: Buenos Aires, operating between 1905 and 1987, and Palermo, which started 

 
368 in 1957, and is still operating today. When these stations are merged, they form a near- 

 
369 complete record covering almost the whole 20th century. The record contains a consider- 

 
370 able interannual variability signal, which is in contrast to what is expected for the nearby 

 
371 open ocean, where models suggest only a small variability signal at these time scales [For- 



–14– 

 

 

− − 

Trend (m
m

 yr •1) Se
a  

le
ve

l (
m

m
)  

 
 
 
 
 
 
 
 
 
 

160 

80 

0 

−80 

−160 
 
 

160 

80 

0 

−80 

160 
 
 

160 

80 

0 

−80 

−160 
 
 

160 

80 

0 

−80 

−160 

Buenos Aires 
 
 
 
 
 
 
 
 
 

Montevideo 
 
 
 
 
 
 
 
 
 

Mar del Plata 
 
 
 
 
 
 
 
 
 

Puerto Madryn 
 
 
 
 
 
 
 
 

1920 1950 1980 2010 

 

4 160 
3 80 

2 0 

1 −80 

0 −160 
 
 

4 160 

3 80 

2 0 

1 −80 

0 160 
 
 

4 160 

3 80 

2 0 

1 −80 

0 −160 
 
 

4 160 
3 80 

2 0 

1 −80 

0 −160 

Dakar 
4 

3 

2 

1 

0 
 

South Africa 
4 

3 

2 

1 

0 
 

Kerguelen Island 
4 

3 

2 

1 

0 
 
 

4 

3 

2 

1 

0 
1920 1950 1980 2010 

 
 
 

353 Figure 2.   Estimates of sea-level changes and vertical land motion at each region. The left panels show 

354 the time series of the resulting RSL curve after merging the individual records into region estimates. For 

355 clarity, the individual time series have been low-pass filtered using a 13-month Butterworth filter. The right 

356 panel shows the estimates of the basin-mean sea-level trend using multiple spatial corrections, as described 

357 in Equation 1. The trends are computed over the periods for which a region provides observations. The error 

358 bars show the [5 - 95] percent confidence intervals. For the Falkland Islands proxy record (Panel h), the Port 

359 Stanley tide-gauge observations from PSMSL and Port Louis observations from [Woodworth et al., 2010, 

360 W10] are shown for comparison. The light blue dots in panel h refer to index point with a higher dissimilarity 

361 coefficient to modern analogues. The trends are also listed in Supporting Information Table S4. 
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372 get and Ponte, 2015]. Given that the Rio de la Plata estuary, along which the Buenos 

373 Aires tide gauges are located, is the end point of the Uruguay and the Paraná rivers and 

374 local hydrographic properties are influenced by river outflow variability [Guerrero et al., 

375 1997; Santamaria-Aguilar et al., 2017], water levels in the bay may be more representa- 

376 tive for river-discharge effects rather than open-ocean variability. While the uncorrected 

377 trend in the merged record is 1.5 mm yr−1, the corrections for GIA and present-day mass 

378 GRD effects, as well as local residual VLM cause a basin estimate with a central value 

379 of 2.5 mm yr−1 over the 20th century. In the same region, Montevideo also provides a 

380 long record, covering 1938-2018. This record shows a similar variability signal as Buenos 

381 Aires, which is not suprising as both records are located along the same estuary. 
 

382 The next region with a long time series is Mar del Plata, which consists of three in- 

383 dividual records that have been merged into a single composite time series. One of these 

384 records (PSMSL id 177) is from the PSMSL ’metric’ database, which means that informa- 

385 tion on the vertical datum is absent. However, the trends over the common overlap period 

386 between this and the other records does not reveal any significant differences, and from 

387 a visual inspection, the metric record from station 177 does not seem to be contaminated 

388 with slippage or offset issues. The composite record offers a near-continuous record cov- 

389 ering the vast majority of the 20th century, with less decadal variability than the Buenos 

390 Aires record, which is probably due to the fact that this region is less affected by river 

391 outflow effects [Santamaria-Aguilar et al., 2017]. Despite the short distance between both 

392 locations, both the uncorrected trends and the basin estimates are lower than the trend in 

393 Buenos Aires. Further South, we use the shorter record from Puerto Madryn, which shows 

394 similar trends to the Buenos Aires record, although the uncertainties for this location are 

395 greater, mostly due to its short length and the fact that the single available GNSS record 

396 comes with a large uncertainty. 
 

