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27 Abstract

28 One potentially scalable method to remove CO, from the air is ocean alkalinity
29 enhancement (OAE), which works to lower surface ocean partial pressure (pCO,) and
30 accelerate CO, sequestration and durable storage. This study explores how OAE might
31 affect the seasonal carbon cycle, which plays a key role in the ocean’s annual CO, uptake.
32 By analysing earth system model simulations of OAE implemented continuously at the
33  European coastline until 2100 under low and high climate forcing, it was found that: when
34 carbon cycle seasonality is temperature-driven, a) OAE enhances CO, uptake in winter,
35 when it is naturally strongest, and it reduces ocean pCO, in summer, when it is naturally
36  highest; b) higher CO, emissions increase the sensitivity of the seasonal carbon cycle; c) a
37  region with a shallow bathymetry and well-mixed waters may be ideal for implementing
38  OAE due to fast air-sea CO, equilibration.

39
40  Short summary

41 While reducing emissions, technologies are being developed to sequester carbon
42 dioxide (CO,) from the air. Among the proposed options is ocean alkalinity enhancement
43 (OAE), which works to lower the CO, concentration in seawater and accelerate its uptake
44  from the atmosphere as a compensatory effect. As seasonality is important for the annual
45 air-sea CO, exchange, this research investigates OAE impacts on the seasonal carbon

46  cycle analysing outputs from a numerical earth system model.
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60 1Introduction

61 The ocean constitutes a valuable resource for climate stabilisation, absorbing much of
62  the earth’s excess heat and storing vast amounts of carbon in its interior and deep waters
63  (Friedlingstein et al.,, 2022; Scott-Buechler & Greene, 2019). Thus, research on marine
64 carbon dioxide removal (CDR) has been expanding, focusing on the use of wetlands,
65 continental shelves and the open ocean to enhance natural CO, removal processes. One
66  marine CDR method under investigation is ocean alkalinity enhancement (OAE), which aims
67 1o accelerate the ocean CO, uptake through weathering, namely the breakdown of rocks
68 and minerals by water-induced chemical reactions whereby atmospheric CO, is consumed

69 and eventually stored in the ocean for millenia.

70 OAE can be realised by releasing alkaline minerals or solutions at the ocean surface,
71 which would chemically convert aqueous CO, (CO,(aq)) into stable bicarbonate (HCO;™) and
72 carbonate (CO,?) ions, that together constitute the dissolved inorganic carbon (DIC) pool.
73 This process would lower the ocean CO, partial pressure (pCO,) and allow for additional
74  CO, uptake from the atmosphere to restore the altered equilibrium. Additionally, by
75 increasing the ocean’s buffering capacity, OAE would have the benefit of temporarily

76  reducing seawater acidification.

77 CO, seasonality is a major component of the annual net ocean flux. It is mainly
78 controlled by sea surface temperature (SST), its thermal component, and DIC, its
79  biophysical component (Fassbender et al., 2022). SST acts on the chemical solubility of
80 gases in seawater, favouring CO, dissolution in winter and CO, outgassing in summer
81  (Williams & Follows, 2011). Conversely, DIC leads to CO, loss in winter, when enhanced
82  vertical mixing and organic matter (OM) respiration increase carbon content at the top
83 layer, and to CO, uptake in summer, when OM production prevails and reduces surface DIC.
84  As SST and DIC are counteracting drivers (Lerner et al., 2021; Gallego et al., 2018, Takahashi
85 et al., 2002), the one that dominates determines the ocean’s role as either a net annual

86 CO, source or sink at a given location.

87 Changes to the CO, flux seasonality can further perturb the ocean carbon cycle,
88 including earlier calcium carbonate undersaturation (Kwiatkowski et al., 2022) and
89 intensified ocean acidification (Sasse et al., 2015), other than acting upon inter-annual
90 variability patterns (Rustogi et al., 2023). Moreover, the ocean pCO, seasonal cycle is
91  expected to increase due to rising atmospheric CO, concentrations and a higher oceanic

92  CO, background, independently of the seasonal driver (Gallego et al., 2018).

93 Although OAE has been widely investigated to account for theoretical benefits and
94  challenges, little attention has been given to its effects on the seasonal carbon cycle. For
95 example, OAE could cause asymmetrical or phase shifts to the air-sea CO, flux, or alter

