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Abstract: 14 

 15 
New observations obtained in 2021 and 2022 are presented and used to investigate the 16 

trend of the carbonate system (including pHpHT and aragonite saturation state, ar) in the southern 17 
sector of the Mozambique Channel. Using historical and new data in April-May we observed an 18 
acceleration of the acidification ranging from -0.012 TS.decade-1 in 1963-1995 to -0.027 (±0.003) 19 
TS.decade-1 in 1995-2022. Result from a neural network (FFNN) model for all seasons also suggests 20 
faster pH trend in recent decades, -0.011 TS.decade-1 over 1985-1995 and -0.018 TS.decade-1 over 21 

1995-2022. In May 2022 we estimated ar of 3.49, about 0.3 lower than observed in May 1963 (ar = 22 

3.86). The lowest ar value of 3.23 was evaluated from the FFNN model in September 2023 that 23 
corresponds to the hypothetical critical threshold value (3.25) for coral reefs. In 2025 a marine heat 24 
wave was observed in this region (sea surface temperature up to 30°C) and data from a BGC-Argo 25 

float indicate that sea surface pH was lowthe lowest in January 2025 (pHpHT = 7.95) whereas ar was 26 

lowthe lowest in Mach 2025 (ar = 3.2). A projection of the CT concentrations based on observed 27 
anthropogenic CO2 in subsurface water and future anthropogenic CO2 emissions scenario, suggests 28 

that a risky level for corals (ar < 3) could be reached as soon as year 2034. 29 
 30 

Keywords: Ocean Acidification, Decadal Trend, Mozambique Channel  31 

 32 

1 Introduction: 33 

 34 

The ocean plays a major role in reducing the impact of climate change by absorbing more than 90% 35 

of the excess heat in the climate system (Cheng et al., 2025; Forster et al 2025) and about 25% of 36 

human released CO2 (Friedlingstein et al., 2025). The oceanic CO2 uptake also changes the chemistry 37 

of seawater reducing its buffering capacity (Revelle and Suess, 1957) and leading to a process known 38 

as ocean acidification (OA) with potential impacts on marine organisms and ecosystems (Fabry et al., 39 

2008; Doney et al., 2009, 2020; Gattuso et al, 2015; Schönberg et al, 2017; Cornwall et al, 2021). 40 

Global ocean models or Earth System Models predict that, due to future anthropogenic CO2 41 

emissions and global warming, the sea surface pH could decrease by 0.4 and aragonite saturation 42 

state (ar) could be as low as 3 in the tropics by 2100 (Hoegh-Guldberg et al, 2007; Kwiatkowski et 43 

al, 2020; Jiang et al, 2023; Findlay et al, 2025). However, current global ocean models cannot fully 44 

replicate observations and not yet simulating all processes that govern ocean acidification (e.g. 45 

seasonal cycles of CT and AT, accumulation of Cant, etc...). Long-term observations of the carbonate 46 

system are needed to compare and validate model results (Tilbrook et al, 2019). 47 

The first estimate of the decadal pH change based on CO2 fugacity of CO2 (fCO2) observations 48 

in the global ocean (using SOCAT data, Bakker et al, 2014) suggests a decrease of pH ranging 49 

between -0.003 TS.decade-1 (±0.005) in the North Pacific and -0.024 TS.decade-1 (±0.005) in the 50 
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Indian Ocean over 1981-2011 (Lauvset et al, 2015). Reconstruction methods also based on SOCAT 51 

observations evaluated a global ocean decrease of pH in surface waters of -0.0181 (± 0.0001) 52 

TS.decade-1 (Iida et al, 2021), −0.0166 (± 0.0010) TS.decade-1 (Ma et al, 2023) and −0.017 (± 0.004) 53 

TS.decade-1 (Chau et al, 2024). These studies also highlighted the regional differences of the pH and 54 

aragonite saturation state (ar) trends. This calls for dedicated studies at regional scale in order to 55 

better interpret the inter-annual to multi-decadal changes of the oceanic carbonate system as the 56 

trends and associated uncertainties depend on the data available. Compared to other basins, 57 

observations are sparse in the Indian Ocean (Lauvset et al, 2015; Bakker et al, 2016, 2024). However, 58 

thanks to a new cruise conducted in 2019, it has been shown that the Mozambique Channel 59 

experienced an acceleration with respect to of the acidification in recent years, a pH trend of -0.023 60 

TS.decade-1 (±0.005) over 1995–2019 (Lo Monaco et al, 2021). In a more recent analysis Chakraborty 61 

et al (2024) used several methods, including a high resolution model dedicated to the Indian Ocean 62 

and found an acceleration of the pH trend of -0.011 (±0.00).) decade-1 in 1980–1989 to -0.019 63 

(±0.004).) decade-1 in 2010–2019. Both studies concluded that strengthening of acidification trend 64 

was mainly driven by ocean CO2 uptake. 65 

In this study, we present new data obtained in January 2021 and April-May 2022 in the 66 

Mozambique Channel and used the results of a FFNN model (Chau et al, 2024) extended to 2023 to 67 

explore the decadal trends of the carbonate system over 1963-2023. We also use these data to 68 

validate a projection of the acidification in the near future. To highlight CO2 source anomalies when 69 

the ocean was exceptionally warm, results from a BGC-Argo float in the Mozambique Channel in 70 

2024-2025 are also presented. 71 

 72 

2 Data selection and methods 73 

 74 

2.1 Data selection 75 

 76 

To explore the long-term change of the carbonate system in this region, we selected the fCO2 77 