397 On the other side of the South Atlantic, the Dakar record shows a trend that is close 

398 to the global mean, while the impact of the GIA and present-day mass GRD effects on 

399 the basin estimates are small as well. GNSS observations do not point to a large resid- 

400 ual VLM signal. However, these estimates are based on GNSS records that come with a 

401 substantial uncertainty. Next to the GNSS stations that we use to estimate local VLM, the 

402 DORIS station DAKA also shows a small VLM signal [Klos et al., 2017], but again, there 

403 is no overlap between the DORIS and the GRACE records to account for present-day 

404 mass redistribution effects. Also Le Cozannet et al. [2015] does not find any substantial 
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405 VLM that could affect the tide gauge record. The combination of the tide-gauge record 

406 with the GIA, contemporary mass, and residual VLM estimates results in a basin trend 

407 estimate with a central value of 1.4 mm yr−1. 
 

408 For South Africa, residual VLM again results in a high basin estimate. This uplift 

409 signal is not based on a single GPS station, but is a common feature throughout Southern 

410 Africa, although this uplift cannot be related to any known elastic feature [Rodell et al., 

411 2018]. The large basin trends we obtain could be related to the strong warming signal 

412 related to the Agulhaes Current and leakage, as discussed in Section 4.2. 
 

413 For Kerguelen Island, we again find a smaller corrected and uncorrected trend, al- 

414 though the central estimate of the corrected trend is larger than most GMSL estimates. 

415 The Kerguelen record however, comes with an important caveat: since the record contains 

416 30-year gap after one year of observations, the estimated trend could be affected by vari- 

417 ability that aliased into these observations. While the uncertainty estimates of the trend do 

418 include an estimated contribution due to the aliasing of interannual variability, its magni- 

419 tude remains poorly constrained [Testut et al., 2006]. 
 

423 Finally, the salt-marsh reconstruction from the Falkland Islands gives a central basin 

424 trend estimate of 1.5 mm yr−1 ([5 - 95] percent confidence intervals 0.5 - 2.8 mm yr−1), 

425 despite the subsidence observed by the FALK GNSS station, which points at a residual 

426 VLM trend of -0.8 mm yr−1. There appears to be a noteworthy jump around the 1970s, 

427 which is not apparent from other records. Whether this is a local signal or a manifestation 

428 of the uncertainties in salt-marsh data is an open question. One possible cause could be 

429 the issue with the index points after the 1970s: they have a larger minimum dissimilarity 

430 coefficient with modern analogues, leading to larger uncertainties for these points. 
 

431 From all regional estimates, we computed the likely range of the trend in sea-level 

432 rise in the South Atlantic between 1901-2010. Figure 3 shows that, using all corrections, 

433 we estimate a 20th-century sea-level trend of between 1.1 and 2.2 mm yr−1 (5-95 percent 

434 CI), with a best estimate of 1.6 mm yr−1. Both the GIA and contemporary GRD correc- 

435 tion lead to a larger basin-mean trend estimate. While the best estimate without any bias 

436 corrections is 1.5 mm yr−1, including GIA results in an increase of 0.3 mm yr−1, while 

437 the correction for GIA, present-day mass changes and the residual VLM correction to- 

438 gether result in an increase of 0.1 mm yr−1. The residual VLM correction reduces the 

439 basin-mean trend with 0.2 mm yr −1. This reduction can be traced back to the subsidence 
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420 Figure 3. Estimates of the trend in sea level in the South Atlantic Ocean between 1901-2010 using various 

421 correction schemes, as described in Equation 1. The error bars show the [5 - 95] percent confidence intervals. 

422 The trends are also listed in Supporting Information Table S4. 
 
 
 
 

440 observed in Kerguelen, Mar del Plata, and the Falklands. However, the correction for lo- 

441 cal residual vertical land motion has a large uncertainty due to the low number of obser- 

442 vations. This uncertainty is the major reason for the large spread in reconstructed basin- 

443 mean sea-level changes. 
 
