1 We thank one anonymous referee and Dr. Raymond Najjar for their valuable comments and
2 efforts. We also thank Dr. Andrew Kowalski for engaging with our manuscript in a community
3 comment. We provide an updated manuscript, including updated figures, that incorporates
4 changes in response to reviewer feedback. In the following, the comments of the reviewers are
5 presented in blue. Our responses are in black. Changes in the text based on the tracked version
6 are in green. Line numbers listed are based on the tracked changes version.

7 The most substantial revision involves the flux calculation itself. Following the first major

8 comment from Dr. Raymond Najjar, we now include a sea level pressure correction and a cool

9 skin temperature correction in the O, saturation concentration, we document the treatment of
10 sub-monthly wind variability that was included in the submitted product but not described, and
11 we quantify the sub-monthly covariance between the gas transfer velocity and the DO anomaly
12 using daily output of a CESM2 simulation. We also fixed a bug in our implementation of the SO9
13 scheme, which has only minor effects on the results. Together these changes improve the
14 simulated meridional APO gradient in the Southern Hemisphere, while leaving the other metrics
15 we analyzed largely unchanged. We note that these changes reduced the raw global annual mean
16 outgassing from 1029 to 368 Tmol yr', but because we interpret only the adjusted annual mean
17 flux, which is held unchanged by the observational constraint, all main conclusions hold. All
18 fluxes, uncertainties, figures, and tables have been regenerated with the updated calculation.

19 Beyond the calculation, we have expanded the manuscript in response to the remaining
20 comments. We added the rationale and sensitivity tests for using mixed layer averaged DO, a
21 discussion of estuarine net heterotrophy within the coastal data gap, and a brief treatment of net
22 ocean metabolism in the Introduction.

23 In response to the community comment, we make two points. First, we maintain that our
24 treatment of water vapor is physically correct. The O, partial pressure governing dissolution is
25 set in the thin layer of air in molecular contact with the sea surface, which is saturated at the skin
26 temperature, so the vapor pressure is evaluated at that interface, rather than at the ambient
27 humidity of the overlying air. Second, using a constant dry-air O, mole fraction is also correct.
28 The O, partial pressure is the product of the dry-air mole fraction and the dry-air pressure, which
29 is the total pressure minus the vapor pressure, so the humidity dilution raised in the comment
30 enters our calculation through the pressure term rather than through the mole fraction. The
31 dry-air mole fraction itself is observed to be uniform in the atmosphere to within about 0.01%,
32 which is why it can be held constant.

33 Finally, we redesigned the figures following the detailed suggestions of Referee 2, with larger
34 panels and fonts, print-safe colors, a map layout that keeps the South Atlantic contiguous, and
35 uncertainty maps moved to the supplement.



3¢ RC1

37 Minor comments:

38 1. L69: “reduces both the upwelling of nutrients”: doesn’t that reduce photosynthesis and thus
39 reduce O2 outgassing?

40 We have revised this paragraph to provide a clearer line of thought.

41 1.69-78: This net outgassing is driven by ocean heat uptake, which reduces oxygen solubility,
42 and by warming-induced stratification, which reduces the downward transport of oxygen-rich
43 surface waters into the ocean interior (Breitburg et al., 2018; Keeling et al., 2010; Keeling and
44 Garcia, 2002; Schmidtko et al., 2017). Net ocean metabolism contributes an additional term, with
45 oxidation of riverine organic carbon driving a small ingassing, and burial or anaerobic oxidation
46 of marine organic matter driving outgassing (Najjar and Keeling, 2000; Regnier et al., 2022).
47 These metabolic terms are expected to be small relative to the solubility and ventilation terms.
48 Accurately quantifying this annual flux remains challenging because its magnitude is small
49 compared to both the seasonal cycle and interannual variations.

50
51 2. L105: “with high accuracy”: According to which metric? A brief information would be useful

52 The metrics for high accuracy are presented in Section 2.1. GOBAI-O, v2.3 has a global mean
53 offset of 0.0 umol kg™, and global mean RMSD of 8.3 umol kg™'. Here we refer to that section.

54 L112-113: This product successfully generates monthly 3D maps of DO to 2000 meters depth
55 from 2004 onwards with high accuracy, as quantified in Section 2.1.

56

57 3. L130: replace “data” by “fields” to avoid confusion with point measurement data
58 Revised as suggested.

59

60 4. L138: “gridded values”: how are these interpolated in space and time? A brief information
61 would be useful

62 We have added a sentence to clarify the method.


https://www.zotero.org/google-docs/?Mr4n5D

63 L150-153: The Roemmich and Gilson (2009) fields are produced by mapping individual Argo
64 profiles onto a 1° by 1° monthly grid by optimal interpolation, combining a locally weighted
65 least-squares estimate of the mean field with objective mapping of profile anomalies using
66 spatial covariance functions.

67

68 5. L300: “bi-monthly”: every 2 months or twice per month? I think the term is used ambiguously
69 “bi-monthly” is referred to as every 2 months. We have revised the phrase.

70

71 6. L357: replace “SCA” by “seasonal cycle” as you do not mean amplitude here

72 Revised as suggested.

73

74 7. L542: “double-peak structure”: unclear because I do not actually see a double-peak structure
75 in the 60N-80N panel of Fig 6.

76 This is actually a summer plateau. We have revised the sentence for clarity.

77 L627-629: In the northern mid-to-high latitudes (60°-80°N), our simulations successfully
78 capture the prolonged outgassing period and the broad, plateau-like summer maximum observed
79 in atmospheric data (Fig. 6), and agree with the observed SCA (Table 2).

80

81 8. L548: “in the flux product”: would be good to announce the later discussion on model errors,
82 otherwise the reader keeps wondering

83 We have revised the following sentence to acknowledge the possible bias coming from the
84 transport model used.

85 1.637-639: The mechanisms driving these phase lags remain unclear and require further
86 investigation, and we cannot rule out a contribution from transport model error given that our
87 simulations use a single transport model (Jin et al., 2025).

88

89 9. L831-832: “We note that uncertainty due to DO may essentially stem from the annual mean
90 flux adjustment that corrects DO concentrations for each ensemble member.”: not sure I fully
91 understand this sentence


https://www.zotero.org/google-docs/?V7fpxa

92 We have revised this sentence to improve readability.

93 L.968-972: We note that, in the adjusted product, part of the variance attributed to DO originates
94 in the annual mean flux adjustment itself. The adjustment is applied as an offset to DO that is
95 drawn independently for each ensemble member, so that member-to-member spread is absorbed
96 into the DO term of the variance decomposition (Fig. 5) rather than appearing as a separate

97 source.

98

99 10. L849-850: “resolving flux interannual variability”: but didn’t you say only the IAV of the
100 seasonal cycle is resolved?

101 We have revised the sentence.

102 1.990-991: This dataset represents a significant advance over existing air-sea O, flux products by
103 resolving interannual variability in the seasonal cycle of the flux.