SOCAT data, version v2024 (Bakker et al, 2016, 2024). With recent cruises conducted on-board the 78 

ship Marion-Dufresne in January 2021 (OISO-31) and April-May 2022 (RESILIENCE) this includes 10 79 

cruises in the Mozambique Channel (Table 1 and Figure 1). Some of these cruises were previously 80 

described to analyze the distribution air-sea CO2 fluxes and pH changes in the Mozambique Basin and 81 

the African coastal zone (Metzl et al, 2025b). Here we focus on the data obtained in the southern 82 

Mozambique Channel. To complete the shipboard data after 2022 we also used data from a BGC-83 

Argo float (WMO ID 7902123) that was launched onboard R/V Sonne in the Mozambique Channel in 84 

late 2024. During some cruises (2004, 2019 and 2021) continuous underway AT and CT measurements 85 

were also performed (data available in Metzl et al, 2025a). These AT and CT data are used to compare 86 

and validate results of the pH trends based on fCO2 data. 87 

  88 
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 89 

_______________________________________________________________________________ 90 
 91 
Table 1: List of cruises in the Mozambique Channel from SOCAT-v2024 (Bakker et al, 2024). 92 
_______________________________________________________________________________ 93 
 94 
EXPOCODE  Month  Year Reference or Principal Investigator 95 
      96 
31AR19630216  5 1963 Keeling and Waterman (1968) 97 
316N19950611  6 1995 Key, R. 98 
33RO19990211  2 1999 Wanninkhof, R. 99 
49NZ20031209  12 2003 Murata, A. 100 
35MF20040106 (a) 1 2004 Metzl (2009) 101 
06BE20140710  7 2014 Steinhoff, T., Koertzinger, A 102 
33RO20180423  4 2018 Wanninkhof, R., Pierrot, D. 103 
35MV20190405 (a) 4 2019 Lo Monaco et al. (2021) 104 
35MV20210113 (a) 1 2021 Metzl et al. (2025b) 105 
35MV20220420 4 2022 Metzl et al. (2025b) 106 
_______________________________________________________________________________ 107 
(a) For these cruises underway AT CT data available at https://doi.org/10.17882/102337 108 
 109 
Figure 1: Left: Tracks of cruises in the Mozambique Channel in the SOCAT data-base, version v2024 110 

(Bakker et al., 2016; 2024). This includes recent OISO-31 and RESILIENCE cruises in 2021 and 2022. 111 

Color code is for Year. FigureBlack circles identified the coral reefs locations. Right: Tracks of cruises 112 

near the coral reefs area. Figures produced with ODV (Schlitzer, 2018). 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

2.2 Methods 135 

 136 

The methods for surface underway fCO2 and AT CT measurements were described in previous 137 

studies (e.g. Lo Monaco et al, 2021). For fCO2 measurements during OISO-11 (2004), CLIM-EPARSES 138 
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(2019), OISO-31 (2021) and RESILIENCE (2022) cruises, sea-surface water was continuously 139 

equilibrated with a "thin film" type equilibrator thermostated with surface seawater (Poisson et al., 140 

1993) and xCO2 in the dried gas was measured with a non-dispersive infrared analyzer (NDIR, 141 

Siemens Ultramat 6F). Standard gases for calibration (around 280 ppm, 350 ppm and 490 ppm) were 142 

measured every 6 hours. The sea surface temperature (SST) and equilibrium temperature were 143 

measured using SBE21 and SBE38 probes (accuracy 0.002°C) respectively. During the RESILIENCE 144 

cruise the difference of SST and equilibrium temperature was on average +0.088 ±0.066 °C (n= 6416). 145 

For all cruises, the sea surface salinity (measured with SBE21) was regularly checked with discrete 146 

samples and has been corrected if some drift was observed. The fCO2 in situ data were corrected for 147 

warming using corrections proposed by Copin-Montégut (1988, 1989). Note that when incorporated 148 

in the SOCAT data-base, the original fCO2 data are recomputed (Pfeil et al., 2013) using temperature 149 

correction from Takahashi et al. (1993). Given the very small difference between equilibrium 150 

temperature and sea surface temperature, the fCO2 data from SOCAT used in this analysis (Bakker et 151 

al., 2024) are almost identical (within 1 µatm) to the original fCO2 values. 152 

During 3 cruises, in January 2004 (OISO-11), April 2019 (CLIM-EPARSES) and January 2021 153 

(OISO-31), AT and CT were measured continuously in surface water using a potentiometric titration 154 

method (Edmond, 1970) in a closed cell. For calibration, we used the Certified Referenced Materials 155 

provided by Pr. A. Dickson (SIO, University of California). Based on repeatability from duplicate 156 

analyses of continuous sea surface sampling at the same location (when the ship was stopped) we 157 

estimated the accuracy for both AT and CT better than 4 µmol.kg-1 (Metzl et al, 2025a). The AT and CT 158 

data for these cruises are available at the Seanoe platform (https://doi.org/10.17882/102337). These 159 

data offered comparisons and validation for the calculations of the carbonate system properties 160 

using fCO2 data and AT/Salinity relationship. 161 

 162 

2.3 Carbonate system calculation and AT/Salinity relationship 163 
 164 

When two of the carbonate system properties are measured (here either fCO2, AT or CT) they 165 

can be used to calculate other species and the saturation state of aragonite (ar). Here we used the 166 
CO2sys program (version CO2sys_v2.5, Orr et al., 2018) with K1 and K2 dissociation constants from 167 
Lueker et al. (2000) and KSO4 constant from Dickson (1990). The total boron concentration is 168 
calculated according to Uppström (1974). When using fCO2 data to derive pHpHT (pHT for Total Scale) 169 
or CT, one needs AT concentrations that can be derived from salinity (e.g. Millero et al, 1998). Here 170 
we used the AT/Salinity relationship adapted to the Mozambique Channel (Lo Monaco et al, 2021).  171 
 172 
AT (µmol.kg-1) = 73.841* Salinity - (± 1.15) * SSS – 291.02 (± 40.4) (n= 548, r2= 0.88) (Eq. 1) 173 
 174 
2.4. CMEMS-LSCE-FFNN model 175 
 176 