 
 
 

444 
 

445 

4 Do physical processes explain a deviation from global-mean sea-level rise in the 
South Atlantic Ocean? 

 

446 The second question we want to answer is: are there known physical processes that 

447 could explain a deviation of the long-term sea-level trend in the South Atlantic from the 

448 global mean? Possible candidates that could result in a difference between global and 

449 basin-scale sea-level rise are GIA, GRD effects due to present-day mass redistribution, 
 

 
450 and sterodynamic changes in the ocean. 

 
 
 
451 

 
4.1 GIA and present-day mass redistribution 

 
 
455 Figure 4 shows that the basin-mean sea-level change associated with GIA is -0.03 

456 mm yr−1, which together with the small uncertainty of 0.02 mm yr−1 effectively rules out 

457 that GIA is responsible for any large trend difference between the South Atlantic and the 

458 global mean. On the other hand, Figure 4 shows a spatial pattern within the basin, with a 

459 sea-level drop along the American coast, and a rise at the South-eastern edge of the basin. 

460 As a result, while the basin-mean GIA signal is small, the signal is non-negligible at 

461 some of the observation locations. This effect can be seen in the Falkland Islands, Puerto 
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452 Figure 4. The impact of GIA on present-day relative sea level, based on the model ensemble from Caron 

 
453 et al. [2018]. Panel a shows the mean, and the Panel b shows the standard error. The numbers in the lower-left 

 
454 corners denote the mean over the South Atlantic basin. 

 
 
 
462 

 
Madryn, and Buenos Aires records, where the GIA correction has a large impact on the 

 
463 estimated trend (Figure 2). 

 
 
468 Figure 5 shows that for all sources of ice mass loss, except for the East-Antarctic Ice 

 
469 Sheet, the South Atlantic Ocean will see a rise in sea level above the global average. The 

 
470 largest differences are found for the contribution of the Greenland Ice Sheet and glaciers. 

 
471 The only source for which the normalized fingerprint projects a below-average sea-level 

 
472 increase in the South Atlantic is the East-Antarctic Ice Sheet. This ice sheet is generally 

 
473 assumed to be in balance during the 20th century and the first few years of the 21st cen- 

 
474 tury [Shepherd et al., 2012; Bamber et al., 2018], and it is unlikely that this ice sheet has 

 
475 contributed substantially to global and regional sea-level rise over the 20th century. There- 

 
476 fore, the ice-mass loss during the 20th century will have caused an above-average sea-level 

 
477 rise in the South Atlantic, although the largest difference is 17% (Greenland), which could 

 
478 only explain deviations on the order of a tenth of a millimeter per year over the 20th cen- 

 
479 tury. Similar to GIA, present-day mass redistribution could also cause significant sampling 

 
480 biases when basin-mean sea level is estimated from the sparse set of observations. 

 
 
485 The deviation due to GRD effects from present-day mass redistribution is confirmed 

 
486 by the estimates from Adhikari et al. [2018] and Frederikse et al. [2020], which are de- 
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464 Figure 5. The spatial patterns of local relative sea-level changes associated with ice mass loss from glaciers 

465 (Panel a), and spatially-uniform mass loss Greenland Ice Sheet (Panel c), and the West and East Antarctic Ice 

466 Sheet (Panels b and d). The barystatic sea-level change is normalized to 1 mm yr−1. The blue number in the 

467 lower left corner shows the corresponding rate in the South Atlantic basin. 
 
 
 
 

487 picted in Figure 6. Over the 20th century, both these estimates show that sea-level rise in 

488 the South Atlantic due to barystatic processes has been above the global mean: Adhikari 

489 et al. [2018] shows a difference of 0.15 mm yr−1, while Frederikse et al. [2020] report 

490 0.19 mm yr −1. 
 

491 Taken together, GIA and GRD effects due to present-day mass redistribution are 

492 likely causing a sea-level rise in the South Atlantic that is larger than the GMSL rise, and 
 

 
493 its combined effect will be on the order of a few tenths of a millimeter per year. 

