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15 Abstract:
16
17  Ocean acidification is expected to be particularly severe in Antarctic continental shelves due to
18  enhanced anthropogenic carbon uptake in cold waters in response to rising atmospheric CO2, sea-ice
19 retreat, freshening and climate-change feedbacks. Models suggest that undersaturated conditions
20 with respect to aragonite (Qar), a major form of calcium carbonate formed by marine species, could
21 be reached as soon as 2052 for austral winter. Here we present new ocean carbonate system
22 observations from cruises conducted since 2010 in the Adélie Land coastal region in East Antarctica,
23 along with data from a BCG-Argo float and results from a neural network model for the period 1985-
24 2025. The region is a permanent CO2 sink and was most pronounced since 2006. The CO2 sink leads
25  to a positive increase of surface water total CO2 concentrations (Cy) (+0.44 +0.01 umol.kg™.yr?) and
26  to a progressive decrease of pH (-0.013 per decade) and Qar (-0.035 per decade) for the winter
27 season. The lowest surface Qar of 1.2 was observed in winter 2024 from the float data, a critical limit
28  for some marine species such as pteropod. A projection of the C; concentrations in the future, based
29 on observed anthropogenic CO2 concentrations and emissions scenarios, suggests that aragonite
30 saturation state (Qar = 1) will occur in surface waters as soon as 2055 in the Adélie Land region,
31  which is part of a larger area of East Antarctica proposed as a Marine Protected Area by the
32 Commission for the Conservation of Antarctic Marine Living Resources since the early 2010s.
33
34 1 Introduction:
35
36 Coastal and continental shelf waters can experience enhanced ocean acidification (OA) due
37  toincreasing ocean CO, uptake in response to increased greenhouse forcing (Bourgeois et al 2016;
38 Laruelle et al, 2018; Roobaert et al, 2024a,b). As opposed to the offshore ocean, the detection of CO,
39  and acidification trends in Antarctic coastal waters is complicated by multiple effects due to
40 anthropogenic CO, (C,.) uptake, warming or cooling, variability in biological processes, upwelling,
41  and changes in sea-ice cover and freshening.
42 In the Southern Ocean, OA has been studied using sea surface CO, fugacity (fCO,)
43 observations at regional scale mainly in the Sub-Antarctic, Polar Front or Permanent Open Ocean
44 zones (Xue et al 2018; Brandon et al 2022; Metzl et al 2024b). Apart from the Drake Passage to the
45 north of the Antarctic Peninsula (Takahashi et al, 2014; Hauri et al 2015; Munro et al, 2015) no long-
46  term time-series have been used to evaluate OA in coastal Antarctic zones. The observed pH rates at
47 Drake and Palmer station ranged between +0.020 +0.020 and -0.015 + 0.008 decade™. Recently,
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48  Mazloff et al (2023) merged Biogeochemical Argo (BGC-Argo) float and historical observations to
49  estimate OA in the entire Southern Ocean (SO). In the seasonal ice zone (SIZ), they evaluated pH
50 trend of -0.0242 +0.0007 decade™ between 1994 and 2017 in subsurface waters (100-210m).
51  Estimates of the decadal change in OA based on observations, are often limited to data collected 2 to
52 15 years apart (e.g., Hauck et al., 2010; Pardo et al., 2017; Carter et al., 2019). In the regions of dense
53  water formation, C, is efficiently transported in the deep ocean implying that acidification can be
54  detected not only in surface waters but also in deep and bottom waters (Zhang et al, 2023). The
55  Adélie Land region is one of the four main bottom water formation regions in Antarctica with the
56 formation of Adélie Land Bottom Water (ALBW), which was first recognized by Gordon and Tchernia
57 (1972). Subsequently, a number of studies have described and quantified the variability of the ALBW
58 formation and its properties (e.g. Williams et al, 2010; Aoki et al, 2013; van Wijk and Rintoul 2014;
59 Schadwik et al, 2014; Pardo et al 2017). Once formed on the continental shelf and slope, ALBW is
60  transported away from its source, and ventilates the entire Australian-Antarctic Basin and beyond
61  (Sholeninova et al, 2025). As such, ALBW links the ocean CO, uptake in coastal waters, which have
62 been shown to be associated with significant C,,. concentrations of up to 44 pumol.kg™ in the shelf
63  waters (Shadwick et al, 2014), linking the ocean CO, uptake in coastal waters and OA at depth (Zhang
64  etal, 2023).

65 The Adélie Land is part of a proposed Marine Protected Area of East Antarctica (Boothroyd et
66  al, 2024) and severe undersaturated conditions with respect to aragonite could occur as soon as
67 2055 at the surface in austral winter and in 2080 for summer (Nissen et al, 2024). Preliminary results
68 based on summer observations gathered from 2002 to 2012 indicate that the trend of surface water
69  C;in the Adélie Land region was not significant (N-Cr trend = +0.63 +0.70 pumol.kg™.yr?, Metzl et al
70  2025a). This region has large inter-annual variability in CO,, linked to competitive processes between
71  anthropogenic CO, uptake, primary production, mixing, or ice melting (Shadwick et al., 2013, 2014,
72 2017) possibly masking the trend.

73 In this context, more data are needed to better evaluate the changes in the carbonate
74  system in Antarctic coastal zones and the associated OA (Tilbrook et al, 2019). This would allow us to
75 better evaluate the long-term changes with regard to the biological impacts and offer better
76  validation for ocean and Earth system models that struggle to reproduce the seasonal cycles of the
77 carbonate chemistry and remain poorly constrained to project future OA changes, particularly in high
78 latitudes.