104
105 11. L167: “Mixed”

106 Fixed.



107 RC2 Raymond Najjar

108 Major comments
109 Surface oxygen corrections

110 Skin temperature and atmospheric pressure corrections are noted as important in the introduction
111 but are not considered in study. The omission of the atmospheric pressure correction seems
112 particularly relevant because it has a strong latitudinal variation that might help explain why the
113 simulated APO differs so much from observed APO (Figure 8). Specifically, APO is simulated to
114 be too low in the high southern latitudes and too high almost everywhere else. Najjar and
115 Keeling (2000) found that the pressure correction could be as large as 45 pmol/kg in at 75°S
116 and about 4 pmol/kg at 50°N. The skin correction estimated by Najjar and Keeling (2000) was
117 modest, but perhaps better formulations exist now and should be revisited.

118 Other corrections that are not included (and I think not even mentioned) are those related to
119 processes occurring at sub-monthly time scales. The simplest and most common of these
120 corrections is the one related to the non-linear dependence of the gas transfer velocity to wind
121 speed—often parabolic. In this example, the gas transfer velocity computed from the monthly
122 mean wind speed is lower than the monthly average of the gas transfer velocity computed from,
123 say, daily or hourly winds. Because this is a large effect, about 25% (as pointed out in
124 Wanninkhof’s well-cited 1992 gas-transfer-velocity synthesis), I assume that the authors have
125 already included it, but they say nothing about it, as far as I can tell. But there are also other
126 nonlinearities, such as the co-variation between the gas transfer velocity and the oxygen
127 supersaturation, which were discussed in Keeling et al. (1998).

128 Another correction that should be at least noted is related to the net metabolism of the ocean, as
129 noted in the minor comments (it’s probably small). The bottom line is that there are numerous
130 additional corrections to the flux that have been ignored. I think the atmospheric pressure
131 correction is fairly straightforward and should be included; I would not be surprised if it has been
132 included but was simply not mentioned. Certainly, the regional corrections from ocean inverse
133 modeling might capture the corrections that are missing, but this point should be fleshed out.

134 We thank the reviewer for this thorough comment. We have added the suggested corrections to
135 the flux calculation and documented several that were already included but not described. We
136 note that the annual flux adjustment (Sect. 2.4) absorbs most of the effect of these changes, since
137 it constrains the global and regional annual mean fluxes independently of the gas exchange
138 formulation, so the adjusted product and the main conclusions are largely unchanged. We also
139 fixed a bug in our implementation of the SO09 gas exchange scheme, which only has a minor
140 effect on our final results. We address each point in turn and list all manuscript changes. We then
141 summarize how the results changed at the end.



142 1. Sea level pressure correction. Now we use monthly mean sea level pressure from ERAS to
143 scale the O, saturation concentration by (P_a - p H20)/(P_0 - p_H20), and the same pressure
144 replaces the fixed one atmosphere in the small bubble terms of the L13 and S09 schemes (new
145 Eq. 6 and revised Appendix A). Over 2004-2024, the pressure scaling ranges from 0.951 to 1.020
146 and changes the saturation concentration between -17.3 and +7.2 umol/kg. Its zonal annual mean
147 reaches -10.4 umol/kg at 64.5°S, the southern edge of our domain, and stays within 1.5 umol/kg
148 between 40°S and 40°N. This latitudinal structure is fully consistent with the reviewer's
149 expectation from Najjar and Keeling (2000), whose -45 umol/kg value at 75°S lies poleward of
150 our domain. The reviewer's intuition about Figure 8 was also partly correct. In the revised
151 simulations the Southern Hemisphere meridional APO gradient decreases from 0.20 to 0.13 per
152 meg per degree latitude, closer to the observed 0.04, although this change bundles the pressure
153 correction with the other revisions listed below, and the residual equatorial enhancement
154 inherited from the inversion constraints remains.

155 2. Skin temperature correction. Now we compute the cool skin offset as dT skin =-0.14 - 0.30
156 exp(-U10/3.7) K following Donlon et al. (2002), and evaluate the O, saturation concentration
157 and the Schmidt number at the interface temperature. The offset ranges from -0.14 to -0.43 K
158 with a global mean of -0.22 K and raises the saturation concentration by 0.5 to 2.8 umol/kg,
159 driving additional O, ingassing everywhere. As the reviewer anticipated, the effect is modest but
160 not negligible.

161 Changes made regarding #1 and #2:

162 1.231-262: The anomaly is calculated as the deviation of DO from GOBALI ([O,]) plus an annual

163 mean adjustment term (9) against O, saturation ([O,sat]), following

164 A[Oo] = [05] + 6 — [03"] (5)

165 This adjustment term constrains the regional and global annual mean O, fluxes based on
166 independent observation-based estimates as described in Section 2.4 and Appendix B.
167 Throughout this study, the raw flux refers to the flux calculated without the adjustment 6, while

168 the adjusted flux uses the optimized 6 described in Section 2.4 and Appendix B.

169 [O,sat] is the O, saturation concentration at the air-sea interface, and it therefore requires a skin
170 temperature correction and a sea level pressure correction (Najjar and Keeling, 2000). The
171 interface is cooler than the water immediately below it, and O, solubility increases as
172 temperature decreases, so evaluating [O,sat] at the bulk temperature underestimates it. The

173 equilibrium concentration is also set by the partial pressure of O, in the overlying air, which


https://www.codecogs.com/eqnedit.php?latex=%5Cmathrm%7B%5CDelta%20%5BO_2%5D%20%3D%20%5BO_2%5D%20%2B%20%5Cdelta%20-%20%5BO%5E%7Bsat%7D_2%5D%7D#0

174 varies with the weight of the atmospheric column above the sea surface, so referencing [O,sat] to
175 a fixed one atmosphere misrepresents it wherever sea level pressure departs from 101,325 Pa

176 (Najjar and Keeling, 2000). We therefore calculate

y P, —Pn,0 6)
Po—Pn,0 |

H [05] = Caut(Ts + ATgin, Ss)
178 where Cg, is the O, solubility of Garcia and Gordon (1992) at a total pressure of one atmosphere,
179 T, and S, are the temperature and salinity of the shallowest GOBAI-O, level (2.5 m), P, is the
180 monthly mean sea level pressure from ERAS (Hersbach et al., 2020), P, is the reference sea level
181 pressure of 101,325, and Py, is the equilibrium water vapor pressure at Ts calculated following
182 Bolton (1980). This vapor pressure describes the uppermost 1 mm thin layer of air in molecular
183 contact with the sea surface, which is saturated at the water temperature and sets the O, partial
184 pressure governing dissolution, rather than the ambient humidity of the overlying air (Weiss,
185 1970). AT, 1s the cool skin temperature offset, calculated from the 10-m wind speed (U,,),
186 following Donlon et al. (2002)

o7 ATSkin = —0.14 — 0.30 e_U10/3-7 ' (7)

188 Here we use U,, from the same wind product that provides the gas exchange velocity in each of
189 the flux models. F, in Eq. 4 is calculated as the product of the gas exchange coefficient across the

190 large bubble interface and A[O,]. F. is calculated as the product of a mass transfer coefficient (k)

191 and a constant O, atmospheric dry-air mole fraction (on = 0.2094). Full descriptions of the
192 three gas exchange schemes are presented in Appendix A, following Emerson and Bushinsky

193 (2016).