 
 
 
494 

 
4.2 Sterodynamic changes 

 
 
500 The next candidate we investigate is the role of sterodynamic changes, which could 

501 cause basin-scale sea-level variability signals on decadal and multi-decadal time scales 

502 [Thompson and Merrifield, 2014]. The resulting local, basin-mean and global steric trends, 

503 computed from in situ salinity and temperature observations between 1957-2018 are de- 

504 picted in Figure 7. The steric reconstructions do not agree with each other on the spatial 

505 pattern of steric trends in the South Atlantic basin: for example the reconstruction from 

506 Ishii et al. [2017] and Cheng and Zhu [2016] show a stronger expansion in the South At- 

507 lantic interior, compared to EN4 and Levitus et al. [2012]. It must be noted that before 
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481 Figure 6. Relative sea-level changes associated with 20th-century mass redistribution estimated by Ad- 

482 hikari et al. [2018, Panel a] and Frederikse et al. [2020, Panel b]. The estimate in Panel a is derived over 

483 1901-2000, and the estimate in Panel b is computed over 1901-2018. The red number shows the global-mean 

484 trend, and the black number the trend (mm yr−1) averaged over the South Atlantic Ocean. 
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495 Figure 7. Trends in local steric sea level (1957-2018) from temperature- and salinity observations, based 

496 on four reconstructions. The red number in each panel gives the global-mean trend in steric sea level, and the 

497 black number the basin-mean trend in the South Atlantic basin. The South Atlantic basin is denoted by the 

498 black contour. All units are mm yr−1. The global-mean steric trend is retained in the local and basin-mean 

499 estimates. 
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508 the Argo era (pre 2005), these reconstructions are based on manually-collected tempera- 

509 ture and salinity profiles, which have relatively sparse coverage in this basin [e.g. Johnson 

510 and Wijffels, 2011], that could result in biases in regional and basin-mean steric trends. 

511 Despite these uncertainties, there are common features visible in each of the reconstruc- 

512 tions: Akin to the present-day mass redistribution case, in all reconstructions, the trend in 

513 the South Atlantic basin is larger than the global-mean trend. The difference is on the or- 

514 der of 0.2 mm yr−1 and is driven by the fact that in this basin, a large heat uptake signals 

515 and accompanying thermosteric trend is only partially offset by freshening [Durack et al., 

516 2014]. 
 

517 Despite the clustering approach to define the South Atlantic basin in such a way that 

518 it shows a common sea-level variability signal, the trends in steric sea level show spa- 

519 tial variability within the South Atlantic basin, with above-average trends along the South 

520 American coast and in the South-eastern part in each reconstruction, which may result 

521 in another deviation between local observations and basin-mean sea-level trends. Steric 

522 trends of more than 3 mm yr−1 are found along the South African coastline. This coast- 

523 line is affected by the Agulhaes current and its leakage into the South Atlantic Ocean, and 

524 it is known that the sea water transported by this current shows rapid warming [Rouault 

525 et al., 2009], and as such, the above-average local sea-level observations from South Africa 

526 (Figure 2) may be caused by this rapid warming. 
 

532 Figure 8 shows the results from this CMIP5 model ensemble [Slangen et al., 2017; 

533 Meyssignac et al., 2017]: for both total and sterodynamic sea level, the ensemble mean 

534 shows a larger increase in sea level in the South Atlantic compared to the global ocean. 

535 To estimate the likely range of differences between the South Atlantic and GMSL, we 

536 computed the difference in the trend for each ensemble member. The results are plotted 

537 as a histogram in Figure 8. Most ensemble members show a rate that is on the order of a 

538 few tenths of a millimeter per year higher in the South Atlantic. This is the case for both 

539 the sterodynamic and the total changes. The latter is at odds with our conclusions from 

540 the previous section, which shows that sea-level changes driven by contemporary GRD ef- 

541 fects in the South Atlantic are likely about 0.15 mm yr−1 higher than for the global, while 

542 the CMIP5 ensemble shows a smaller GRD-induced difference. Possible reasons for this 

543 difference could be differences in the sea-level fingerprint computations and/or the use of 

544 different GIA models. 
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527 Figure 8. Global and South Atlantic sea-level changes of the 12-member historical CMIP5 model ensemble 

528 [Slangen et al., 2017; Meyssignac et al., 2017]. Both the total sea level and the sterodynamic component are 

529 shown. Thin lines denote ensemble members, and thick lines denote the ensemble mean. The right panels 

530 show a histogram of the trend in the South Atlantic minus the global trend for total and dynamic sea level for 

531 each ensemble member. 
 