96  seasonal extrema. These modifications could in turn affect the ocean’s net annual uptake,
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97  with potential reflections on marine ecosystems at different scales. Additionally, while the
98 atmosphere reacts to system stimuli at short timescales, the ocean system can take
99 several seasons to respond (Salt et al, 2013) and understanding such time lags is
100 necessary to account for OAE impacts. Lastly, OAE efficiency would likely be influenced by
101  changes to the Revelle factor, which quantifies the ocean’s sensitivity to pH changes
102  resulting from increasing atmospheric CO,: the lower the Revelle factor, the larger the
103  seawater buffering capacity against CO, perturbations (Egleston et al., 2010). For example,
104  Schwinger et al. (2024) found that, per unit of alkalinity addition, higher atmospheric CO,

105 drives larger ocean uptake mainly because of the associated chemical efficiencu.

106 To address these knowledge gaps, we explored seasonal carbon dynamics using
107  output data from an earth system model (ESM) that simulated OAE along the European
108  coastline under a low- and a high-emission Shared Socio-economic Pathway (SSP)
109  (SSP1-2.6 and SSP3-7.0, respectively). Our study aims to (a) analyse the impacts of OAE on
110  seasonal carbon cycle components, and (b) evaluate the influence of the background

111 climate scenario on such outcomes.

112

113 2 Materials and Methods

114 2.1 Earth System Model

115 The simulations used in this manuscript were run using the Flexible Ocean and Climate

116  Infrastructure (FOCI) ESM (Matthes et al, 2020). FOCI consists of an
117  atmosphere-ocean-sea ice general circulation model with a surface land component,
118  coupling the Nucleus for European Modelling of the Ocean (NEMO03.6, Madec and The
119  NEMO Team, 2015) for ocean and sea-ice, the Jena Scheme for Biosphere-Atmosphere
120 Coupling in Hamburg (JSBACH; Brovkin et al, 2013) for the land, and
121 ECHAMG.3-HAM2.3-M0Z1.0 (ECHAMB-HAMMOZ; Schultz et al., 2018) for the atmosphere.
122 The ocean is divided into 46 vertical layers with a horizontal resolution of 1/2° and the

123  atmosphere is composed of 95 vertical layers with a horizontal resolution of ~1.8°.

124 In addition to simulating the land carbon cycle, FOCI incorporates the Model of
125 Oceanic Pelagic Stoichiometry (MOPS) (Kriest & Oschlies, 2015) to enable the
126  representation of marine biogeochemical processes and the ocean carbon cycle. MOPS
127  resolves biological dynamics such as phytoplankton carbon uptake and remineralisation,

128  calcite formation and dissolution (Chien et al., 2022).

129 In FOCI, both alkalinity and DIC agree well with observations, while still showing a
130  positive bias at the surface and a negative bias below 3000 meters of depth (Chien et al.,
131 2022). Most DIC variations are due to OM build-up and CO, flux variations, while alkalinity is
132 a prognostic tracer simulated as a combination of biological sources and sinks with:
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133  nitrate and phosphate supply as sinks, calcium carbonate production and dissolution as
134  sink and source, respectively, and OM formation and remineralisation as sink and source,
135 respectively (Chien et al., 2022).

136
137 2.1 Experimental design
138 A 1500-year spin-up was carried out with ‘physics-only’ FOCI, followed by a 500-year

139  spin-up including MOPS (Chien et al., 2022). Then, historical simulations were run from
140 1850 to 2014, when the SSPs begin (Riahi et al., 2017). All spin-ups, baseline simulations
141 and forcings adhered to the CMIP6 protocol (O’Neill et al., 2016). In order to investigate the
142 role of the climate scenario on OAE application, a low- and high-emission SSP have been
143  selected, namely SSP1-2.6 and SSP3-7.0. Simulations were run in emission-driven mode,
144  such that atmospheric carbon is exchanged with the ocean and the terrestrial biosphere.

145

146  Figure 1: Spatial implementation of OAE in European waters. The black strip indicates a
147  50-km-wide zone of alkalinity addition, while the red rectangle marks the study area
148  analysed in this manuscript. The map also shows the bathymetry of the North Sea,

149  identified as a key hotspot region in this analysis.
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151

152 In the OAE simulations, alkalinity is added continuously and uniformly along a
153  B50-km-wide strip of the European coastline, with the exclusion of the Baltic and
154  Mediterranean seas (fig. 1). OAE is applied from 2025 to 2100, with linear increase over the
155 first decade of addition (2025-2034), until the alkalinity equivalent of 1 Gt y-1 of
156  fast-reacting calcium hydroxide (Ca(OH),) is reached. From 2035, this amount, equal to 1.4
157 pumol C m-2 y-1, is held constant until the end of the century.