194

195 3. Sub-monthly wind nonlinearity. We actually included this effect in the submitted product.
196 All submitted fluxes were computed from the monthly mean squared wind speed, <U? > =
197 U? y(mean) + 6*(U,,) from higher-resolution (hourly to daily) winds, following the practice of the
198 SeaFlux CO, product (Fay et al., 2021). This captures the effect the reviewer cites from
199 Wanninkhof (1992) exactly for terms that scale with the square of the wind speed. We simply
200 forgot to say so, and the revised Sect. 2.3 now states it.
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201 L.217-222: Wind speeds enter the calculation as monthly fields computed from higher resolution
202 wind speeds, ranging from hourly (ERASY) to 6-hourly (JRA-3Q), and daily (CCMP). To retain

203 the contribution of sub-monthly variability to gas exchange, we combine the monthly mean

2 , ‘
204 speed (U%On) with the intra-month variance (¢ (UIO)) of these winds (Fay et al., 2021),

205 following

206 UlO — \/(Ull%on)Q —|—0’2(U10) <2>
207

208 4. Covariance of gas transfer velocity and O, anomaly. We now quantify with the diagnostics
209 the reviewer suggested. We used daily output of the CESM2 simulation from Sect. 4.1 to
210 compare fluxes computed at daily resolution with fluxes reconstructed from monthly means of
211 the same simulation. Over 2004-2020 the monthly reconstruction underestimates the global
212 annual mean outgassing by 34+4 Tmol yr' and overestimates the flux seasonal cycle amplitude
213 by 4 to 10 % in the subpolar regions. Both numbers are now given in the revised discussion as an
214 estimate of what our monthly product cannot resolve. For details, see response to minor
215 comment 25.

216

217 5. Net metabolism. We agree it is worth stating and likely small. The revised introduction notes
218 that net ocean metabolism contributes a small flux, with oxidation of riverine organic carbon
219 driving ingassing and burial or anaerobic oxidation of organic matter driving outgassing (Najjar
220 and Keeling, 2000). We cannot apply an explicit correction for this term, for two reasons. First,
221 our fluxes are diagnosed from observed DO fields rather than from a biogeochemical budget, so
222 any metabolic influence on open ocean surface DO is already implicitly contained in the
223 calculated flux. Second, the metabolic component supported by riverine organic carbon is
224 concentrated in nearshore waters that lie outside our domain (Sect. 4.1), and its magnitude and
225 spatial distribution remain too poorly constrained to support a defensible open ocean correction.

226 L.75-78: Net ocean metabolism contributes an additional term, with oxidation of riverine organic
227 carbon driving a small ingassing, and burial or anaerobic oxidation of marine organic matter

228 driving outgassing (Najjar and Keeling, 2000; Regnier et al., 2022). These metabolic terms are

229 expected to be small relative to the solubility and ventilation terms.

230

231 6. Annual flux adjustment.
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232 The global and regional annual mean fluxes of the adjusted product are constrained to the heat
233 based global estimate and the Resplandy et al. (2016) inversions regardless of the gas exchange
234 formulation, so any correction whose main expression is in the annual mean and its latitudinal
235 structure is largely absorbed by the adjustment. Nevertheless, adding the pressure and skin
236 corrections together with a correction to the S09 small bubble term (discussed below) changes
237 the raw global annual mean flux from 1029 to 368 Tmol/yr, while the adjusted product changes
238 far less. The adjusted global annual mean remains 61 Tmol/yr by construction, the simulated
239 APO trend from the adjusted flux is unchanged at 1.5+0.8 per meg/yr, and the adjusted seasonal
240 amplitudes change by only a few percent in most regions. The corrections instead matter most
241 for the raw flux, for the seasonal cycle at high latitudes, and for reducing the burden placed on
242 the adjustment. The revised discussion now states this explicitly.

243 L.276-281: We optimize the constant adjustments (0), and add them to each DO ensemble
244 member (Eq. 5). This constant DO adjustment term varies for each of the six ocean regions, each
245 year, and each flux ensemble member. To avoid an abrupt step in the adjusted flux at the region
246 boundaries, the regional adjustments are smoothed across those boundaries with a 3° Gaussian
247 weighting of the region masks, while each regional annual mean flux still matches its target

248 (Appendix B).

249 L.1146-1154: Applying a constant adjustment inside each region and a different constant in the
250 neighbouring region produces an abrupt step in the adjusted flux boundary. We therefore smooth
251 the regional adjustment across boundaries. For each region, we smooth its regional mask with a
252 Gaussian kernel of 3° standard deviation truncated at 9°, so that the adjustment varies gradually
253 across each boundary and stays constant in the interior of each region. Because each regional
254 adjustment also acts on the neighbouring regions, the regional adjustments are solved jointly,
255 which keeps the annual mean flux integrated over each original region equal to its inversion
256 target. This smoothing slightly shifts the adjusted hemispheric fluxes from 75 and -14 to 71 and
257 -13 Tmol yr' for the Northern and Southern Hemispheres respectively, based on v2.3.

258

259 7. Additional fix. While implementing these corrections we found and corrected an
260 inconsistency in our implementation of the S09 scheme. The completely dissolving bubble term
261 carried the atmospheric O, mole fraction (X0, ) a second time, inconsistent with Eq. 3 of Stanley
262 et al. (2009), which resulted in an underestimate of that term. This error has been fixed. After
263 this correction, flux computed using S09 shows the largest SCA over high latitudes.

264 8. Main changes in results.


https://saxarona.github.io/mathjax-viewer/?input=X_%7BO_2%7D#0
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265 8.1 Raw global annual mean O, outgassing decreases from 1029 to 368 Tmol yr' (all corrections
266 combined). The adjusted global annual mean is unchanged at 61 Tmol yr'' by construction.

267 8.2 Hemispheric O, flux SCA increases from 17.7 (NH) and 17.9 (SH) to 18.1 (NH) and 19.9
268 (SH) mol m? yr'. Regional SCA changes by a few percent, largest in the Arabian Sea and Bay of
269 Bengal.

270 8.3 The SH meridional APO gradient decreases from 0.20 to 0.13 per meg per degree latitude.

271 8.4 The S09 scheme now yields the largest seasonal amplitudes instead of W97, which changes
272 the scheme ordering statements in Sect. 3.1.1 and 3.2.1.