79 In this study, we present new fCO, and C; data obtained in January 2024 and in December-
80 February 2024-2025 in the Adélie Land region combined with historical data and machine learning
81 products to better define the seasonality and trends in CO, and OA. Using historical data since the
82 1980s and BGC-Argo float data in 2024-2025 we estimate the trends in the carbonate system (pH and
83  Q.). As most observations were obtained in austral summer (December-March) the results from a
84  reconstruction of the global surface ocean carbonate system model (Chau et al, 2024) that extended
85  to 2025 were used to explore the decadal trends for different seasons. Based on subsurface
86  anthropogenic CO, concentrations estimates for 1995 to 2025 we investigate future changes in Q,,,
87  that are predicted to reach undersaturation by the mid-century (Nissen et al, 2024), with potential
88 impact for marine species such as pteropods (e.g. Bednarsek et al, 2023).

89

90 2 Data selection and methods

91

92 2.1 Data selection in the Adélie Land sector
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93
94 To explore the long-term change of the carbonate system in this region, we selected the fCO,
95 data from Surface Ocean CO, Atlas (SOCAT), version v2025 (Bakker et al, 2016, 2025) with the
96  addition of 3 recent cruises conducted on-board the ship L’Astrolabe in December 2024, January
97 2025 and February 2025. These include 67 cruises from 1984 to 2025 south of 63°S and between
98 140-150°E (see the detail in Table S1 and Figure 1). During some cruises (MINERVE cruises between
99 2003 and 2012 and OISO-10 cruise in 2003) continuous underway or regular sampling for total
100  alkalinity (A7) and C; measurements were performed (data available in the SNAPO-CO2 data-set,
101 Metzl et al, 2025a). During the L’Astrolabe cruise in January 2025, A; and C; samples in sea surface
102  water were also taken, analyzed at the SNAPO-CO2 service facilities at LOCEAN laboratory
103 (Paris/France), and included in this work. In addition, we also used water column data between 1993
104  and 2018 from the Global Ocean Data Analysis Project (GLODAP), version GLODAPv2.2023 data-base
105 (Lauvset et al, 2023, 2024; Table S2); the GLODAP data in surface waters (0-30m) are also used to
106  synthetize all A; and C; data in the region and used to validate and compare results of the C; and pH
107  trends based on fCO, data and to complement periods when fCO, data are not available. Finally, data
108 from a BGC-Argo float in 2024-2025 (WMO 2903867) are introduced to complement the water
109  column and winter data.

110

111 2.2 Methods

112

113 The methods to derive surface underway fCO, in SOCAT were described in previous studies

114 (e. g. Metzl et al, 1999; Ishii et al, 2002; Bréviere et al, 2006; Laika et al, 2009; Midorikawa et al 2012;
115 Shadwick et al 2014 & 2017), or detailed in the cruises metadata of SOCAT. The methods for
116 underway or discrete Ay and C; measurements were described and available in the SNAPO-CO2 data-
117 set (Metzl et al, 2024a; 2025a). Here we describe the methods used during the L’Astrolabe 2024-
118 2025 cruise.

119 The underway fCO, measurements onboard L’Astrolabe in December 2024/February 2025
120 (Figure S1) were made by CSIRO, Hobart, using a General Oceanics 8050 fCO, system equipped with a
121 LICOR LI-7815 analyser (Pierrot et al, 2009; Tilbrook et al, 2025). The same technique was used
122 during Le Commandant Charcot voyage in 2023 and Investigator voyage in 2024. The precision of the
123  fCO, data are estimated to be +2 patm, with cruises flagged B in SOCAT (Table S1).

124 In January 2025, discrete sampling was performed from the ship’s seawater supply for
125 salinity, Ay, Gy, 53¢, 5*0. For A; and Cr samples were collected in 500 mL borosilicate glass bottles
126  and poisoned with 300 pL of HgCl,, closed with greased stoppers (Apiezon®) following the standard
127  operating procedures of Dickson et al. (2007). Discrete samples were returned to the LOCEAN
128 laboratory (Paris, France) in March 2025, stored in a dark room at 4 °C, and analyzed in April 2025. A;
129  and C; were measured using a potentiometric titration method (Edmond, 1970) in a closed cell. For
130  calibration, we used the Certified Referenced Materials (CRM # 208) provided by Pr. A. Dickson (SIO,
131  University of California). A total of 31 samples were analyzed for the R2 cruise. Two anomalous
132 values were identified for both A; and C; either due to a sampling or analytical issues and were not
133 considered further (Supp. Mat. Figure S2). For the other data, we estimate that the accuracy for both
134 A; and C; is better than 4 umol.kg™, as for other samples measured at the SNAPO-CO2 facilities
135 (Metzl et al, 2025a). These data were used for the validation of calculated carbonate system
136 parameters using fCO, data with an A;/salinity relationship.
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137 In this region a BGC-Argo float (WMO 2903867) was launched on 26 January 2024 at location
138 132°E/64°S and drifted south-eastward. Like other SOCCOM floats (Sarmiento et al, 2023) this float
139 recorded T, S, 02, pH, Nitrates and Chl-a down to 1500m. The float data are available at
140  https://www.mbari.org/products/data-repository/, last access 10 May 2025). Its last record with
141  good pH data was on 15 January 2025 at 144.5°E/66.2°S. A; was estimated with the LIAR V2.2
142 algorithm (Carter et al., 2016, 2017). From pH and A; data we calculated C;, Q,, and fCO, using the
143 same CO2sys code used for the shipboard data (section 2.3). Based on the uncertainty of the float

144 data and calculations the C;, fCO, and Q. errors are respectively of 6.8 umol.kg™, 9.4 patm and

145 0.103.