158 Theoretically, Ca(OH), consumes two moles of atmospheric CO, and produces one
159  mole of calcium (Ca?*) and two moles of bicarbonate, therefore increasing alkalinity by a
160  factor of two (eq. (1)) (Chien et al., 2022):

161

162 Ca(OH), + 2C0, ¢ Ca?* + 2HCO;" m

163

164 2.3 Data processing

165 The global output data delivered by FOCI was sliced to the European region, depicted

166 by the red rectangle in fig. 1. This helps maintain some focus beyond the European
167  coastline without diluting the OAE signal, as Palmiéri & Yool (2024) showed that part of the
168  OAE-driven carbon uptake can happen far from the implementation region. Our analysis
169 compares the area of coastal addition (black line in fig. 1), which offers details on regime
170 shifts taking place at the epicenter of the domain, with the European region (including its

171 coastline), which measures how the European system as a whole might respond to OAE.

172 Assuming that the most visible baseline-to-OAE differences are detected towards the
173 end of the century, the annual cycle averaged over the last simulation decade
174  (2090-2099) is considered here. While ocean pCO, and the CO, flux are written out only for
175  the surface, alkalinity is calculated over all 46 FOCI ocean layers. Thus, the variable was
176  vertically averaged over a seasonally- and scenario-dependent mixed layer depth (MLD)
177 (also a FOCI output variable defined from potential density), which is the region in direct
178  contact with the atmosphere. The alkalinity that is subducted below the MLD is assumed
179  not to induce CO, uptake by the ocean on short timescales (He & Tyka, 2023).

180

181 3 Results

182 3.1 The baseline seasonal state in the study area

183 Being a continental shelf pump, the North Sea (NS) plays an important role in carbon

184  uptake by transferring atmospheric CO, into interior waters and ultimately to the open
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185 ocean (Prowe et al., 2009). Furthermore, this is the region where the OAE-driven seasonal
186  change signal is strongest in our model. To provide context for interpreting the results, we
187  thus analyse the SSP1-2.6 baseline seasonal state in the NS for the CO, flux (fig. 2a) and
188  for its driving variables: MLD (fig. 2b), surface net primary production (NPP) (fig. 2¢), and
189  SST (fig. 2d).

190 In line with previous research, the seasonal air-sea CO, flux in the study area is
191  characterised by two biogeochemical provinces, one in the North and the other in the
192 South (Thomas et al., 2004). Biology dominates in the seasonally-stratified northern NS,
193  where winter mixing deepens the mixed layer (fig. 2b) and replenishes surface nutrients.
194  With the onset of spring stratification, the resulting shallow MLD retains nutrients in the
195 euphotic zone, supporting high NPP (fig. 2c) and sequentially driving CO, uptake (fig 2a).
196  Accumulated OM then sinks below the surface layer, where remineralisation can happen
197  far from atmospheric contact. At this location, CO, sequestration through carbon fixation
198 outweighs temperature-driven outgassing, turning the area into a strong carbon sink (Salt
199 et al, 2013; Prowe et al., 2009).

200

201 Figure 2: Hovmodller diagram of the zonally-averaged North Sea section for the
202 SSP1-2.6 baseline seasonal cycle of (a) the CO, flux, (b) mixed layer depth (MLD), (c)
203  surface net primary production (NPP), and (d) sea surface temperature (SST) over the
204  2090-2099 mean. In the CO, flux plot, negative values indicate ocean uptake.
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206

207 In the southern NS and the adjacent European continental shelf, the air-sea CO,
208  exchange is primarily controlled by SST (fig. 2d) (Salt et al., 2013). Due to the shallow NS
209  bathymetry (fig. 1) and limited MLD variation (fig. 2b), a well-mixed water column is created
210 year-round. This prevents the seasonal build-up and re-entrainment of nutrients
211 remineralised below the surface during summer, thereby limiting new NPP (fig. 2c). The

212 southern NS is a region of weak CO, source to the atmosphere (fig. 2a), as the OM
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213  production and remineralisation happen within the same surface compartment, where CO,
214 can easily be exchanged with the atmosphere, and community respiration outweighs
215  photosynthetic activity (Artioli et al., 2012, Prowe et al., 2009, Thomas et al., 2004).