The fCO2 data are not available each year and only for few seasons (Table 1). To complete the 177 
observations we used the results from an ensemble of feed-forward neural network model (CMEMS-178 
LSCE-FFNN or FFNN for simplicity here, Chau et al., 2024). Based on the SOCAT gridded datasets this 179 
model composes surface ocean carbonate system fields at 0.25 *x 0.25 square degree resolution and 180 
monthly scale. The reconstructed fCO2 is used to derive monthly surface CT, pHpHT and aragonite and 181 
calcite saturation states, as well as air-sea CO2 fluxes. A full description of the model is presented in 182 
Chau et al (2024).) and the datasets including uncertainties are available under the DOI 183 
https://doi.org/10.48670/moi-00047. 184 
 185 
3 Results and discussion  186 
 187 
3.1 A Repeated line in 2019 and 2022 188 
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 189 
In April 2019 and 2022 underway measurements were conducted for fCO2. The 190 

measurements of AT and CT were also performed in 2019. The tracks of the cruises enabled to select 191 
the data obtained along the same track and for the same season in the southern Channel in order to 192 
compare the observations three years apart (Figure 2). Given the variability observed around Europa 193 
Island and the front identified at 22.5°S in April 2019 (Figure 2) the data were averaged in the band 194 
23°-26°S. The mean values over the same latitudinal band (23-26°S) show significant differences 195 
between 2019 and 2022 (Table 2). In 2022 the ocean was slightly colder and saltier. Consequently, AT 196 
concentrations were also higher in 2022 but the salinity normalized AT (N-AT normalized at salinity 197 
35) were the same with a difference of +1.1 µmol/.kg-1. As expected, due to the CO2 uptake, the 198 
oceanic fCO2 and CT concentrations were higher in 2022 and pHpHT was lower. The increase of 199 
oceanic fCO2 over 3 years (+7.9 µatm) was almost the same as in the atmosphere (+7.0 µatm). At 200 
constant AT, salinity and temperature, the observed fCO2 change would translate in an increase of 201 
+4.4 µmol/.kg-1 for CT when we observed an increase of +18 µmol/.kg-1 (Table 2). We interpret this 202 
difference as being due to the regional circulation. In April 2019 southward currents would import 203 
low CT and AT whereas in April 2022 northward currents would transport colder and saltier waters 204 
with higher CT and AT. This reversed circulation is confirmed with the ADCP data recorded during the 205 
cruises as well as from the geostrophic currents (Metzl et al, 2022; Ternon et al, 2023).  206 

For pHpHT, the decrease of -0.005 over three years, i.e. -0.0017/ yr-1, is surprisingly close to 207 
what is generally observed at global scale and over several decades (-0.0170017 ±0.004 per 208 
decade0004.yr-1, Chau et al, 2024). Finally, we note that the difference between 2019 and 2022 209 
measurements is much higher than that obtained when comparing measured and calculated AT CT 210 
values (Table 2). This confirms the use of fCO2 data and adapted AT/S relationship to derive the 211 
carbonate system properties in this region (Lo Monaco et al, 2021; Metzl et al, 2025b), and to 212 
explore the seasonal cycles and long-term trends described in the next sections. 213 
  214 
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 215 
__________________________________________________________________________________ 216 
 217 
Table 2: Mean values of underway sea surface observations and their difference obtained along the 218 
same track in 2019 and 2022 in the region 23-26°S (see Figure 2). Nb is the number of data. Standard-219 
deviations are in bracket. For 2019 (CLIM-EPARSES cruise), the results from underway AT-CT 220 
measurements are listed allowing calculation of fCO2 and pH based on the AT-CT pairs which permit 221 
comparisons with those derived from fCO2 measurements. 222 
__________________________________________________________________________________ 223 
Cruise Period  Nb SST SSS AT CT fCO2 pHpHT  Atm. xCO2  224 

°C - µmol.kg-1 µatm TS ppm 225 
__________________________________________________________________________________ 226 
 227 
 228 
RESILIENCE fCO2 282 26.765 35.423 2324.6 2002.0 394.8 8.047 414.7 229 
April 2022   (0.608) (0.048) (3.6) (5.0) (3.4) (0.003) 230 
 231 
CLIM-EPARSES fCO2 294 27.497 35.288 2314.7 1984.0 386.9 8.053 407.5 232 
April 2019   (0.341) (0.084) (6.2) (7.5) (4.9) (0.004) 233 
 234 
CLIM-EPARSES AT-CT  70  27.401 35.272 2314.2 1986.1 389.7 8.050 235 
April 2019    (0.390) (0.099) (6.7) (8.8) (7.4) (0.006) 236 
 237 
Difference Method 2019  +0.096 +0.016 +0.5 -2.1 -2.9 +0.002 238 
 239 
Difference 2022-2019   -0.732 +0.135 +10.0 +18.0 +7.9 -0.005  +7.2 240 
__________________________________________________________________________________ 241 
 242 
 243 
 244 
 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
 257 
 258 
 259 
 260 
 261 
 262 
 263 
 264 
 265 
 266 
 267 
 268 
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 270 
Figure 2: Distribution of measured fCO2 (µatm), calculated CT (µmol/kg) and calculated pHpHT (TS) 271 
along a repeated track in April 2019 (blue) and April 2022 (red) in the southern Mozambique Channel. 272 
The dashed red line is for atmospheric fCO2 in 2022. The underway CT measurements in 2019 are also 273 
shown (open circles) as well as pHpHT calculated using measured AT and CT. Average values for the 274 
latitudinal band 23-26°S are presented in Table 2. 275 
 276 
 277 
 278 
 279 
 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
3.2 Seasonal variations 311 
 312 