146

147 2.3 Carbonate system calculation and A;/Salinity relationship

148

149 From fCO, or A; and C;data, we calculated pH; (pH at total scale) and the saturation states of

150  aragonite and calcite (Q,,, Q). Here we used the CO2sys program (version CO2sys_v2.5, Orr et al.,
151 2018) with K; and K, dissociation constants from Lueker et al. (2000), KSO, dissociation constant from
152 Dickson (1990). Total boron concentration was calculated according to Uppstrém (1974). Nutrients
153  were not measured for many cruises and when not available we used fixed climatological values of
154 40 and 2 pmol.kg™ for silicate and phosphate respectively (Figure S3; Beucher et al, 2004; Bender et
155 al, 2016). When a strong bloom occurred, as indicated by high fluorescence and low fCO,, the
156 nutrient concentrations were halved. The nutrient values used had no impact on the long-term
157 trends. When using fCO, data to derive pHy, C;, or Q,,, the A; concentrations are derived from salinity
158 (e.g. Millero et al, 1998; Lee et al, 2006; Shadwick et al, 2014; Stark et al, 2018; Leseurre et al, 2022).
159 Here we used the A;/Salinity relationship derived from A; data in this region (Figure S4).

160

161  A; (umol.kg?) = 53.8059 (+1.022) x Salinity + 467.985 (+34.600), (r2 = 0.48, n=2992)  (Eq.1)

162

163 This relation compared well with those previously estimated in the southern ocean (Lee et al
164 2006; Shadwick et al, 2014; Stark et al, 2018) as well as when derived from GLODAP data only (Figure
165  S4).

166

167  2.4. CMEMS-LSCE-FFNN model and air-sea CO, fluxes

168

169 We used the results from an ensemble of feed-forward neural networks (CMEMS-LSCE-FFNN

170 or FFNN for simplicity, Chau et al, 2024) to estimate fCO,, A; and C; for seasons when direct
171  observations were not available. The FFNN model composes monthly surface ocean global fields of
172 surface ocean fCO, at 0.25°x0.25° resolution based on the SOCAT gridded data. The reconstructed
173 fCO, field for 1985-2025 was used to derive air-sea CO, fluxes, as well as together with A; obtained
174 by a multi-linear regression approach, monthly surface C;, pH; and aragonite and calcite saturation
175 states. The FFNN dataset, including uncertainty estimates, are available under the DOI
176  https://doi.org/10.48670/moi-00047. We used the results in the region 65-66.5°S/139-141°E.

177 During the first period, 1985-2000, the FFNN model estimated a CO, flux close to O (average =
178  -0.030 +0.107 molC.m™2.yr?). After 2000, the model suggests an increase of the CO, sink especially
179  after 2016 (Figure 2), a signal identified at a larger scale in the Antarctic Seasonal Ice Zone in Spring-
180  Summer 2003-2022 (Deng et al, 2025). The maximum CO, sink of -1.2 molC.m™.yr™* occurred in 2023.
181  Thisis much stronger than the flux of -0.31 moIC.m'z.yr’1 derived from the climatology in 2010 (Fay et

4
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182 al, 2024). In austral summer, the variability of the flux could be large. Previous studies reported
183  fluxes ranging between +0.1 to -3.5 mmolC.m2.d™ in summer in this region (Ishii et al, 2002; Arroyo
184 et al 2020) but the CO, sink could be up to -15 to -30 mmolC.m™2.d™ in the Mertz Polynya region east
185 of the Adélie Land (Schadwik et al 2014; 2017). In January 2023 the sink derived from the FFNN
186 model reached a maximum of -17 mmolC.m2.d™*. This was associated to low fCO, (321.5 patm) and
187 high wind speed (up to 7.8 m.s™) during a high positive Southern Annual Mode (SAM index of 4.56 in
188  January 2023). Strong CO, sinks, < -10 mmolC.m™.d™, were also estimated in January 2019 and in
189 February 2002, 2016 and 2021 also associated to positive SAM (>1.4). In January and February 2025,
190  the period of the Astrolabe cruises, the sink was respectively -7.6 +2.9 and -12.1 +6.1 mmolC.m2.d™
191 (when the SAM was respectively only 1.4 and 0.31). The impact of the CO, uptake and its increase
192  over time on the pH; and Q,, changes is discussed in the following sections.

193

194 3 Results and discussion

195

196 3.1 Recent cruises and a BGC-Argo float (2024-2025)

197

198 3.1.1 Distribution in 2024-2025

199

200 The 2024-2025 shipboard and BGC-Argo observations consistently showed the ocean was a

201  CO,; sink in summer (Figure 3). The large spatial variability observed at 66-67°S, with fCO, lower than
202 300 patm, was linked to biological activity concentrated near the coast above the Adélie Bank (140-
203 142°E) and the Mertz Bank (145-147°E) (Figure S5). Biological processes also drove significant inter-
204  annual changes. For example, along the ~140°E track visited in January 2024 (RV/Investigator) and in
205 February 2025 (L’Astrolabe), fCO, showed the same southward decrease but shifted by 26 patm,
206  while only 7 patm is attributable to the temperature differences (Figure 4a). The C; concentrations
207  derived from the fCO, data indicated that the difference was most pronounced at 65.3°S (Figure 4b)
208  where the Chl-a was higher in 2024 (Figure S5). This demonstrates that biology drives most spatial
209  and temporal variability making C; or pH; trend detection difficult in Antarctic coastal summer data
210 (Metzl et al, 2025a).