216
217 3.2 OAE-driven modifications to the seasonal carbon cycle
218 For the European average in SSP1-2.6 (fig. 3a), baseline surface alkalinity has lowest

219  values in summer and highest values in winter, with respective extremes of 2198 and 2209
220  umol kg-1. With OAE, alkalinity increases throughout the year: SSP1-2.6 baseline values are
221 higher than SSP3-7.0 (fig. 3b), although OAE increases surface alkalinity relatively less

222 than under high emissions. Under both scenarios, the largest change happens in August.

223 At the coastline (fig. 3g, h), OAE increases surface ocean alkalinity up to 2672 umol
224  kg-1 in SSP1-2.6 and 2685 umol kg-1 in SSP3-7.0, both in summer. Furthermore, the
225 amplitude of the seasonal cycle increases slightly compared to the baseline, amounting

226 10108 umol kg-1 and to 138 umol kg-1in the low- and high-emission scenario, respectivelu.

227 Under both scenarios and in both coastal and European waters, alkalinity addition
228 reverses its surface seasonal cycle, with summer values exceeding winter values. While
229 under natural conditions, alkalinity increases with depth, and winter mixing helps
230  replenish the upper ocean from deeper layers, in the OAE simulations, alkalinity is added at
231 the surface, and stronger vertical stratification in summer leads to greater alkalinity

232 retention in the top layer.
233

234  Figure 3: Seasonal cycle averaged over 2090-2099 for surface alkalinity, ocean pCO,, and
235 the CO, flux, with the OAE-baseline difference depicted by the green line. From left to
236  right, columns indicate the European average (top) in SSP1-2.6 (a, c, €) and in SSP3-7.0 (b,
237  d, f), and the coastline average (bottom) in SSP1-2.6 (g, i, k) and in SSP3-7.0 (h, j, ). In the

238  CO, flux plots, negative values indicate ocean uptake.

239
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242 Under both SSPs, the MLD-averaged alkalinity spatial pattern reveals strongest

243  variation in the southern NS as well as by the UK coastline, where the seasonal amplitude
244  grows strongly. In S8SP3-7.0 (fig. 4c), the seasonal amplification signal extends over a
245  slightly wider area than in SSP1-2.6 (fig. 4a), while open ocean regions like Iceland, Spain

246  and Norway show less strong changes compared to the baseline.

247 For ocean pCO,, the European average in SSP1-2.6 (fig. 3c) is characterised by lowest
248  and highest values in May and August, respectively, with a mean seasonal amplitude of 35
249  patm. Ocean pCO, minima are identified in spring as a result of phytoplankton bloom and
250  consequent high NPP (fig. 2c), whereby CO, is drawn down by photosynthetic fixation. In
251 the OAE simulation, ocean pCO, absolute values drop and the amplitude decreases from 35
252 patm to 23 patm in SSP1-2.6 and from 73 patm to 55 patm in SSP3-7.0.

253 At the coastline, ocean pCO, is directly influenced by the OAE-driven reversal of the
254  alkalinity seasonal cycle: highest (lowest) summer (winter) values in the baseline become
255 lowest (highest) in the OAE scenario. In SSP1-2.6 (fig. 3i), ocean pCO, decreases by about
256 200 patm, and the amplitude is reduced by 11 patm. In SSP3-7.0 (fig. 3j), OAE doubles the
257  reduction of ocean pCO, values compared to SSP1-2.6 and values become similar to the

258 low warming baseline, though the amplitude is enhanced by 11 patm.

259 OAE reduces surface ocean pCO, in all cases, with the strongest variation occurring in
260 summer, when natural ocean pCO, reaches its peak. This indicates that, in our simulations,
261 alkalinity addition produces the greatest pCO, decline during periods of natural CO,
262  outgassing. At the European average, this results in a reduction of the seasonal pCO,

263 amplitude that is more pronounced under low emissions. Along the coastline, while
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264  SSP1-2.6 shows an amplitude reduction, SSP3-7.0 leads to an amplitude increase. Thus,
265  while in a low-warming climate, alkalised water becomes less sensitive to DIC fluctuations,
266  higher atmospheric CO, partially counteracts the buffering effect driven by alkalinity
267  addition, leading to a higher Revelle factor.