In the Mozambique Channel, where SST presents large seasonal variations (up to 4°C), fCO2 is 313 
mainly controlled by temperature like in the Indian subtropics (e.g. Metzl et al 1998; Takahashi et al, 314 
2002; Bates et al, 2006). In this region, observations are not available for all seasons (Table 1) but the 315 
seasonal range derived from the climatology (Fay et al, 2024) or the FFNN model (Chau et al, 2024) is 316 
coherent compared to the data (Figure 3, Figure S1). The observations and the models indicate that 317 
between January and July fCO2 decreases by about 50 µatm while pHpHT increases (0.03 to 0.04 318 
units). This is a large signal compared to the expected decadal change (about +20 µatm.decade-1 for 319 
fCO2 and -0.017.decade-1 for pHpHT); therefore, to derive and interpret the trends, data have to be 320 
selected for the same season. As opposed to fCO2, CT presents lower concentrations in February-April 321 
and higher ones in July-August (Figure 4). When the mixed-layer depth (MLD) is shallow in 322 
December-March the decrease of CT is probably linked to biological activity but this is not clearly 323 
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quantified (Lo Monaco et al, 2021). The progressive CT increase of about +30 µmol/.kg-1 from March 324 
to August is likely driven by vertical mixing when MLD is deeper in summeraustral winter (Figure 4).  325 

This seasonality was well observed from repeated measurements at stations located along 326 
25°S in June 1995 and December 2003 (Figure S1S2). In June 1995 when the MLD reached 80 m, CT 327 
concentrations were homogeneous within the MLD layer. The same was true for the anthropogenic 328 
CO2 concentrations (Cant) here evaluated using the TrOCA method (Touratier et al. 2007). On the 329 
opposite, in December 2003, when the MLD was shallower, CT presented a sharp increase within the 330 
subsurface layer whereas Cant concentrations were unrealistic in surface seawaters. Although from 331 
1995 to 2003 the CT concentrations would increase by around +7 µmol/kg due to the anthropogenic 332 
CO2 uptake in that region (Murata et al, 2020; Metzl et al, 2025b), N-CT (salinity normalized CT at 333 
salinity 35) in June 1995 were almost the same as in December 2003 coherent with the seasonal 334 
cycle derived from the climatology (Figure 4). 335 

The seasonal variations of fCO2 and pHpHT in the Mozambique Channel appear thus linked to 336 
both temperature and mixing process with competition between the two drivers (Figure S2S3). In 337 
addition to the rising atmospheric CO2, these two processes probably also drive inter-annual, decadal 338 
and long-term change of fCO2 and pHpHT in the region as the Indian Ocean experienced a 339 
pronounced warming (Cheng et al., 2025). Specifically, in the southern Mozambique Channel the SST 340 
has increased by +0.11 ± 0.009 °C per decade since the 1960s (not shownFigure S4), a signal that 341 
should be taken into account when interpreting the decadal trends of carbonate properties and CO2 342 
fluxes. In January 2025 the SST anomaly reached +1.6°C at 25°S in the Channel. 343 
 344 
Figure 3: Seasonal cycle of (a) fCO2 (µatm) and (b) pH (TS)pHT in the southern Mozambique Channel 345 
(24-30°S). Average observations are presented for each cruise (greycolored circles in 2003-2014, red 346 
circles in 2018-2022). The full seasonal cycles are shown for the monthly climatology (reference year 347 
2010, Fay et al, 2024) and for the FFNN model for years 2010 and 2022 with respective error bars. 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 
 366 
 367 
 368 
 369 
 370 
 371 
 372 
 373 
 374 
 375 
 376 
  377 
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 378 
Figure 4: Seasonal cycle of CT (µmol/.kg-1) in the southern Mozambique Channel (24-30°S). Average 379 
observations are presented for each cruise (greycolored circles in 2003-2014, red circles in 2018-380 
2022). The full seasonal cycles are shown based on the monthly climatology for a reference year 2010 381 
(Fay et al, 2024) and the FFNN-LSCE model for year 2010 (Chau et al, 2024). The mixed-layer depth 382 
(MLD in m, blue line) is averaged in this region (from multi-year reprocessed monthly data, ARMOR3D 383 
L4, https://doi.org/10.48670/moi-00052, last access 20/4/2025). CT concentrations are high when 384 
MLD is deeper in austral winter. https://doi.org/10.48670/moi-00052, last access 20/4/2025). 385 
 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 
 394 
 395 
 396 
 397 
 398 
 399 
 400 
 401 
3.3 Trends in the Southern Mozambique Channel (1963-2023) 402 
 403 

In this region, the ocean is a permanent CO2 sink leading to a gradual increase of CT 404 
concentrations and decrease of pHpHT. The air-sea CO2 flux derived from the FFNN model is on 405 
average -0.249 (±0.063) molC/m2/.m-2.yr-1 (Figure 5) in the range of the climatology (-0.3 406 
molC/m2/.m-2.yr-1, Fay et al, 2024). The FFNN model also suggests that the sink increasedreinforced 407 
over 2016-2021 with a perceptible faster increase of CT (Figure S3). S5). 408 
 409 
Figure 5: Time-series of air-sea CO2 flux (black, negative for ocean sink) and CT concentration (red) 410 
averaged in the southern Mozambique Channel (24-30°S) based on the FFNN-LSCE model over 1985-411 
2023. For CT, the result is presented with a 36-month running mean. Also shown is the climatological 412 
value of the flux for year 2010 in this region (red circle, Fay et al, 2024). 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
 423 
 424 
 425 
 426 
 427 
 428 
 429 
 430 
 431 
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 432 
3.3.1 Decadal trend from fCO2 and AT CT data: January 2004 and 2021 433 
 434 