211 A BGC-Argo float (WMO 2903867) provided wintertime fCO, data for 2024 (Figure 5). The
212 maximum fCO, of 440 patm, above the atmospheric CO, level, occurred in September (Figure 5a). In
213 September 2024, and given the error associated to the fCO, data derived from the float (+9.4 patm),
214  we estimated a positive ocean-atmosphere difference (AfCO, > 0, a potential CO, source) with a
215 range between 28.4 and 9.6 patm. In August 1996 during the only cruise conducted in austral winter
216 (Expocode 09AR19960822) we estimated fCO, from the A; C; data in surface waters. This also lead to
217 a potential CO, source, AfCO, ranging between 31.7 and 7.5 patm. For the same periods, August
218 1996 and September 2024, AfCO, from the FFNN model were respectively 37.95 and 12.4 patm. The
219  air-sea CO, fluxes estimated by the FFNN model were +0.176 mmol C.m™.d™ in August 1996 and +
220  0.184 mmol C.m™2.d™ in September 2024, i.e. a similar value observed 28 years apart.

221 In September 2024 the sea surface C; estimate from the float reached a maximum of 2221.3
222 1.9 pmol.kg™ compared to 2207.2 #3.7 umol.kg? measured in August 1996 (Figure 5b). The
223 difference of +14.1 umol.kg™ would translate into a rate of +0.5 umol.kg™.yr"* over 28 years similar to
224  the range of the anthropogenic CO, trend in the Antarctic Surface Water (AASW), +0.35 +0.14 to
225 +0.65 +0.21 pmol.kgt.yr" derived from 4 cruises in 1995-2011 in this region (Pardo et al, 2017).
226  Consequently, pH; decreased from 8.054 +0.005 (winter 1996) to 7.976 +0.002 (winter 2024) (Figure
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227  5c) and Q,, decreased from 1.334 +0.017 to 1.157 +0.009 (Figure 5d). A pH;decrease of 0.0781 in 28
228  years corresponds to a trend of -0.028 per decade. This substantial signal derived from measured pH
229 (BGC-Argo in 2024) and calculated pH; (shipboard A; and C; data in 1996), is sensitive to method
230 uncertainties. Accounting for A; and C; measurements uncertainty (+4 pmol.kg’l, Lauvset et al, 2024)
231  the pHy decrease ranges from -0.021 to -0.035 per decade consistent with previous estimates of -
232 0.035 +0.002 per decade in the AASW in this region (Pardo et al, 2017). This rapid pH; decrease
233 requires confirmation with longer time series and quantification of contributing processes
234 (anthropogenic CO, signal, mixing, warm deep water intrusion, sea-ice extent, natural variability...).

235

236  3.1.2 The period 1985-2025: high variability in summer, trends in winter

237

238 To evaluate trends we averaged data from each cruise around 140°E and south of 65°S. In

239  this region fCO, data from SOCAT are available since 1984 and A; and C; data from GLODAP and
240  SNAPO-CO2 since 1994. The FFNN model starts in 1985 and was constrained by satellite Chl-a data
241  since 1998, and by climatological Chl-a before then.

242 The average fCO, and C; data present higher values in recent years (Figure 6). The fCO,
243 average for January 2025 (mean = 382.3 patm) was much higher than the first data in January 1984
244 (fCO, = 317.5 patm). The difference of 64.8 patm would translate into a trend of +1.58 patm.yr* with
245  the atmospheric trend of +1.98 ppm.yr™ for the same period. In January 2025, the C; measurements
246 (Cr normalized at salinity 34, N-Cr = 2182 pumol.kg™) increased by +10 pmol.kg™ compared to January
247 1994 (N-C;= 2172 pmol.kg™) corresponding to a trend of +0.32 umol.kg™.yr™.

248 Although the C; data present higher concentrations in the recent decade, the trends based
249  on observations are uncertain due to the large inter-annual variability (Table 1). Indeed, the time
250  series of fCO, and C; present large inter-annual variability in summer (Figure 6) which is particularly
251  apparent in 2002 and 2015 and was clearly linked to biological activity (Figure S6). The FFNN model
252  captured these anomalies leading to stronger CO, sinks in summer 2002 and 2015 (Figure 2, Figure
253  S7). This also led to anomalies in pH; and Q.. (Figure 7). Consequently, the long-term trends of
254  observed properties in summer are uncertain and the errors associated with the trends in the FFNN
255 model are also larger in summer compared to winter (Table 1). A simple linear projection of the Q,,
256 trend in winter from the FFNN model (-0.0035 +0.0001 .yr) suggests that a value of 1.2 would be
257 reached in 2032 and saturation (Q2,,=1) in 2090.

258 The observations indicate that the lowest Q2,, occurred in winter 2024 (BGC-Argo data, Q,, =
259 1.146, on 6 September 2024). This is 0.25 lower than in 1985 and 0.15 lower than in 1996 and the
260  decrease of Q,, in surface also occurred at depth (Figure 8). In the mixed layer Q,, decreased from
261  around 1.35 in August 1996 to 1.15 in winter 2024. Such a value is observed at 200m in January 2025
262 and at 300-400m in 1996 indicating an upward migration of Q,, (Pardo et al, 2017). We noticed that
263  the FFNN value in August 1996 (Q,, = 1.34) was coherent with that observed in August 1996 in the
264 mixed-layer (Figure 8). In August 2024 and 2025, the FFNN value (Q,, = 1.23) is close to that observed
265 from the float in winter 2024 (Q,, = 1.2) and to the data observed at 200 m in 1996 or at 75 m in
266  2025. The distribution of Q,, for the FFNN is more homogeneous in winter (Figure S8) and provides a
267  smaller error estimate of the long term trend but is constrained by few observations. The FFNN
268 model also has a more variable air-sea CO, flux during summer compared to winter (Figure S9),
269 leading to significant change in annual CO, uptake (Figure 2). The seasonal amplitude from the FFNN
270 results also show significant variability over 5-10 years after 1998 (Figure S10) but no trend of the
271  fCO, seasonality was detected as was suggested in other ocean regions (e.g. Landschiitzer et al.,

6
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272 2018; Rodgers et al., 2023; Shadwick et al 2023). To estimate the processes that drive the pHy and
273 Q.. changes we focus on results for the winter season.