268

269  Figure 4: Seasonal amplitude change (OAE - baseline) averaged over 2090-2099 for (a, d)
270 MLD-averaged alkalinity, for (b, €) ocean pCO, and for (c, f) the air-sea CO, flux. The top
271 row is SSP1-2.6 and the bottom row is SSP3-7.0. CO, flux calculations are performed on the
272 atmospheric component of FOCI, which has a coarser resolution than the ocean

273  component.
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277 In SSP1-2.6 (fig. 4b), a distinct spatial pattern of pCO, seasonal change is identified,

278  with two diverging geographies: at higher latitudes, including Iceland, the Norwegian and
279  British North-West bank, the seasonal amplitude is slightly more pronounced than the
280  baseline, while at lower latitudes, namely the mainland shoreline and the
281  central-to-southern UK coasts, the seasonal cycle is strongly mitigated. In SSP3-7.0 (fig.
282  4e), results are magnified in Iceland, in the Southern NS, in the UK and Irish coasts.

283  Exceptions are found in the central NS and Northern Spain, where strong seasonal

10
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284  amplification is displayed, and by the Norwegian coast, where the ocean pCO, seasonal

285 cycleis reduced.

286 As for the CO, flux, seasonality is driven by temperature in our study area: the system
287  outgasses (takes up) CO, in summer (winter), at lowest (highest) chemical solubility, and
288  the largest CO, release happens between July and August. Alkalinity addition enhances
289  the CO, flux seasonal cycle everywhere and under both warming scenarios, turning the
290  system into a CO, sink year-round. CO, uptake grows more strongly in winter, meaning that
291  alkalinisation impacts are largest when ocean uptake is naturally highest, and in SSP3-7.0,
292  meaning that the system becomes more sensitive under higher emissions.

293 For the European average, OAE-induced CO, flux amplitude has an average span of
294 0471 kg m-2 yr-1 in SSP1-2.6 and 0.281 kg m-2 yr-1 in SSP3-7.0, compared to their
295 respective baselines (0118 kg m-2 yr-1 and 0.191 kg m-2 yr-1). At the coastline in the
296  OAE-driven SSP1-2.6 simulation, the CO, flux seasonal amplitude is 0.329 kg m-2 yr-1,
297  therefore more than doubling the baseline amplitude of 0114 kg m-2 yr-1. With an
298 amplitude of 0.505 kg m-2 yr-1, the OAE seasonal CO, flux in SSP3-7.0 is more than 2.5
299  times larger than the baseline (0.199 kg m-2 yr-1). Spatially, in SSP1-2.6, the OAE scenario
300 reveals largest CO, seasonal flux amplification along the European continental coastline,
301 and the signal remains strong until the connection with the open ocean (fig. 4c). Seasonal
302 amplification is enhanced under high emissions (fig. 4f), especially in the southern NS, at
303 the UK coastline and in North-West Iceland.

304
305 5 Discussion
306 Our results show that significant system perturbations happen within the model

307 domain, especially in close proximity to the alkalinity addition site. However, this
308 manuscript does not address alkalised water that is subducted before air-sea equilibration
309 is complete, and uncertainty remains on whether that water could resurface to drive CO,
310  uptake elsewhere. In Palmiéri & Yool (2024), for example, it was estimated that about 50%
311 of CO, uptake favoured by global coastal OAE happened remotely from the alkalinity

312  injection sites.

313 In agreement with Schwinger (2022), OAE works to amplify the CO, seasonal flux,
314  prompting greater carbon uptake during winter. This is because OAE effects are larger in
315 the season where higher CO, drawdown occurs naturally. Additionally, OAE-induced
316 modifications to ocean pCO, are highest in the season where the associated seasonal
317  driver reduces the ocean CO, sink potential, as alkalised water minimises pCO, sensitivity
318  to DIC flux modulations and strengthens the ocean’s buffering capacity, thus lowering the

319 Revelle factor. Spatial variations across latitudes may result from contrasting responses

1
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320 between semi-enclosed regions and the open ocean, or from differences in the local

321 seasonal driver of the carbon cycle.

322 Both in European waters and at the coastline, highest alkalinity is recorded between
323  the end of summer and the onset of autumn, but the largest CO, uptake occurs in winter,
324  thus introducing a response lag of a few weeks. Jones et al. (2014) note that air-sea
325 equilibration can take from a few months to even years to complete, depending on
326  regional properties. Considering the physical features of the southern NS, where a shallow
327  water column is well-mixed throughout the year, OAE is likely to encourage fast
328  equilibration and allow for efficient carbon sequestration under enhanced alkalinity.