We started the analysis of the decadal change by comparing observations obtained in 435 
January 2004 and 2021 when data were available for both underway fCO2, AT and CT measurements. 436 
The comparison is focused along the tracks occupied in the same region (27-29°S/40-43°E, Figure 6, 437 
Table 3). For both cruises the differences between measurements and calculations are in the range of 438 
the errors in the CO2sys calculations (errors on measurements and constants K1, K2, Orr et al., 2018). 439 
For example, in January 2004 the pHpHT calculated with AT and CT measurements was 8.069 against 440 
8.064 when using the fCO2 data and the AT/S relationship. In 2021 the pHpHT were respectively 8.030 441 
and 8.032 (Table 3). For CT the difference between calculated and measured CT was only 4.4 442 
µmol/.kg-1 in 2004 and -1.9 µmol/.kg-1 in 2021 when the observed increase over 17 years is around 28 443 
µmol/.kg-1. We noticed that in 2021, the properties present a high variability along the track linked to 444 
the presence of eddies. The CT and AT concentrations could vary by about 20 to 40 µmol/.kg-1 at 445 
meso-scale but this has a small impact on calculated fCO2 and pHpHT, and when properties are 446 
averaged along the track (Table 3). For both periods the ocean fCO2 was close to atmospheric CO2, 447 

i.e. near equilibrium ((fCO2
ocean-fCO2

atm
 = fCO2 = -0.04 ±3.11 µatm in 2004 and 0.37 ±10.04 µatm in 448 

2021). Although there were some differences of pHpHT calculated from the two data-sets (underway 449 
fCO2 or AT CT data), the estimated pHpHT change of -0.032 or -0.040 over 17 years was large 450 
compared to the uncertainty of the CO2sys calculation. This would correspond to a pHpHT trend 451 
varying between -0.0019 and -0.0023.yr-1. This comparison of observations in January 2004 and 2021 452 
supports the use of the selected AT/S relationship for pH calculations based on all fCO2 data available 453 
over 1963–2023 in order to explore the long-term trend described in the next section. 454 
 455 
__________________________________________________________________________________ 456 
Table 3: Mean values of underway sea surface observations and their difference obtained in the 457 
same region (27-29°S/40-43°E) in January 2004 and 2021. Nb is the number of data. Standard-458 
deviations are in bracket. The results are presented for both methods (underway fCO2 or AT-CT 459 
measurements) and fCO2, pHpHT calculated with AT-CT pairs compared with those derived from fCO2 460 
measurements. The last lines are the difference for 2021 minus 2004. and errors associated to the 461 
measurements or calculations (*). 462 
__________________________________________________________________________________ 463 
Cruise Method  Nb SST SSS AT CT fCO2 pHpHT Atm. xCO2  464 
Period     °C - µmol.kg-1 µatm TS ppm 465 
__________________________________________________________________________________ 466 
 467 
OISO-11 fCO2  140 27.293 35.282 2314.2 1978.5 374.7 8.064 374.8 468 
January 2004   (0.331) (0.050) (3.7) (6.7) (3.2) (0.002)  469 
 470 
OISO-11 AT-CT   30  27.516 35.248 2315.4 1974.1 368.7 8.069 471 
January 2004    (0.609) (0.042) (7.2) (9.8) (7.6) (0.007)  472 
 473 
OISO-31 fCO2  102 27.825 35.508 2330.9 2006.8 412.5 8.032 412.2 474 
January 2021   (0.793) (0.118) (8.7) (14.1) (10.0) (0.008)  475 
 476 
OISO-31 AT-CT   17  27.916 35.515 2326.9 2003.5 414.4 8.030 477 
January 2021    (0.678) (0.139) (9.6) (18.7) (21.2) (0.017)  478 
 479 
Difference 2021-2004 480 
Underway fCO2   0.532 0.225 16.7 28.3 37.8 -0.032 37.4 481 
Underway AT-CT  0.400 0.267 11.5 29.4 45.7 -0.040 482 
__________________________________________________________________________________ 483 
 484 
 485 
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 486 
 487 
 488 
Error using fCO2  0.01 0.01 4 7.3 * 2  0.014* 489 
Error using AT-CT  0.01 0.01 4 4 13.9*  0.007* 490 
 491 
__________________________________________________________________________________ 492 
 493 
  494 
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 495 
Figure 6: Distribution of measured or calculated CT (a, µmol/ kg-1), AT (b, µmol/ kg-1), fCO2 (c, µatm) 496 
and pHpHT (d, TS) along the same track in January 2004 (black symbols) and January 2021 (grey 497 
symbols). Values derived from fCO2 measurements are in filled symbols/lines, those from the AT CT 498 
measurements in open symbols/dashed lines. In (c) the red lines represent the atmospheric CO2 in 499 
2004 and 2021. Average values and their differences are presented in Table 3. 500 
 501 
 502 
 503 
 504 
 505 
 506 
 507 
 508 
 509 
 510 
 511 
 512 
 513 
 514 
 515 
 516 
 517 
 518 
3.3.2 Multi-decadal trends from fCO2 data (1963-2023) 519 
 520 

For long-term trends, we used fCO2 observations and observations-based reconstructions 521 
averaged in the region 24-30°S (Table 4).  As the observations are not available for all seasons, we 522 
selected the period April-May to calculate the trends from the data (same season for the first and the 523 
last cruises in 1963 and 2022) whereas the FFNN model offers information for all seasons. Back in the 524 
1960s, the observations in 1963 indicate that the ocean was a CO2 sink in May (Figure 7a), the 525 

differencevalue of fCO2 = -32.2 µatm being almost the same as observed in May 2022 (fCO2 = -526 
32.5 µam). This suggests a strong link between ocean and atmospheric fCO2 (Figure S4S6). 527 