274

275  3.1.3 Anthropogenic CO,

276

277 To estimate the anthropogenic CO, concentrations (C,,) in the water column we used the

278  TrOCA method developed by Touratier et al. (2007). This method was successfully used in the
279  southern Indian Ocean (Shadwick et al, 2014; Mahieu et al., 2020; Zhang et al, 2023; Metzl et al,
280  2024b). Here we selected the data below 100m depth for 1994-2018 and from the BGC-Argo float
281 (March 2024 to January 2025, Figure S11). The C, trends were tested in three layers, 100-150 m,
282 150-200 m and 200-250 m (Figure 9). In all layers, the mean C,,; concentration ranged from 15-25
283 pmol.kg™ in 1995-1996 to 30-35 umol.kg™ in 2024. C; and C,.; concentrations present positive trends
284 (Table 2, Figure 9a and Figure S12). No significant changes were observed for A; (not shown) but we
285 noticed that 8'3C observations in January 2025 were lower than in January 2003 suggesting that
286  surface waters captured the anthropogenic Suess effect signal (Figure S13) as previously observed in
287  this region (McNeil et al, 2001). Without the BGC-Argo data the C,, trend would be +0.50 +0.20
288 pmol.kg™.yr™. This is almost the same as derived for surface C; in winter from the FFNN model
289 (0.44+0.01 pmol.kg .yr") and equal to the trend derived from only two winter observations (Table
290 1). The anthropogenic subsurface CO, signal was also present in the winter surface data, but these
291  are based on only two observational periods. Our results are similar to previous C,,; trend estimates
292 for the region, ranging between +0.35 and +0.65 pmol.kg™.yr? (Pardo et al, 2017). In 2013 low C,n
293 concentrations were estimated in the three layers and were associated with higher temperature,
294  salinity, nitrate and C;, and lower O, concentrations (Figure S12) probably linked to regional import
295 of warmer Upper Circumpolar Deep Water (UCDW) that contains high C;, low O, and low C, (e.g.
296  Shadwick et al, 2014; Pardo et al, 2017). The FFNN model produced slightly higher surface C;
297  concentrations in 2013 (+6 umol.kg™, Figure 9a, S12d). This 2013 anomaly has very little impact on
298  the estimated trend; removing 2013 yields a trend of +0.42 pmol.kg™.yr* compared to +0.37 pmol.kg’
299 l.yr'1 for the whole time series (Table 2). To quantify the impact of C,,; on the C;, pH; and Q,, trends
300 in surface waters, we used both estimates (with or without 2013 data for sensitivity analysis). For the
301 layer 100-150 m, the relationship of C,.; versus atmospheric CO, concentration, XCO, (Figure 9b) are
302 as follow:

303

304  Allyears: Cyne = 0.179 (£0.081) X XCO, -38.5 (+31.1); r2=0.41  (Eq.2)

305  Without 2013: C,, =0.190 (+0.071) x XCO, -41.6 (+27.2); 12=0.54  (Eq. 3)

306  Without 2024: C,n =0.197 (+0.118) x XCO, -45.1 (+44.7); r2 =0.32 (Eq. 4)

307

308 These equations are used to compare the time-series and project the trend in the future.
309

310 3.4 Carbonate system reconstruction and projection in the future

311

312  To reconstruct the temporal change of the carbonate system properties (Metzl et al, 2025b) we used
313 the relations between C,,; and atmospheric CO, described above and calculated the C; concentration
314  each year correcting C; as follows, where t represents the time-step in year, from 1960 to 2100:

315

316 Ci(t) = Cy(t-1)+ Conelt)-Cane(t-1)  (Eq. 5)
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317

318 The values of XCO2 in equation 2, 3 or 4 were derived from SSP emissions scenarios (Shared
319  Socioeconomic Pathways, Meinshausen et al., 2020). We selected a “high” emission scenario SSP5-
320 8.5 and a stabilization scenario SSP2-4.5 and we applied Equation 5 for August using either the Cy.
321  trend (Table 2) or Eq. 2 (Eq. 3 or Eq 4 were tested but led to the same results). Temperature, salinity
322 and alkalinity were fixed (SST = -1.8 °C; SSS = 34.2; A; = 2310 pmol.kg™) and fCO,, pH; and Q,, were
323 calculated using version CO2sys_v2.5 (Orr et al, 2018).

324 The estimated C; using the C,, trend (Eqg. 5) is close to the FFNN model and observations
325  (Figure 10a). The mean difference of C; for all years (1985-2025) is -1.72 +1.53 umol.kg™. This
326  suggests that anthropogenic CO, is a main driver of C; changes but other process could explain the
327  full trend in surface Cy. In 2009 and 2013 the difference is larger than 4 pumol.kg™ (Figure $14). As
328 discussed above, the import of warm and rich-C; UCDW in 2013 likely increased the surface C;. For
329 2009 there was no data in the water column to explore such scenario but the same process may have
330  occurred.