273
274 Figure quality

275 | know great care has been taken in choosing and making these figures and I am generally
276 impressed with them. However, two issues remain, both having to do with readability in print:
277 (1) font sizes are sometimes too small and (2) colors do not render well. Let’s take Figure 2 as an
278 example. This is an extremely important figure, as it captures the regional variability in the
279 annual cycle. While I like the overall design, it is hard to read in print. The axis labels are very
280 small—I estimate them at about 5 point. The labels of the regions on the map are even smaller,
281 about 4 point. Though ESSD has no standard that I could fine, I think 8 point is a reasonable
282 minimum, which is about what the panel titles are. The color scheme is clever and looks fine on
283 the screen, but when you print the figure out on paper, some of the panels, particularly F, K, and
284 R, almost disappear (and note that I am using a very good quality printer at my workplace). For
285 the font size issue, maybe the solution is to (1) widen the overall figure, (2) increase font size on
286 the axis labels, (3) change Jan, Mar, etc. to J, M, etc. or 1, 3, etc., (4) increase the font size on the
287 map labels, and (5) on the map labels only retain the panel letters (A, B, etc.) and not include the
288 codes (NP-SPSS, NP-STSS, etc.). For the color issue, maybe just make the panels black (or at
289 least everything but the curves). The current 6 x 5 panel grid could be played with, too (maybe 7
290 x 4 would work better and place the figure title above the grid instead of within it). [ am pointing
291 out Figure 2, but most of these comments apply to the other figures with a similar format:
292 Figures 4, 5, S3, S4, and S5.

293 On the same theme of figure readability, I would increase the size of the maps throughout the
294 paper. Take Figure 1 as an example. Panels A, C, E, and G are real gems and I could spend a lot
295 of time poring over them. But they are so small, with a lot of detail lost on the printout. I suggest
296 doubling the size of these maps (but keep font sizes the same—they are fine). While I appreciate
297 the attention to the error analysis by showing panels B, D, F, and H, I am not sure I need to see
298 these panels, at least in the main text (could be move to supplementary). I think the errors are
299 conveyed well enough in Figure 2 and Figures 3C and F. Same goes for Figure 3—panels A and
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300 C are rich and wonderful but too small to be appreciated. The colors in Figure 3A also do not
301 render well on a printout—the whole map looks dark blue expect for a few yellow spots.

302 One last change I would make in the maps is to line up the western edge with the southern tip of
303 Africa (about 20 degrees East) so that the South Atlantic Ocean is shown as contiguous. For
304 example, there are lovely coastal upwelling features along southwest Africa that get a little lost
305 in the current presentation in Figures 1 and 3.

306 Otherwise, the remaining figures are notably clear and effective.

307 We thank the reviewer for these detailed and constructive suggestions. We agree with all of them
308 and have revised the figures accordingly.

309 For Fig. 2 and the figures sharing its format (Figs. 4, 5, S3, S4, and S5), we have reorganized the
310 panel grid to enlarge each panel, placed the figure title above the grid in its own strip, increased
311 the axis title and axis text sizes to at least 8 pt at print width, shortened the month labels to single
312 letters, enlarged the map labels, and retained only the panel letters on the map while removing
313 the region codes. We have also darkened the colors of the panels that faded in print (previously
314 panels F, K, and R), so that all panels remain legible on paper.

315 For Fig. 1, we have enlarged the four seasonal mean flux maps and moved the four uncertainty
316 maps to the supplement, as suggested.

317 For Fig. 3, we have enlarged the SCA and annual mean maps, revised the color scale of the SCA
318 map so that its spatial structure renders well in print, and moved the uncertainty panels to the
319 supplement.

320 Finally, we have shifted the western edge of all maps to 20 degrees East, so that the South
321 Atlantic Ocean, including the coastal upwelling features along southwest Africa, is shown as
322 contiguous throughout the paper.

323 All of these changes are visible in the updated figures included with the revision.
324
325 Minor comments

326 1. Lines 50-52: “Air-sea O, fluxes are driven by surface ocean DO concentration changes
327 resulting from physical and biogeochemical processes.” I suggest leaving out “surface ocean DO
328 concentration changes resulting from” because, at least in the case of thermally induced fluxes, it
329 is the fluxes that cause the changes in concentration, not the other way around.
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330 We agree with this suggestion and similar suggestions in the third minor comment below. We
331 have deleted the second and third sentences in the first paragraph. We combine the first sentence
332 with the second paragraph.

333 L48-57: Accurate estimates of air-sea O, fluxes have the potential to place critical constraints on
334 ocean productivity, CO, uptake, and heat flux (e.g., Keeling et al., 1993, 2010; Keeling and
335 Manning, 2014), but large biases and uncertainties exist in current estimates (Jin et al., 2023).
336 Air-sea O, fluxes are driven by physical and biogeochemical processes, and they exhibit
337 pronounced seasonal variability associated with seasonal changes in solubility, biological

338 activity, and ocean mixing (Redfield, 1948).
339

340 2. Line 51. Define the first appearance of “DO” in the main text. Better yet, do not use the
341 acronym because O, works fine.

342 We have added dissolved oxygen (DO) to define it.
343

344 3. Lines 52-54: “Because oxygen has low solubility in seawater, changes in surface ocean DO
345 create large disequilibria with the atmosphere, producing strong gas exchange as the ocean
346 atmosphere system seeks equilibrium (Garcia and Gordon, 1992).” There are two problems with
347 this sentence. First, I would not say that there are large disequilibria in surface DO. To first order,
348 open-ocean surface DO is very close to the saturation concentration (typically within a few
349 percent) unlike, say, CO2 . Second, the degree of disequilibrium for a dissolved gas in surface
350 waters is related to two ratios: (1) the oxygen change from a process divided by the saturation
351 concentration (which is equal to the solubility times the atmospheric partial pressure) and (2) the
352 ratio of the time scale of the process to the gas exchange equilibration time scale (mixed layer
353 depth divided by the transfer velocity). My inclination would be to delete the sentence.

354 We agree with the suggestion. For details, see the response to the first comment.
355

356 4. Lines 57. “takes” should be “take”

357 Corrected.

358
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359 5. Lines 63-64. “seasonal air-sea heat fluxes directly affect O, solubility” isn’t quite right.
360 Temperature is the direct effect, not heat flux. I would say “seasonal temperature changes.”

361 Revised as suggested.
362

363 6. Lines 67—71. This sentence is about the present-day, globally integrated air-sea oxygen flux,
364 saying it should be positive as a result of the impacts of global warming. There is no mention of
365 net metabolism of the ocean here. Najjar and Keeling (2000) considered the oxidation of riverine
366 organic carbon and argued that it would lead to a small ingassing. But there is also outgassing
367 associated with autochthonous organic matter that is buried or oxidized anaerobically. My guess
368 1s that these metabolism effects are still small, but they should at least be mentioned here and
369 maybe updated with more recent estimates of the ocean’s organic carbon budget (e.g., Regnier et
370 al., 2022, https://doi.org/10.1038/s41586-021-04339-9) and maybe denitrification and sulfate
371 reduction. Same sentence. I read the sentence as saying that the ocean is a source of oxygen to
372 the atmosphere in part because of a reduction in the upwelling of nutrients. This doesn’t make
373 sense to me, because fewer nutrients would reduce primary production and hence outgassing.

374 We appreciate these detailed thoughts. We have revised the paragraph to read as follows:

375 L69-78: This net outgassing is driven by ocean heat uptake, which reduces oxygen solubility,
376 and by warming-induced stratification, which reduces the downward transport of oxygen-rich
377 surface waters into the ocean interior (Breitburg et al., 2018; Keeling et al., 2010; Keeling and
378 Garcia, 2002; Schmidtko et al., 2017). Net ocean metabolism contributes an additional term, with
379 oxidation of riverine organic carbon driving a small ingassing, and burial or anaerobic oxidation
380 of marine organic matter driving outgassing (Najjar and Keeling, 2000; Regnier et al., 2022).