For the first observational period, the changes between 1963 and 1995 indicated a pHpHT 528 
decrease of -0.040, i.e. -0.0012 TS.yr-1.. Over 32 years this pHpHT change was driven by the CT 529 
increase (effect on pHpHT= -0.045), the AT increase (+(effect on pHT= +0.012) and the warming of 530 
0.95°C (-(effect on pHT= -0.015). Between 1995 and 2022 the observed decrease accelerated to -531 
0.0027 (±0.0003) TS.yr-1 (Table 4). In contrast, the neural network suggested smaller pHpHT trends. 532 
However, as in the observations, the pHannual pHT change from the model was faster in recent 533 
decades (-0.0018 TS.yr-1 over 1995-2022 against -0.0011 TS.yr-1 over 1985-1995, Table 4). The model 534 
also suggested different trends depending on the season. The pHpHT trend appeared indeed faster in 535 
July (when the ocean CO2 sink is stronger) than in January or April (Table 4). 536 

The new data in 2021 and 2022 and the FFNN model extended to 2023 confirmed a previous 537 
analysis in the Mozambique Channel (Lo Monaco et al, 2021) with a pHpHT trend of -0.0023 TS.yr-1 538 
(±0.00048) over 1995–2019. Our new results in the southern Mozambique Channel are also in the 539 
range of the pHpHT trends previously evaluated at basin scale in the Indian Ocean, -0.0027 TS.yr-1 540 
(±0.0005) over 1991-2011 (Lauvset et al, 2015). High resolution ocean models applied to the 541 
northern Indian Ocean also suggest an acceleration of the acidification, with pHpHT trend reaching -542 
0.0019 TS.yr-1 (±0.0004) in 2010–2019 (Chakraborty et al, 2024), somehow lower than our estimate 543 
based on observations at regional scale in the Mozambique Channel (-0.0027 TS.yr-1 ±0.0003 in 1995-544 
2022, Table 4). 545 
 546 
 547 
 548 
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 551 
__________________________________________________________________________________________ 552 
Table 4: Trends of properties in the southern Mozambique Channel derived from observations and the FFNN 553 
model. For observations, the trends are evaluated for April-May season only. For FFNN, trends are estimated 554 
for all seasons or only for January, April, May and July. Standard-deviations are in bracket. 555 
______________________________________________________________ 556 
Method  Period   fCO2   CT AT  pHpHT   557 
    µatm.yr

-1
 µmol.kg.yr

-1
 TS.yr

-1
 558 

______________________________________________________________ 559 
 560 
Obs April-May 1963-1995 1.11   0.91 0.52 -0.0012 561 
 562 
Obs April-May 1963-2022 1.84   0.69 0.08 -0.0020   563 

(0.21)   (0.20) (0.13)  (0.0002)   564 
 565 
Obs April-May 1995-2022 2.57   0.49 -0.34 -0.0027  566 

(0.30)   (0.52) (0.22)  (0.0003) 567 
 568 
FFNN annual  1985-2023 1.76  0.99 0.02 -0.0017 569 

(0.05)  (0.04) (0.02) (0.0001) 570 
 571 
FFNN annual  1985-1995 1.15  1.03 0.00 -0.0011 572 

(0.34)  (0.29) (0.08) (0.0004) 573 
 574 
FFNN annual  1995-2022 1.84  1.10 0.06 -0.0018 575 

(0.09)  (0.07) (0.03) (0.0001) 576 
 577 
FFNN January 1985-2023 1.61  0.75 0.00 -0.0015 578 

(0.03)  (0.07) (0.05) (0.0000) 579 
 580 
FFNN April  1985-2023 1.74  1.01 0.03 -0.0017 581 

(0.03)  (0.07) (0.07) (0.0000) 582 
 583 
FFNN May  1985-2023 1.71  1.07 0.07 -0.0017 584 
    (0.03)  (0.05) (0.05) (0.0000) 585 
 586 
FFNN July  1985-2023 1.97  1.17 0.04 -0.0020 587 

(0.04)  (0.05) (0.02) (0.0000) 588 
________________________________________________________________ 589 
 590 

The aragonite saturation state (ar) was lower during austral summer (July-September). In 591 
May 1963, we estimated an aragonite saturation state of 3.86 (Figure 7c). It dropped to 3.49 in May 592 

2022, a value close to that observed in July 2014 (3.47). The lowest ar value of 3.23 was identified in 593 

September 2023 from the FFNN model. At that period, ar was lower than 3.3 in the south of 20°S in 594 

the Mozambique Channel (Figure S5S7). This is close to the hypothetical critical threshold of ar = 595 
3.25, i.e. a risky level for coral reefs in the ocean claimed by Hoegh-Guldberg et al., (2007). Note that 596 

there are reefs know to thrive at ar < 3.250 like at volcanic CO2 seeps in Papua New Guinea (ar = 597 
2.41, Strahl et al 2015; see also review by Camp et al. 2018) but that their species composition and 598 
coral cover isare different than at ambient conditions (i.e.g. Strahl et al. 2015 in Papua New Guinea; 599 

see also review by Camp et al. 2018). ar>3.3 considering Hoegh-Gulberg et al 2007). However, Strahl 600 
et al (2015) showed that calcification rate seems to vary among coral species, suggesting take 601 

conclusions of Hoegh-Gulberg et al (2007) with caution. With an annual trend of -0.010.yr-1 for ar 602 
over 1985-2023, a value of 3.3 would be reached in 2060 in summer whereas it was already observed 603 
in 2020 in winter with possible consequences on reef species composition and functioning (Tribollet 604 
al 2009, 2019; Schönberg et al 2017; Camp et al. 2018; Eyre et al. 2018; Cornwall et al 2021). 605 