 
 

545 Both GRD effects and sterodynamic effects are likely to have caused an above- 

546 average sea-level change in the South Atlantic over the 20th century, while the role of 

547 GIA is small. The magnitude of the difference between the 20th century trend is in the 

548 order of a few tenths of millimeters per year. When we average the differences from the 

549 steric products that include temperature and salinity, and add these numbers to the GRD- 

550 induced difference, we obtain a difference between the South Atlantic and the global oceans 

551 of about 0.3 mm yr−1. 
 
 

552 5 Discussion and conclusions 
 

557 We reconstructed 20th-century South Atlantic sea-level rise using new observations 

558 from Dakar and the Falkland Islands, and used bias correction schemes to remove the 

559 sampling biases related to local VLM and GRD effects. Without these correction schemes, 

560 we find a reconstructed trend in the South Atlantic Ocean of [1.1 - 1.9] mm yr−1, with 

561 a central estimate of 1.5 mm yr−1. When we include these bias corrections, the recon- 

562 structed trend increases slightly to [1.1 - 2.2] mm yr−1 with a central estimate of 1.6 mm 

563 yr−1. The central estimate is higher than most recent GMSL estimates, although the differ- 

564 ence is not significant when taking the uncertainties into account [Dangendorf et al., 2019, 

565 2017; Hay et al., 2015]. The estimated basin-mean trends in the South Atlantic Ocean 

566 from Frederikse et al. [2020] and Dangendorf et al. [2019], are also greater than its esti- 
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553 Figure 9. Comparison of the probability density function of the reconstructed trend in the South Atlantic 

554 using no corrections and all corrections, to the GMSL and South Atlantic trend from Frederikse et al. [2020, 

555 F2020], Dangendorf et al. [2019, D2019], and other recent GMSL reconstructions [Dangendorf et al., 2017, 

556 D2017][Hay et al., 2015, H2015]. All trends have been computed over the period 1901-2010. 
 
 
 
 

567 mated global-mean trend between 1901-2010 (1.95 versus 1.45 mm yr−1 and 1.50 versus 

568 1.35 yr−1 respectively). 
 

569 This difference is not caused by a few individual regions, but all regional observa- 

570 tions have a central basin trend in the South Atlantic above the global mean, except for 

571 Mar del Plata. The new records used in this study add additional evidence that the above- 

572 average central trend observed in the Buenos Aires record, which is the longest South At- 

573 lantic tide-gauge record in the PSMSL database, can also be found in other locations, al- 

574 though the central value of the estimated trend (2.5 mm yr−1) is higher than in the other 

575 long records in the South Atlantic. 
 

576 The process-based approach also suggests that the 20th-century sea-level trend in the 

577 South Atlantic Ocean has been larger than the global-mean trend. Both steric expansion 

578 and present-day mass redistribution have contributed to this difference, each resulting in a 

579 difference on the order of 0.1-0.2 mm yr−1. Together, these processes result in a difference 

580 on the order of 0.3 mm yr−1, which is confirmed by results from CMIP5 models, although 

581 they project a smaller GRD-induced difference. GIA plays a minor role, although GIA 

582 does have an impact at specific tide-gauge sites within the South Atlantic basin. Both the 

583 observations and the process-based estimates point at an above-average sea-level rise in 

584 the South Atlantic Ocean of about 0.3 mm yr−1. 
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585 Even with the extra observations, the uncertainty is still large, and the difference 

586 with global-mean sea-level rise is not statistically significant. A part of this uncertainty 

587 is driven by VLM: estimating VLM trends from the short GNSS records introduces a 

588 large uncertainty, which affects the reconstructed trends. More GNSS records, or other 

589 VLM reconstruction methods, such as differenced tide gauge-altimetry trends [Wöppel- 

590 mann and Marcos, 2016] and inSAR [Mahapatra et al., 2018] could improve this situation. 