381 These metabolic terms are expected to be small relative to the solubility and ventilation terms.

382

383 7. Line 102. Please spell out the GOBAI acronym on its first appearance.

384 We have defined GOBAI-O, as “Gridded Ocean Biogeochemistry from Artificial Intelligence -
385 Oxygen”.

386

387 8. Line 132. The horizontal resolution of GOBAI-O2 is given, but the vertical resolution should
388 be provided as well because data throughout the mixed layer is used.
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389 We have added the corresponding information.

390 L.139-142: The dataset covers about 86% of the global ocean (by surface area) from -179.5° to
391 179.5° longitude and -64.5° to 79.5° latitude on a 1°x1° grid, and extends from 2.5 m to 2000-m
392 depth on 58 pressure levels. The vertical resolution is 10 m over the upper 150 m, coarsening

393 with depth to 100 m below 1500 m.

394

395 9. Lines 166—-167. Along the same lines, why is the mixed-layer average used instead of the
396 surface value? I suggest some discussion of this point and a comparison of the two values and
397 implications for the computed flux. I also wonder if the results would change if a different
398 mixed-layer depth criteria were used because the MLD is sensitive to such criteria, as shown by
399 De Boyer Montegut et al. (2004).

400 We use the mixed layer average because our fluxes are monthly. The mixed layer overturns on
401 timescales short compared to a month, so the O, exchanged over a month is drawn from the
402 entire mixed layer reservoir rather than from a fixed shallow level, and monthly mean DO at a
403 single level additionally inherits transient stratification and reconstruction noise. We have added
404 this rationale to Section 2.2 and a new comparison to the Discussion, which also quantifies the
405 sensitivity to the MLD criterion suggested by the reviewer.

406 L.180-183: We average DO over the MLD because the monthly integrated flux exchanges O,
407 with the entire mixed layer reservoir, which overturns on timescales short compared to a month.
408 This averaging also reduces the influence of transient near-surface stratification and
409 reconstruction noise in the DO fields (Section 4.2).

410 1.857-869: We compute fluxes from MLD-averaged DO because the flux integrated over a
411 month exchanges with the entire mixed layer, which overturns many times within a month,
412 whereas monthly mean DO at a fixed shallow surface layer inherits transient near-surface
413 stratification and reconstruction noise that do not represent the reservoir engaged in gas
414 exchange. In a single year test (2015) in which fluxes are instead computed from DO at the
415 shallowest GOBAI-O, level (2.5 m), the hemispheric flux SCA decreases by roughly 20% and
416 the strong wintertime O, uptake at high latitudes weakens substantially, for example, from 63 to
417 31 mol m? yr' in the North Atlantic subpolar region in January. These differences lead to a
418 worse agreement with airborne observations shown in Section 3.2. The constrained global annual

419 mean flux is insensitive to this choice. We also tested the sensitivity to the MLD criterion by
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420 recomputing fluxes with the alternative temperature criterion of De Boyer Montégut et al.
421 (2004), which increases the hemispheric SCA by 4% (NH) and 7% (SH) and changes the
422 regional SCA by a median magnitude of 6%, indicating that our results are robust to the MLD

423 criterion choice.

424

425 10. Line 170. Define EN4.

426 We note that EN4 has no official expansion. It is version 4 of the Met Office Hadley Centre EN
427 series of quality-controlled subsurface ocean temperature and salinity profiles and objective
428 analysis, and the EN4 reference paper (Good et al., 2013) never expands the acronym. We have
429 therefore retained the acronym, which is widely used in the community, but we have added the
430 reference here, which was previously missing.

431

432 11. Lines 201-203. The authors separate the oxygen flux into a diffusive component and a
433 bubble component, but both are actually diffusive. I suggest using “surface” or “surface skin”
434 instead of “diffusive.”

435 We now use “surface skin” throughout the paper.
436

437 12. Lines 209-210. I am puzzled by the wording in these lines. Shouldn’t it simply say “The
438 anomaly is calculated as the deviation of DO from saturation, plus an annual mean adjustment
439 term (d), following: ...” I am wondering, what is [O2 ]Jadj ? Something seems off.

440 This sentence has been revised, with additional information about the skin temperature and sea
441 level pressure corrections. For details, see the response to the first major comment. [O,]adj was
442 used to refer to the DO after the annual mean correction, which is what is used for the adjusted
443 flux calculation and our main result. Now we use A[O,] instead. Sorry for the confusion.

444 We added this sentence to make it clear:

445 1.236-237: Throughout this study, the raw flux refers to the flux calculated without the
446 adjustment 6, while the adjusted flux uses the optimized & described in Section 2.4 and Appendix

447 B.

448
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13

449 13. Lines 230-232. Sentence is awkwardly worded. Maybe “... to match those randomly
450 selected from one of the five ...” is clearer. Also, the authors might consider smoothing the
451 associated correction, because you can see abrupt changes at the boundaries of the five regions
452 in, for example, Figure 1.

453 We have revised the sentence accordingly. We have also applied a smoothing function near the
454 boundary of each defined region to avoid abrupt changes. For details, please refer to the #6 point
455 in our response to major comment 1 above.

456
457 14. Line 247. Define RECCAP2.

458 We added the corresponding definition as REgional Carbon Cycle Assessment and Processes
459 (RECCAP2).

460

461 15. Lines 263-267. It is surprising to me that TM3 is still being used for simulations of
462 atmospheric oxygen. The model is state of the art for the 1990s. Can the authors defend the
463 choice of this model given the expectation that atmospheric transport modeling has improved
464 substantially over the last few decades?

465 We agree that TM3 is an older-generation transport model, but our evaluation strategy was
466 specifically designed to be insensitive to the choice of transport model. Our primary evaluation
467 compares simulations against tropospheric-average (1000 to 400 hPa) APO from airborne
468 surveys rather than against surface station records. The APO model intercomparison of Jin et al.
469 GMD, 2025, which included TM3 alongside newer-generation transport models, showed that
470 simulated tropospheric-average airborne APO seasonal cycles are highly consistent across
471 transport models, while simulations sampled at surface stations diverge substantially, because
472 column averaging removes most of the sensitivity to how each model represents vertical mixing.
473 Those newer models do not show clear improvements compared to the older model TM3. This
474 reasoning was discussed in Section 3.2.1, where we also attribute the residual station-level biases
475 at the coastal sites LJO and CBA (Fig. S11) to known TM3 deficiencies reported in Jin et al.,
476 GMD, 2025. In addition, in the station-based trend evaluation (Fig. 7), the background
477 corrections are derived from flux estimates transported by four different transport models (Jin et
478 al., GMD, 2025), so transport model spread is propagated into the observational uncertainty of
479 that comparison.

480

481 16. Line 290. Use hPa instead of mbar.
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482 Revised as suggested.