Although there are differences depending on the season and the method (in-situ 606 
observations, extrapolation of sparse in-situ observations through a FFNN model) all results suggest 607 
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an acceleration of the acidification in the last few years (Table 4, Figure 7) and a decrease of ar that 608 
are mainly driven by the CT increase through continuous ocean CO2 uptake (Ma et al, 2023). Given 609 
the rapid change of atmospheric CO2 in the recent years (up to +3.77 ppm.yr-1 in 2024, Lan et al, 610 
2025) how the carbonate system will change in the near future in this region and will impact corals 611 
reefs that are abundant (from Europa to Mayotte in the Mozambique Chanel) and subject to global 612 
warming, marine heat waves (e.g. Mawren et al, 2022; Alaguarda et al. 2022), ocean acidification, 613 
higher frequency of tropical cyclones and anthropogenic pressures (overfishing for instance), remains 614 
an important question. 615 
 616 

Figure 7: Time-series of fCO2 (a), pHpHT (b) and ar (c) in the southern Mozambique Channel (24-30°S) 617 
based on averaged observations (circles) and the FFNN-LSCE model over 1985-2023. In (a) the red line 618 
represents the atmospheric CO2. Available observations are shown for all seasons but the trends 619 
(Table 4) evaluated using only April-May data (red circles). 620 
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 659 
3.4 Projection in the near future  660 
 661 

A recent analysis found that the Cant concentrations in subsurface water in the Mozambique 662 
Basin were positively related to atmospheric CO2 with a slope of +0.512 ±0.050 µmol kg-1 µatm-1 663 
(Metzl et al, 2025b, Figure S8). Here, we assume that this relationship is valid for the southern 664 
Mozambique Channel. To reconstruct the past and future change of the carbonate system properties 665 
we calculated the CT concentration over 1960-2100 by correcting CT for each year using the 666 
relationship between Cant and atmospheric CO2.  667 
 668 
CT(t) = CT(t-1)+ Cant(t)-Cant(t-1) (Eq. 2) 669 
 670 

For future atmospheric CO2, we used two SSP emissions scenarios (Shared Socioeconomic 671 
Pathways, Meinshausen et al., 2020), a “high” emission scenario SSP5-8.5 and a stabilization scenario 672 
SSP2-4.5 (Figure 8a). To explore the change of the aragonite saturation state, we applied this model 673 

(Eq. 2) for August when ar is lowthe lowest. Temperature and salinity were fixed from the 674 

climatology in August (SST =22.685 °C; SSS = 35.303) and fCO2, pHpHT and ar were calculated each 675 
year with the CT AT pairs using version CO2sys_v2.5 (Orr et al, 2018). The reconstructed CT, fCO2, 676 

pHpHT andar for August compared well with the observations (in July) and with the FFNN model in 677 
August (Figure 8; Table S1, Figure S9) indicating that the simulation captured the decadal evolution of 678 
the properties. For the future, differences between the two scenarios (SSP5-8.5 and SSP2-4.5) are 679 
pronounced after 2030 (Figure 8). For the high scenario the CT concentrations reaches 2060 µmol/.kg-680 
1 in 2040 and pHpHT is as low as 8. In both scenarios, the carbonate ion concentrations dropped 681 
below 200 µmol/.kg-1 in 2028. As noted above, the aragonite saturation state based on observations 682 

was 3.47 in July 2014 (Figure 7c and blue symbol in Figure 8d) and the lowest ar value of 3.23 683 
occurred in August-September 2023 (from the FFNN model, Figure 7c and 8d). The same is estimated 684 

in the projection (Figure 7d), close to the critical threshold of ar = 3.25 for tropical coral reefs. 685 
 686 

Figure 8: Time-series of (a) atmospheric and oceanic fCO2, (b) CT concentrations, (c) pHpHT and (d) ar 687 
in the southern Mozambique Channel based on a reconstruction for August for two scenario (SSP85, 688 
black line, SSP45 grey lines). Averaged observations (all seasons, July in blue) and the FFNN-LSCE 689 
model over 1985-2023 in August (orange) are also shown. 690 
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 726 
As of January 2025, the atmospheric CO2 is 426 ppm and 450 ppm should be reached in 2030 727 

in the high scenario SSP5-8.5 (Figure 8a). In a global ocean model it has been suggested that at 450 728 

ppm ar would be around 3 in the South Indian Ocean and the Mozambique Channel, against 4 for 729 

pre-industrial ar (Figure 4 in Hoegh-Guldberg et al., 2007). In our simulation, at 450 ppm, ar is 730 
equal to 3.13 against 3.8 based on observations in May 1963. Extrapolating our result back in time, 731 

we estimated pHpHT at 8.18 and ar equal to 4 at 280 ppm, close to the pre-industrial value 732 
estimated from dedicated reconstructions (Lo Monaco et al, 2021) or in global ocean models (Hoegh-733 
Guldberg et al. 2007; Jiang et al, 2023). 734 

Our calculation suggests that for a high emission scenario a risky level for corals (ar < 3, 735 
Hoegh-Guldberg et al., 2007) could be reached as soon as year 2034, i.e. in the next 10 years. This 736 
calls for maintaining regular carbonate system observations in this region, if possible at all seasons, in 737 
order to follow at best their evolution and the potential impact on the channel ecosystem and 738 
especially coral reefs in the context of global warming and acidification that will dramatically persist 739 
in the near future. 740 