331 Based on this estimation, we conclude that the anthropogenic CO, uptake represents 70% of
332 the C; increase over 1985-2025. This also drives the decrease of pH; and Q, (Figures 10 c,d).
333 Projecting the trends from the FFNN model and the reconstruction, a value of 1.2 for Q.. would be
334 reached in year 2032 from the FFNN model against 2034 for the estimation based on Eq. 5. If correct,
335  this would lead to “severe shell dissolution” for pteropods (Bednarsek et al, 2019).

336 In the Adélie Land region the aragonite saturation depth (ASD, Q,, = 1) was observed at 1000
337 m in 1995 and at 700 m in 2011 (Pardo et al, 2017). In summer 2007/2008, Shadwick et al (2014) also
338 reported an ASD around 700-900 m. The data in 2018 and 2024 also identified the ASD at 800-1000
339 m but Q,, values close to 1 were also observed at 100m (Figure 11). At around 100-200m depth, this
340  is probably linked to remineralized C; in the remnant winter layer, leading to homogeneous and low
341  Q, (1.15) after mixing/upwelling in wintertime (Figure 8).

342 We are now interested in exploring when the aragonite undersaturation would be reached in
343 surface waters (Figure 12). The sensitivity analysis based on the two C,,,/CO, relationships (Eq. 2 and
344 Eqg. 3) show the same results. For the future, differences between the two scenarios (SSP5-8.5 and
345  SSP2-4.5) are large after 2040 (Table 3). For the high scenario, the surface C; concentrations reaches
346 2250 umol.kg™ in 2060, a concentration observed in the Adélie Land Bottom Water (ALBW)
347 (Shadwick et al 2014). After 2060, pH; is lower than 7.9. Based on the high scenario, the aragonite
348 undersaturation would be reached in 2055 (at atmospheric CO, = 600 ppm). This is much sooner than
349  deduced in the Southern Ocean from the Coupled Model Intercomparison Project Phase 6 (CMIP6)
350 global models (Q,, = 1.04 in 2080, Table S9 in Jiang et al, 2023) and would have potential dramatic
351 impact on species such as pteropods (Bednarsek et al, 2012; 2023) as well as for diatoms abundant in
352  the SO (e.g. Petrou et al., 2019; Duncan et al., 2022).

353 In our projection, the C, concentration of 25 pmol.kg™ in 1990 reached 140.5 pmol.kg™ in
354 2090 for the scenario SSP5-8.5. In 2090, a pH; of 7.67 and an Q,, of 0.581 are in line with the results
355 of a high-resolution ocean model in the East Antarctica region (a proposed Marine Protected Area,
356 Nissen et al, 2024). Their model suggested that aragonite undersaturation would occur in 2050,
357  coherent with our projection (2055, Figure 12). For a low emission scenario (SSP2-4.5) this would not
358  occur before 2080 (Figure 12).

359
360 4. Summary and concluding remarks
361
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362 New fCO,, C;, A; shipboard and pH; BGC-Argo observations in 2024 and 2025 and historical
363 fCO, data available since 1984 were used to evaluate the decadal trends of the carbonate system in
364  the Adélie Land region.

365 The sea surface C; and fCO, measurement in summer 2024-2025 present very high variability
366 linked to biological activity. The mean measured fCO, observation in January 2025 of 382.3 patm was
367 much higher than in January 1984 (fCO, = 317.5 patm) but in February 2025 fCO, decreased to 317.8
368  +33.8 patm close to fCO, derived from the BGC-Argo float in January 2025 (311.6 +12.2 patm).
369  Previous fCO, observations ranged from 179.2 patm in 2002 to 376.7 patm in 2007, highlighting the
370 large inter-annual variability in summer.

371 In summer 2025, the measured C; between 2130 and 2190 pumol.kg™ were much lower than
372 C; derived from the BGC-Argo data in winter 2024 (2221 umol.kg™) whereas in winter 1996, the
373 measured C; was 2207 pumol.kg™. The winter C; increase from 1996 to 2024 translates into a signal of
374  anthropogenic CO, uptake. Using an adapted A;/S relationship for this region, pH; and Q,, were
375 calculated from C; or fCO, data. We estimated a pHy decrease in surface waters from 8.054 +0.005 in
376  winter 1996 (calculated from shipboard data) to 7.976 +0.002 in winter 2024 (measured from the
377 BGC-Argo float). The calculated Q,, decreased from 1.334 +0.017 in 1996 to 1.157 +0.009 in 2024.
378 As most data were available in summer, the results of a monthly FFNN model were used to
379  estimate the long-term trends. The FFNN model informed that the region was a permanent CO, sink
380  and most pronounced since 2006. The maximum sink occurred in 2023 (-1.2 molC.m™2.yr?) when the
381  SAM was positive. Results from the FFNN model indicate a pH; decrease of -0.013 per decade and Q,,
382  decrease of -0.035 per decade over 1985-2025 in winters. As no change in alkalinity was observed,
383 the OA was mainly explained by the C; increase (0.44 +0.01 pmol.kg™.yr?) associated with
384  accumulation of anthropogenic CO, calculated from subsurface data since 1995.