483

484 17. Line 315. I think this should be S2, not S1.
485 Revised to S3, based on the new figure order.
486

487 18. Line 318, Table 1, and elsewhere. Line 318 is the first mention of seasonal cycle amplitude
488 (SCA), which is an important metric analyzed throughout the paper. There are two points I
489 would like to make. First, amplitude is a well-defined term for sinusoids and is equal to half the
490 range, not the range itself, which is used here (maximum minus the minimum). Further, here we
491 have two sinusoids, so a single amplitude seems inappropriate for describing the magnitude of
492 the seasonality. I like the metric that the authors use, but suggest calling it seasonal cycle range,
493 so SCR. The second point regards the presentation of SCA in Tmol/yr (column 3 of Table 1),
494 which I was initially puzzled about because it is similar to the term Seasonal Net Outgassing
495 (SNO), which was first used by Keeling and Shertz (1992). My suggestions here are to (1)
496 clearly define in the Table 1 caption that column 3 is simply column 2 multiplied by the region
497 area and (2) note in the text the relationship between the quantity in column 3 and SNO. My
498 sense is that SCA in Tmol/yr should be about twice SNO.

499 We prefer to retain the term SCA, which in the atmospheric trace gas literature conventionally
500 denotes the peak-to-trough difference of the fitted seasonal cycle. This usage is well established
501 in studies that this work directly builds on and compares against, including the airborne APO
502 analyses of Jin et al., GBC, 2023 and Jin et al., GMD, 2025, whose SCA definition and our Table
503 2 ratios match exactly. Renaming the metric would break terminological continuity with these
504 studies.

505 To remove any ambiguity, we now define SCA explicitly at first use as the difference between
506 the seasonal maximum and minimum of the fitted cycle. Regarding the second suggestion, we
507 decided not to introduce SNO in the paper, since it is not used elsewhere in our analysis and
508 reporting two closely related seasonal metrics could cause confusion. For the reviewer's
509 information, computing SNO from our fitted hemispheric seasonal cycles following Keeling and
510 Shertz (1992), by removing the annual mean and integrating the flux over the months when it is
511 upward, gives 363 Tmol in the Northern Hemisphere and 584 Tmol in the Southern Hemisphere.
512 We added text comparing these values with prior studies. We also note that the SCA column is
513 the peak-to-trough range of the flux rather than a time-integrated quantity, so for a sinusoidal
514 cycle the expected relationship is SNO equal to the area-integrated SCA divided by 2z rather
515 than by 2. Our values give ratios of 6.3 and 6.4, close to 2.
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516 1.369-371: Fig. 3 shows flux seasonal cycle amplitude (SCA), defined as the difference between
517 the maximum and minimum of the fitted seasonal cycle, and annual mean values, presented as

518 both gridded fields and zonal averages with associated uncertainties.

519 1.389-394: The hemispheric seasonal net outgassing (SNO), defined as the area under the
520 positive portion of the two-harmonic fitted seasonal cycle after removing the annual mean flux,
521 i1s 36336 Tmol in the Northern Hemisphere and 584455 Tmol in the Southern Hemisphere.
522 These values are only slightly larger than the earlier estimates of 322 and 534 Tmol from Najjar
523 and Keeling (2000) and 312 and 549 Tmol from Garcia and Keeling (2001), both of which were
524 based on the hydrographic observations archived by 1994 and 1998, respectively.

525 1.619-621: SCA and annual mean fluxes in Tmol yr' are the corresponding per-area values in
526 mol m™ yr'' multiplied by the area of each region. Region acronyms are defined in Fig. 2.

527

528 19. Line 323. Section 3.1.1. Flux seasonal variation. Some brief comparisons to Najjar and
529 Keeling (2000) would be helpful. For example, the SCA in Najjar and Keeling (2000) for the
530 Northern and Southern Hemispheres is about 15 and 18 mol/m2 /yr, respectively, quite similar to
531 what is found in the current study (17.7 and 17.9 mol/m2 /yr, Table 1).

532 We agree that a comparison to Najjar and Keeling (2000) is helpful and have added it to Section
533 3.1.1. Note that the hemispheric SCA values in the revised product are 18.1 and 19.9 mol m? yr’!
534 for the Northern and Southern Hemispheres, so our amplitudes are now larger than those of
535 Najjar and Keeling (2000) in both hemispheres, although the two studies consistently find a
536 larger per-area SCA in the Southern Hemisphere. We have revised the section.

537 L.380-389: The Northern Hemisphere exhibits prolonged summer outgassing from mid-April to
538 early November, with a peak in June followed by a broad outgassing plateau through September.
539 In contrast, the Southern Hemisphere shows only a slightly longer outgassing period than its
540 uptake period, without a clear peak and plateau structure. The SCA in the Southern Hemisphere
541 of 19.9+1.86 mol m? yr' is larger than that in the Northern Hemisphere of 18.1+1.69 mol m? yr!
542 (Table 1). Our results suggest a similar seasonal flux structure but larger flux SCA in both
543 hemispheres compared to the earlier study of Najjar and Keeling (2000), which reported
544 approximately 15 and 18 mol m? yr! for the Northern and Southern Hemispheres, respectively.

545
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546 20. Line 329. Two distinct peaks in the Northern Hemisphere are noted. There is a nice
547 description later about the cause being related to the subsurface oxygen maximum in the
548 Northern Hemisphere (lines 352-356) and lack thereof in SH (lines 368-370), but I also think
549 that the summer monsoon in the Indian Ocean must play a role. Also, it might be worth noting
550 that the double peak in the mean annual cycle of the NH (and lack thereof in the SH) is present in
551 the analysis of Najjar and Keeling (2000).

552 We have revised the text to mention the impact from monsoon, and acknowledge the similarity
553 compared to Najjar and Keeling (2000).

554 1.386-389: Our results suggest a similar seasonal flux structure but larger flux SCA in both
555 hemispheres compared to the earlier study of Najjar and Keeling (2000), which reported

556 approximately 15 and 18 mol m™ yr' for the Northern and Southern Hemispheres, respectively.

557 1.420-423: At the hemispheric scale, the reduced outgassing after the June peak also partly
558 reflects strong monsoon-driven O, uptake over the Arabian Sea and Bay of Bengal (Figs. 2L and
559 M). Excluding these two from the Northern Hemisphere average removes most of the reduction
560 in summer outgassing.

561

562 21. Line 336. Referring to large SCA at mid-to-high latitudes. Should be referencing Fig 3A and
563 C instead of Fig 2A—C?

564 Fixed.
565

566 22. Line 348. There is a claim that the timing of the peak shifts earlier as you go south. I don’t
567 see that for NA-STPS, which has a peak in September.

568 We have revised the sentence to only refer to the onset of net outgassing, rather than both the
569 onset and peak time.

570 L411-413: The onset of net O, outgassing shifts earlier from high to low latitudes, likely due to
571 earlier bloom onset and thermal changes at lower latitudes.

572 23. Lines 375 to 377. I think it’s odd to note that maximum uptake in the Arabian Sea is
573 consistent with the SH flux cycle. The processes driving maximum uptake in the two regions are
574 very different, with the former being due to monsoon-driven upwelling and the latter due to
575 mixedlayer deepening and cooling. The double peak was noted in oxygen supersaturation by
576 Najjar and Keeling (1997) and air—sea oxygen flux by Najjar and Keeling (2000).
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577 We have revised the sentence to acknowledge the connection between the northern Indian Ocean
578 flux pattern and monsoon dynamics.