 741 
3.5 A large anomaly observed in 2025  742 
 743 

As mentioned above, fCO2 data are relatively sparse in the Mozambique Channel and should 744 
be obtained for all seasons. To complete the shipboard observations, biogeochemical (BGC) Argo 745 
floats have been developed and successfully used for 10 years for air-sea CO2 flux estimates and/or 746 
acidification especially in the Southern Ocean in the frame of the SOCCOM project (e.g. Sarmiento et 747 
al, 2023; Mazloff et al, 2023; Metzl et al, 2025d). The floats record profiles down to 1000 or 2000 m 748 
at a 10-day frequency. In November 2024, a BGC-Argo float (WMO ID 7902123) was launched in the 749 
Mozambique Channel at 38.51°E/22.65°S (last profile used here recorded on 4th May 2025). The 750 

fCO2 and ar from the pHT float data were calculated using CO2sys as for the shipboard data (section 751 
2.3). Interestingly, the float recorded high temperature in January 2025 (up to 29.8°C, Figure 9a), a 752 
signal probably linked to a MHW (Figure S6S10) that occurred at high frequency in this region 753 
(Mawren et al, 2022). Sea surface temperature from reanalysis products suggests a temperature as 754 
high as 31°C in this region in January 2025 (Figure S6S10). Consequently, the sea surface fCO2 derived 755 
from the float pHpHT data reached values above 480 µatm (Figure 9b). This leads to a strong CO2 756 
source anomaly, in line with CO2 fluxes anomalies associated to MHW in the South Indian subtropics 757 
(e.g. Li et al, 2024). The lowest pHpHT of 7.95 was recorded on 11th January 2025, i.e. lower than the 758 
pHpHT derived from the FFNN model (Figure 7b). The aragonite saturation state derived from the 759 
BGC-Argo data reached 3.2 in March 2025, the same as that which we estimate in 2025 from the 760 
simulation (Figure 8d). The observations from the BGC-Argo offer important information to 761 
complement the shipboard data and should be used along with SOCAT data to test constraint data-762 
based products. 763 
  764 
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 765 

Figure 9: Time-series of (a) SST and pHpHT, and (b) fCO2 and ar in the southern Mozambique Channel 766 
based on BGC-Argo data (WMO7902123) in November 2024 to May 2025 (location of data in the 767 
insert map). Data from https://www.mbari.org/products/data-repository/, last access 9/5/2025. 768 
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 793 
4. Summary and concluding remarks 794 
 795 

New observations in 2021 and 2022 and historical fCO2 data available since 1963 in the 796 
Mozambique Channel were used to evaluate the decadal trends of the carbonate system in this 797 
region. With adapted AT/S relationship for this region, we calculated CT concentrations, pHpHT and 798 

ar. This calculation is first validated with in-situ AT and CT measurements obtained in January 2004, 799 
April 2019 and January 2021. Based on the data in January 2004 and 2021, we found a pHpHT 800 
decrease of -0.032 (using fCO2 data) and -0.040 (using AT CT data) over 17 years. Because the 801 
seasonality is large, the decadal trends based on fCO2 observations in 1963-2022 are evaluated for 802 
one season only (April-May). A FFNN model that reconstructed the monthly fields of the carbonate 803 
system is also used to investigate the trends for all seasons, but restricted to the period 1985-2023. 804 

In this region where the ocean is a permanent CO2 sink of -0.25 (±0.06) molC/m2/.m-2.yr-1, 805 
fCO2 observations available in April-May translate an acceleration of the acidification ranging from -806 
0.012 TS.decade-1 in 1963-1995 to -0.027 (±0.003) TS.decade-1 in 1995-2022. Result from the FFNN 807 
model for all seasons suggest smaller pHpHT trends but, like in the observations, the decrease of 808 
pHpHT was faster in recent decades, -0.011 TS.decade-1 over 1985-1995 and -0.018 TS.decade-1 over 809 
1995-2022. The FFNN model also suggests a faster trend in austral winter when the ocean CO2 sink is 810 

stronger and when the aragonite saturation state (ar) is low. In May 2022 we estimated ar = 3.49, 811 

about 0.3 lower than observed in May 1963 (ar = 3.86). The lowest ar value of 3.23 was evaluated 812 
from the FFNN model in September 2023 that corresponds to the potential critical threshold value 813 
(3.25) for net reef accretion (Hoegh-Gulberg et al 2007) and could conduct to net reef dissolution 814 
(Eyre et al. 2018; Tribollet et al. 2019; Cornwall et al 2021). 815 

A simple reconstruction and projection of the CT concentrations based on anthropogenic CO2 816 
in subsurface water and emissions scenario, suggests that the aragonite saturation state could be as 817 
low as 3 in the next 10 years. Following a previous work (Lo Monaco et al, 2021), the new data 818 

https://www.mbari.org/products/data-repository/
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presented here clearly reveal the progressive acidification in the Mozambique Channel and its 819 
acceleration in the recent decade with potential impacts on ecosystem including corals reefs areas 820 
like at Europa and Bassa de India. In a context where there is no sign of a slowdown in anthropogenic 821 
emissions, this already obvious acidification is alarming for the ocean health (Gattuso et al, 2015) and 822 
potential feedback on the ocean carbon cycle in general (e.g. Barrett et al, 2025). Understanding and 823 
quantifying the future response of phytoplanktonic and reef species in the context of global warming 824 
and acidification calls for adapted ocean biogeochemical models (Cornwall et al 2021) to take into 825 
account dynamics of bioerosion processes (see Schönberg et al 2017). In the Mozambique Channel, 826 
observations are still very sparse and the new observations presented here, including recent BGC-827 
Agro data, offer important information to validate regional and global biogeochemical models that 828 
are not yet able to simulate correctly the seasonal cycle and decadal variability of the oceanic 829 
carbonate system. We strongly claim for maintaining regular sampling of ocean carbonate system 830 
parameters to reduce the model uncertainties and for adapted strategies at both scientific and 831 
political actions in the future. 832 
 833 
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