329 In the OAE simulations, the seasonal cycle of surface alkalinity is reversed under both
330 SSPs, especially in summer. However, its absolute levels increase relatively more in
331  SSP3-7.0 compared to SSP1-2.6 because vertical stratification, and therefore surface
332  retention, is larger in a high CO, world. Ocean pCO, absolute values show a less significant
333 decline in SSP1-2.6 compared to SSP3-7.0, although the amplitude compression signal is
334  stronger in the former. Exceptionally, the SSP3-7.0 coastline amplitude is enhanced, as its
335  sensitivity due to rising temperatures outweighs reduced sensitivity due to alkalinity
336 addition. For the CO, flux, since the seasonal amplification is stronger in SSP3-7.0, higher
337 background emissions makes the system more susceptible to external alterations. As
338 noted by Nagwekar et al. (2024), this is probably more linked to the ocean carbonate
339 chemistry, which becomes more sensitive under high CO, emissions, than to the

340  background atmospheric CO, concentration (Schwinger et al., 2024).

341 Our results indicate that OAE-induced impacts on the seasonal cycle of ocean pCO,
342  and the CO, flux are spatially- and scenario-dependent. Spatially, the most affected area
343 is the North Sea, especially its southern part, and the coastal ocean between the UK and
344 Ireland, which show pronounced seasonal alterations. A shallow, well-mixed and
345 partially-enclosed sea allows for alkalinity to accumulate at the surface, rather than being
346 lost due to subduction to deeper layers or advection to the open ocean (Liu et al., 2025;
347  Wang et al., 2023). As for the influence of the climate scenario, the seasonal sensitivity of
348 the ocean carbon cycle increases with larger CO, emissions and OAE alone is less efficient
349  in mitigating seasonal amplitude changes in the high-emissions scenario compared to the
350  low-emission scenario. Furthermore, higher atmospheric CO, concentrations, which have
351  an amplifying effect on the thermally-driven component of ocean pCO,, lead to an overall
352 expansion of the CO, seasonal cycle due to stronger chemical leverage. This outcome is
353 exacerbated by OAE implementation due to the scenario-dependent chemical efficiency
354  of OAE (Schwinger et al., 2024).

355

356 6 Conclusions
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357 This study addressed the OAE-driven variations to the seasonal carbon cycle in
358 European waters under low and high warming, contributing to the understanding of CO,
359 intra-annual variability when continuous coastal OAE is applied. It was found that, in a
360 region of temperature-driven seasonality, (@) OAE enhances the CO, uptake in winter, when
361 it is naturally strongest, and it reduces ocean pCO, in summer, when it is naturally highest;
362 (b) the sensitivity of the seasonal carbon cycle increases under higher emissions,
363 enhancing the CO, flux seasonal amplification and contrasting the pCO, seasonal
364 dampening; (c) locations like the southern North Sea could be ideal to implement OAE, as a
365 shallow bathymetry and intense mixing can hasten the CO, gas transfer at the air-sea
366 interface, at least as far as the equilibration timescale is shorter than the surface water

367 mean residence time.

368 Some limitations and future recommendations can be drawn from this studu. Firstly,
369 while freshwater input from rivers is modelled in FOCI, riverine alkalinity is not accounted
370 for, limiting the reliability of absolute values. Alkalinity in the Baltic Sea, for example, is
371 poorly resolved by FOCI, which could have an impact on the NS boundary conditions.
372  Additionally, as river runoff features are deeply seasonal, implementing such processes
373  would improve the accuracy of future simulations. Secondly, our analysis does not
374  separate the CO, flux into its thermal and biological element, therefore missing to discern
375 the influence that each has in altering the CO, seasonal cycle. Given the significance of
376  temperature variability in the southern NS, calculating both terms individually could
377  provide further insight into their seasonal role under OAE deployment. Lastly, our OAE
378  simulations picture a highly idealised scenario, which is unlikely to become a real-world
379 case. Other, more realistic OAE techniques should be explored, such as pulsed or
380 point-source experiments. Building on these simulations, further investigation is therefore

381 recommended to set the premises for a conscious large-scale OAE application.
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