579 1.443-446: In the Arabian Sea (Fig. 2L), the seasonal flux pattern is dominated by strong O,
580 uptake associated with monsoon-driven upwelling in summer, while the Bay of Bengal (Fig. 2M)

581 remains a net O, source throughout the year with reduced outgassing during the monsoon season.

582

583 24. Lines 692—-697. This is the paragraph about missing coastal data. I think it’s worth
584 highlighting estuaries here. Most estuaries are net heterotrophic, which means that they are more
585 likely to be sinks rather than sources of atmospheric oxygen. There are a few syntheses of
586 estuarine net heterotrophy that could be cited, including Herrman et al. (2015)
587 https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2013GB004736.

588 We agree and have added a statement on estuarine net heterotrophy to this paragraph, citing the
589 synthesis of Herrmann et al. (2015). This addition also reinforces our point that the sign of the
590 missing coastal flux is uncertain, and it is consistent with the discussion of net metabolism added
591 in response to an earlier comment.

592 L.790-795: In contrast, most estuaries are net heterotrophic, oxidizing organic matter delivered
593 from land in excess of their local production, and are therefore more likely to act as O, sinks
594 (Herrmann et al., 2015). Without O, flux estimates over these regions, we potentially miss
595 summer-time O, outgassing events associated with high biological productivity and net O,

596 uptake by heterotrophic estuarine and other coastal systems.

597

598 25. Line 698. Use of CESM2 to explore data gaps is a nice addition to the discussion, but please
599 give the resolution of the ocean model. Also note if the model includes sources of nutrients and
600 organic carbon from rivers—this is important for capturing the metabolic poise of nearshore
601 waters. If daily output are available for this model, then one could assess the covariation between
602 the oxygen anomaly and the transfer velocity, which was noted in the major comments. Line 918.
603 The number 2.27 should have units attached to it.

604 We have added the ocean model information to Section 4.1. The CESM2 FOSI simulation uses
605 the POP2 ocean model at nominal 1 degree horizontal resolution with 60 vertical levels (Yeager
606 et al., 2022), and its ocean biogeochemistry component includes riverine inputs of nutrients,
607 dissolved inorganic carbon, alkalinity, and dissolved organic matter (Danabasoglu et al., 2020),
608 although nearshore processes remain coarsely resolved at this resolution. Regarding the
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609 covariance suggestion, daily output is available for this simulation and we have carried out the
610 suggested assessment using daily fields of air-sea O, flux, gas transfer velocity, oxygen anomaly,
611 and ice fraction. The results are now reported in Section 4.1 and two new SI figures.
612 Reconstructing the flux from monthly mean fields omits a covariance term equivalent to about
613 34 Tmol yr' of global outgassing, overestimates the seasonal cycle amplitude by up to 9% in
614 subpolar regions and 5 to 6% at the hemispheric scale with unchanged phase, and slightly
615 increases the annual mean meridional gradient. In our product the annual mean effect is absorbed
616 by the observational constraint on the global annual mean flux, and the seasonal effects are
617 smaller than the reported ensemble spread. Since this covariance effect is not sampled by our
618 ensemble, which spans DO, wind product, and gas exchange scheme choices, we apply no
619 model-based correction and instead document it as a known limitation of monthly flux products.
620 Units of m s have been added to the value 2.27.

621 1.796-802: Here we explore the contribution of these data gaps to area-integrated flux seasonal
622 cycles in the Northern Hemisphere and Southern Hemisphere using a Community Earth System
623 Model version 2 (CESM2) Forced Ocean-Sea-Ice (FOSI) simulation (Yeager et al., 2022), which
624 uses the POP2 ocean model at nominal 1 degree horizontal resolution with 60 vertical levels and
625 includes riverine inputs of nutrients, dissolved inorganic carbon, alkalinity, and dissolved organic
626 matter (Danabasoglu et al., 2020), although nearshore processes remain coarsely resolved at this

627 resolution.

628 1.817-837: The same simulation allows us to assess the effect of computing fluxes from monthly
629 mean DO fields, which neglects the sub-monthly covariance between the gas transfer velocity
630 and the DO anomaly. We note that the averaging of wind speeds to monthly is treated separately
631 in our flux calculation, which uses the monthly mean of the squared wind speed, computed from
632 high-resolution winds as the squared monthly mean plus the intra-month variance (Section 2.3).
633 Here we reconstruct the CESM2 flux from monthly mean transfer velocity, DO anomaly, and ice
634 fraction and compare it to the flux accumulated from daily model output over 2004 to 2020
635 (Figs. S14-15). Because gas exchange in CESM?2 is quadratic in wind speed, the monthly mean
636 of the daily transfer velocity is identical to one computed from the monthly mean of the squared
637 wind speed, so the reconstruction contains no wind speed averaging bias and its difference from
638 the daily accumulated flux arises only from the covariance term. The monthly reconstruction
639 omits a positive covariance term equivalent to 34+4 Tmol yr'' of additional global outgassing. It
640 also overestimates the flux SCA by up to 9% in subpolar regions and 10% in the Bay of Bengal,
641 and by 6% (NH) and 4.5% (SH) at the hemispheric scale, with peak months unchanged (Fig.
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642 S14). The monthly flux slightly overestimates the meridional gradient of annual mean flux by
643 deepening the 45°S to 65°S sink and overestimates the equatorial outgassing peak by about 7%
644 (Fig. S15). In our product, the global annual mean is constrained to observation-based values, so
645 the annual mean covariance effect is effectively absorbed by the annual adjustment, while the
646 seasonal effects implied by CESM2 are smaller than our reported ensemble spread (Table 1). We

647 do not apply model-based correction and instead document this effect as a known limitation of

648 monthly flux products.
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650 Fig. S14: Monthly climatology (2004-2020) of air-sea O, flux in the CESM2 FOSI simulation
651 for 18 RECCAP2 regions plus Northern and Southern Hemisphere averages, within the domain
652 of our flux product. The flux accumulated from daily model output (dark purple) is compared
653 with the flux reconstructed from monthly mean transfer velocity, DO anomaly, and ice fraction
654 (pink). The difference between the two curves isolates the effect of neglecting sub-monthly
655 covariance between the gas transfer velocity and the DO anomaly (Section 4.1). The center map
656 shows the region boundaries as in Fig. 2. Positive values indicate outgassing.

657
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659 Fig. S15: Zonal annual mean air-sea O, flux (2004-2020) in the CESM2 FOSI simulation,
660 computed from daily model output (dark purple) and from the monthly mean reconstruction
661 (pink), following the same procedure as Fig. S14. Neglecting sub-monthly covariance
662 overestimates the ingassing between 45°S and 65°S and overestimates the outgassing near the
663 Equator, increasing the meridional gradient of the annual mean flux.

664

665 26. Fig. B3. This is not cited in the appendix, only in the main text. I suggest either citing it in
666 the appendix or moving it into the supplementary section.