385 A projection of the C; concentrations in the future, based on observed anthropogenic CO,
386 concentrations and emissions scenarios, suggests that aragonite undersaturation would occur in
387  surface water as soon as 2055 with potential impacts on plankton species such as pteropods (and
388 many others species). Interestingly, our data-based analysis is in line with the results of a high-
389  resolution ocean model dedicated to the Marine Protected Areas in the Antarctic coastal zone
390 (Nissen et al, 2024). Their model suggests that climate-change feedbacks, through warming, sea-ice
391  extend, or upwelling, might accelerate OA in these regions. Our simple projection (Figure 12) does
392 not take into account effects of warming, cooling, change of upwelling with rich-C; waters, or
393  freshening. As opposed to other oceanic regions (Cheng et al, 2025), the Adélie Land coastal region
394  experienced a surface cooling trend of between -0.1 to -0.3°C per decade in surface water (Auger et
395  al, 2021, for summer 1993-2017). For the period 1993-2023, Morrow and Kestenare (2025) also
396  estimate a cooling of -0.06 °C per decade and a freshening of -0.012 per decade. Such a cooling and
397  freshening would increase pH; by only +0.00897 and reduce Q,, by -0.00112 in 2100 representing a
398 small change compared to the effect of CO, emissions. The results presented here support
399 maintaining observations in the Adélie Land region, both from shipboard and BGC-Argo floats, and to
400 investigate property changes and OA in other Antarctic coastal zones.
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798 Tables :

799

EGUsphere\

800 Table 1: Trends of properties in the Adélie zone derived from observations (measured Ay, C; or fCO;) and from

801 the FFNN model. For observations the trends are evaluated for summer only. For the FFNN model trends are

802 estimated for all seasons or only for January and August. The last line is based on winter data in 2024 (BGC-
803 Argo) and 1996 (A; C; data). Standard-deviations are in brackets.

804

805 Method Period fCo, Ar Cr pH ar
806 uatm.yr‘l umol.kg.yr'1 yrt yr'1

807

808

809 A C; 1995-2025 0.14 -0.11  0.00 -0.0002 -0.0010
810 Summer (0.66) (0.38) (0.36) (0.0008) (0.0027)
811

812 fCO, 1984-2025 1.33 0.04 0.50 -0.0015 -0.0040
813  Summer (0.33) (0.25) (0.24) (0.0004) (0.0011)
814

815 FFNN 1985-2025 0.58 -0.29 0.08 -0.0007 -0.0031
816 Summer (0.23) (0.08) (0.15) (0.0003) (0.0010)
817

818 FFNN 1985-2025 1.33 -0.002 0.44 -0.0013 -0.0035
819 Winter (0.04) (0.007) (0.01) (0.0001) (0.0001)
820

821 FFNN 1985-2024 1.27 -0.05 0.44 -0.0013 -0.0040
822 Annual (0.09) (0.04) (0.08) (0.0001) (0.0003)
823

824 BGC-Argo versus A; Cr 2.28 -0.27 0.50 -0.0028 -0.0063

825 Winter 2024 versus 1996
826

827
828
829
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830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853

EGUsphere\

Table 2: Trends of properties (per year) in layers 100-150m, 150-200m and 200-250m for 1995-2024. Standard-
deviations are in bracket. (*) indicates results without the 2013 anomaly. (**) indicates results without the

2013 anomaly and without the 2024 BGC-Argo data.

Layer

100-150m

100-150m*

100-150m**

(1995-2018)

150-200m

200-250m

T
oclyr—l

-0.018
0.035

-0.030
0.027

-0.030
0.039

-0.026
0.038

-0.011
0.039

Sal
-1
psu.yr

-0.002
0.001

-0.002
0.001

-0.001
0.001

-0.003
0.001

-0.001
0.001

0,
umol.kg.yr’l

0.37
1.07

0.75
0.77

1.05
1.08

0.64
1.21

0.14
1.25

Ar
umol.kg.yr'1

-0.05
0.11

-0.05
0.12

0.10
0.14

-0.07
0.12

0.03
0.10

G
umol.kg.yr’1

0.29
0.21

0.21
0.15

0.15
0.21

0.16
0.24

0.34
0.24

Cant
l.lmol.kg.yr'1

0.37
0.18

0.42
0.15

0.50
0.20

0.37
0.23

0.28
0.25
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854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881

882
883
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Table 3: Sea surface values of properties in winter for different years and methods in the Adélie Land
region (Figure 12). Methods are from observations (Obs.), FFNN model (FFNN) and reconstructions
based on two scenarios SSP2-4.5 (SSP45) and SSP2-8.5 (SSP85). For C,, the value is for the layer 100-

150m. The last line is for year 2090 using SSP2-85 scenario.

Method

Obs. AT CT
FFNN
FFNN
FFNN
Obs. BGC
SSP 85
SSP 45
SSP 85
SSP 45
SSP 85
SSP 45
SSP 85
SSP 45
SSP 85
SSP 45
SSP 85

Year

1996
1996
2024
2025
2024
2024
2024
2040
2040
2055
2055
2060
2060
2080
2080
2090

Atm. CO,
ppm
357.6
357.6
417.9
4216
4282
428.2
426.1
500.0
4753
600.4
5223
643.0
537.1
864.4
585.1
998.3

fCo,

patm
377.3
386.4
427.0
427.6
431.6
417.3
416.1
460.7
445.2
531.6
475.4
565.8
485.4
789.1
520.0
965.7

G
umol.kg™
2196.3
2198.3
22139
2214.5
22194
2212.0
2211.6
2224.8
2220.4
2242.8
2228.8
2250.5
22315
2290.2
2240.1
2314.2

pHr

8.052
8.048
8.008
8.007
7.986
8.013
8.014
7.973
7.987
7.916
7.961
7.890
7.952
7.754
7.925
7.670

Cant
umol.kg™*
223

36.3
38.3
37.9
51.2
46.7
69.2
55.2
76.8
57.8
116.5
66.4
140.5
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884

885 Figure 1: Maps of (a) SOCAT data and (b) GLODAP data selected in the Adélie Land region. Color code
886 s for year. Figures produced with ODV (Schlitzer, 2018).
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907