591 One particular problem with GNSS records is the issue of the record length: trends es- 

592 timated over the short GNSS record are assumed to hold over the complete tide-gauge 

593 records. This assumption does hold for many processes that cause VLM, such as sediment 

594 compaction, but other processes, such as tectonics and groundwater depletion can cause 

595 large short-term VLM signals [Wöppelmann and Marcos, 2016]. Because the characteris- 

596 tics and causes of local VLM are often unknown, it is difficult to assess the error induced 

597 by this assumption. Some words of caution must also be added to our analysis of stero- 

598 dynamic effects. First, the number of in situ temperature and salinity observations in the 

599 South Atlantic Ocean is limited, especially before the Argo era. The low number of ob- 

600 servations affects all temperature and salinity datasets used in this study, and could cause 

601 an additional under- or overestimation of the basin-mean trend [Abraham et al., 2013; Du- 

602 rack et al., 2014]. Regional sterodynamic effects, such as the Agulhaes current and leak- 

603 age around South Africa, could cause regional biases, which have not been corrected for. 

604 From the observations, we cannot assess this spatial sampling bias, since ocean bottom 

605 pressure estimates in coastal locations are not available. At the coast, where the oceans 

606 are generally shallow, sterodynamic changes manifest mainly as bottom pressure signals 

607 [e.g. Bingham and Hughes, 2012], and sampling the steric fields at the tide-gauge loca- 

608 tions is not a reliable estimator of this spatial bias. The comparison between observations 

609 and the CMIP5 model ensemble also comes with some limitations: this ensemble will 

610 not reproduce the internal variability in sea level, which could affect trends on decadal to 

611 centennial scales [e.g. Dangendorf et al., 2014]. Furthermore, many processes that affect 

612 coastal sea level are not fully resolved in coarse-resolution ocean models, which could ex- 

613 plain some of the differences between observed local tide-gauge trends and model results 

614 [Slangen et al., 2017; Meyssignac et al., 2017]. 

615 Even with the added records, the number of sea-level observations in the South At- 

616 lantic Ocean remains small, especially over the first half of the 20th century, and large 

617 parts of the basin interior and many coastlines are still not covered by any observation 
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618 [Marcos et al., 2019]. Therefore, the spatial and temporal coverage of the observations re- 619

 mains sparse. Despite the addition of the Falklands record and the rescued tide-gauge data 

620 from Dakar, sea-level changes in the South Atlantic over the first half of the 20th Cen- 

621 tury are based on only four records, which still results in a large uncertainty in basin-mean 

622 sea-level changes. Adding more regional sea-level observations to the basin-mean esti- 

623 mate could also reduce the uncertainties. We have omitted some long tide-gauge records 

624 from our analysis, mostly because of the presence of spurious trends and variability (most 

625 notably Cananeia and Ilha Fiscal in Rio de Janeiro), or the lack of reliable GNSS esti- 

626 mates, such as Takoradi. To test whether adding these stations affects our conclusions, 

627 we have estimated the basin-mean trend by including the both tide-gauge records under 

628 the assumption of no residual VLM. Adding these regions did not significantly change 

629 20th-century trend (it stays at 1.6 mm yr−1) compared to our analysis based on stations 

630 for which VLM estimates are available. Some locations in the PSMSL database also have 

631 longer records for which no datum information is available (’metric data’) and for which 

632 no nearby records can be used as ’buddy check’, for example the Santos record near Sao 

633 Paolo, which has 56 years of data. An analysis on the reliability of these records, as well 

634 as data rescue projects and palaeo proxies could all help to improve this situation. 

635  Our understanding could also be improved by applying more sophisticated methods 

636 to determine the size of the spatial sampling bias due to sterodynamic processes. Given 

637 that the South Atlantic basin, as defined by Thompson and Merrifield [2014] covers 22% 

638 of the global oceans, this uncertainty affects global-mean sea-level reconstructions, and 

639 further reducing it may be one of the keys steps to reduce the spread among the various 

640 reconstruction techniques. 
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