908 Figure 2: Time-series of air-sea CO, flux (annual in black, 36-month running mean in red) in the Adélie
909 Land region based on the FFNN-LSCE model over 1985-2025 (centered at 66°S/140°E). Also shown
910  (orange square) the climatological flux for year 2010 at the same location (Fay et al, 2024). Negative
911 value denotes ocean CO, sink.
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931

932 Figure 3: Distribution of sea surface fCO, (natm) observed south of 65°S in January 2024 (purple) and
933  January-February 2025 (blue) from shipboard, in December 2024 and January 2025 from the BGC-
934  Argo (red diamonds), and calculated from A; C; data in January 2025 (orange triangles). The red
935 dashed line is the mean atmospheric CO, concentration in January 2025 at Cap Grim or at South Pole
936 (422 ppm). (https://gml.noaa.gov/dv/iadv/). Locations of the data are identified in the insert map
937  produced with ODV (Schlitzer, 2018).
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Figure 4: (a) Distribution of sea surface fCO, (natm) and temperature normalized fCO, at 0°C (open
symbols) observed south of 65°S in January 2024 (black) and February 2025 (red) along the same
track. (b) Same as (a) for salinity normalized C; concentrations (umol/kg) calculated from fCO, data.
The low N-C; in 2024 (< 2182 umol/kg) were linked to higher biological activity in 2024 (Figure S5 in

Supp. Mat.).
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Figure 5: Time-series of (a) sea surface fCO, (pnatm), (b) C; (umol/g), (c) pH; and (d) Q,, observed
south of 64°S in 2024-2025 based on SOCAT fCO, data (black circles), L’Astrolabe fCO, data (R2R3R4,
black circles), BGC-Argo float (open diamonds) and A; C; data in January 2025 (R2, orange triangles).
Also shown the results from A; C; data from a cruise in winter 1996 (blue triangles, cruise
09AR19960822). The dashed lines in (a) are the mean atmospheric CO, concentrations in 1996 (blue)
and 2025 (red). Error bars (vertical) are indicated for measured or calculated values.
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Figure 6: Time-series of (a) sea surface fCO, (patm) and (b) C; (umol/kg) observed south of 65°S
based on SOCAT fCO, data in summer 1985-2024 (grey circles), from A; C; data in summer 1995-2018
(orange triangles), L’Astrolabe fCO, data in summer 2025 (R2R3R4, red circles), A; C; data in 2025
(R2, black triangles) and BGC-Argo float data in 2024-2025 (open diamonds). Also shown are the
monthly values of the FFNN model (purple) and the associated trend (dashed lines, +1.27 patm.yr™
and 0.44 pmol.kg'1.yr). In (a) the red line is the atmospheric fCO,.
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Figure 7: Time-series of (a) pH; and (b) Q. observed south of 65°S based on SOCAT fCO, data in
summer 1984-2024 (grey circles), from A; C; data in summer 1995-2018 (orange triangles),
L'Astrolabe fCO, data in summer 2025 (R2R3R4, red circles), A; C; data in 2025 (R2, black triangles)
and BGC-Argo float data in 2024-2025 (open diamonds). Also shown are the monthly values of the
FFNN model (purple) and the associated trend (dashed lines, see Table3, pH= -0.0013.yr™" and Qar =-
0.0040.yr™).
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1134

1135

1136 Figure 8: Profiles (0-500m left axis) of Q,, in August 1996 (GLODAP data, black circles), September
1137 2024 (BGC-Argo, blue diamonds) and January 2025 (BGC-Argo, orange diamonds) along with surface
1138  time-series in 1985-2025 (right axis) of Q,, in August from the FFNN model (purple line). In the mixed
1139 layer Q,, decreased from around 1.35 in 1996 to 1.15 in 2024 (i.e. a value observed at 300-400m in
1140 1996). The FFNN values in August 1996 are coherent with August 1996 observations in the mixed-
1141 layer. In August 2025, Q.. FFNN value of 1.23 is close to the data observed at 200m in 1996 or at 75m
1142 in 2025 demonstrating the upward shift of Q..
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1186
1187 Figure 9: (a): Time-series of anthropogenic CO, (C,n umol.kg™) estimated in 3 layers (below 100m)
1188  from 1994 to 2024. The C,,; trends are represented by dashed lines (see Table 4). Also shown the N-
1189  Cr concentration (umol.kg™, right axis) from the FFNN model in August (purple). (b): same data for
1190 Cant Versus atmospheric CO, with associated slopes (dashed lines). For the reconstructed simulation
1191 in sea surface waters the results in layer 100-150m were used with (red dashed) or without the 2013
1192  anomaly (red dotted).
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1238
1239 Figure 10: Time-series of (a) C; concentrations, (b) atmospheric and oceanic fCO,, (c) pHr and (d) Q..
1240 based on a reconstruction for August using C,. fit (red line, see Eq. 2). The reconstruction is
1241  compared with the FFNN model (purple), observations in winter 1996 and in winter 2024.
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1290

1291 Figure 11: Profiles of Q,, in Jan-Feb 2018 (GLODAP data, black circles) and in March 2024/January
1292 2025 (BGC-Argo, orange diamonds). Q,, saturation state (Q,, =1) occurred at depth (800-1000m) and
1293 is also identified around 100m.
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1342 Figure 12: Time-series of (a) C; concentrations, (b) pHr and (c) Qar on a reconstruction for August for
1343 two scenarios (SSP85, red line and SSP45 green lines). Observations in winter 1996 and 2024 and the
1344 FFNN-LSCE model over 1985-2025 in August (purple) are also shown. The simulations based on C,
1345  trend with (line) or without (dashed) 2013 anomaly are presented.
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