667 We have added the following sentence in Appendix B to cite Fig. B3.

668 L.1171-1172: The adjustments have only minimal impacts on the flux seasonal cycle (Fig. B3).
669

670 27. Fig. C1. I think there is overlap in some of the colored curves. I should see 8 colored curves
671 (2 products for each of the 4 types of fluxes) on each panel, but it looks like there are fewer,
672 presumably because of similarity within a flux type. I think the caption just needs to state this.
673 Also, define ensemble in the first line—average of four transport models?
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674 The two products for the air-sea N, flux essentially overlap, and the two products for the fossil
675 fuel O, and CO, fluxes largely overlap, because these flux fields are consistent between products.
676 We have revised the C1 caption to state this. We have also clarified in the caption that the
677 ensemble mean refers to the mean across our air-sea O, flux ensemble rather than an average of
678 transport models.

679 L1324-1337: Fig. C1: Monthly climatology (2004—2024) of hemispheric mean air-sea O, flux
680 from this study (black), averaged across the flux ensemble (Section 2.5), compared to
681 non-oceanic flux correction components (2004-2020 average) used to correct APO observations.
682 Each flux type for correction is shown for the two flux products described in Appendix C, with
683 both products of a given type sharing the same color, so eight colored curves are plotted in each
684 panel. We note that the two air-sea N, flux products essentially overlap, and the two fossil fuel
685 O, and the two fossil fuel CO, flux products largely overlap, reflecting the consistency of these
686 flux fields between products. Each flux component (Tmol day™) creates an atmospheric tracer
687 concentration in ppm units, which can be further converted to per meg units through scaling (Eq.
688 C1). Here, we scale each flux component to directly show its contribution to observed APO in
689 the per meg-equivalent unit. Note that air-sea N, flux is sign-reversed according to Eq. C1. The
690 comparison demonstrates that the non-oceanic O, flux components have much smaller seasonal
691 variations compared to the dominant air-sea O, flux that drives the observed APO seasonal cycle.

692

693 28. Line 1375. It’s R. G. Najjar. There is a typo on the paper.

694 Corrected.

695

696 29. Lines 1393—-1394. Seems to be missing some information, like maybe a URL or a publisher.
697 This is a technical report. We have revised.

698 Keeling, R. F., Walker, S. J., and Paplawsky, W.: Span Sensitivity of the Scripps Interferometric

699 Oxygen Analyzer. SIO Reference Series. https://escholarship.org/uc/item/7tt9931], Scripps
700 Institution of Oceanography, UC San Diego, 2020.
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701 Community comment from Andrew Kowalski

702 As in many previous studies of atmospheric oxygen, this manuscript overlooks the fundamental
703 and controlling influence of water vapor on oxygen availability (Kowalski et al., 2025). The
704 repeated assumption of a constant atmospheric oxygen mole fraction of 0.2094 is inappropriate
705 for many terrestrial surface environments and introduces a systematic bias into the air—sea flux
706 calculations in equations (2) through (4). By neglecting humidity, the authors implicitly assume
707 that the amount of oxygen in air is invariant, whereas it is directly constrained by the presence of
708 water vapor.

709 The effect is readily illustrated by contrasting typical polar and tropical surface air compositions.
710 In very dry polar air, the water vapor mole fraction may be as low as ~0.0004, leaving dry air to
711 comprise ~99.96% of the total. Under such conditions, representative mole fractions for nitrogen,
712 oxygen, and argon are approximately 0.7808, 0.2095, and 0.0093, respectively. In contrast,
713 tropical surface air commonly exhibits water vapor mole fractions exceeding 0.03, reducing dry
714 air to <97% of the total. The corresponding mole fractions of nitrogen, oxygen, and argon are
715 then reduced to less than 0.7577, 0.2033, and 0.0090, respectively—representing a decrease of
716 more than 6000 ppm for oxygen. Assuming a constant oxygen mole fraction therefore leads to a
717 substantial overestimation of the oxygen available for dissolution in tropical surface waters.

718 This issue is more clearly framed in terms of oxygen’s true thermodynamic control: according to
719 Henry’s law, oxygen solubility depends on its partial pressure. By Dalton’s law, total atmospheric
720 pressure is the sum of the partial pressures of all constituents. Elevated water vapor partial
721 pressure in tropical air does not generally coincide with elevated surface pressure; in fact, mean
722 sea-level pressure near the equator is typically below the global average of 1013.25 mb.
723 Consequently, increased humidity necessarily depresses the partial pressure of dry air and,
724 proportionally, that of oxygen. Ignoring this effect systematically skews estimates of oxygen
725 exchange at the air—sea interface.

726 The manuscript overlooks this humidity dependence in several key locations, including (i) the
727 second paragraph of the Introduction, (ii) Section 2.3 as a whole, and (iii) Section 2.7, which
728 notes that water vapor is indeed measured but its effect on oxygen availability is not taken into
729 account. Given that humidity is already observed, the omission is both unnecessary and
730 consequential.

731 The authors should therefore recompute oxygen mole fractions and partial pressures in a manner
732 consistent with atmospheric humidity. Doing so is essential for physically correct estimates of
733 air—sea oxygen fluxes.

734 Reference
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735 Kowalski, A. S., Janssens, 1. A., and Pérez-Priego, O., 2025, Water vapour dynamics as a key
736 determinant of atmospheric composition and transport mechanisms, Biogeosciences, 22,
737 8005-8012, https://doi.org/10.5194/bg-22-8005-2025

738 During discussions in another forum, it has been argued that the oxygen community correctly
739 applies solubility equations via an assumption that air directly at the water surface is essentially
740 at 100% relative humidity, such that only the water temperature and not the atmospheric
741 humidity is required to apply Henry's law. I would like to preclude such an argument here
742 because it reflects a fundamental misunderstanding of air—sea gas exchange processes.

743 By definition, 100% relative humidity occurs when the partial pressure of water vapor (e) equals
744 the saturation vapor pressure (es; Petty, 2008). Under such conditions, the system is in
745 thermodynamic equilibrium with respect to phase changes of water, meaning that evaporation
746 and condensation occur at equal rates, resulting in no net flux of water vapor. Such an
747 equilibrium state is rarely realized at the sea surface and is typically limited to conditions such as
748 fog. More commonly, net evaporation prevails, with evaporation exceeding condensation in
749 proportion to the difference between e and es (Brutsaert, 1982).

750 Because it is e rather than es that enters Dalton’s law and constrains the partial pressure of dry
751 air—and thereby that of oxygen—it follows that ambient humidity necessarily influences oxygen
752 dissolution. The assumption that it does not is untenable.

753 References

754 Brutsaert, W., Evaporation into the Atmosphere: Theory, History, and Applications, Springer
755 Science+Business Media, Dordrecht, the Netherlands, ISBN 978-90-481-8365-4, 1982

756 Petty, G. W.: A first course in atmospheric thermodynamics, Sundog Publishing, Madison, USA,
757 ISBN-10 0-9729033-2-1, 2008

758 We thank Dr. Andrew Kowalski for engaging with our manuscript. We disagree with the central
759 claim. The influence of water vapor on the oxygen partial pressure that drives air-sea exchange is
760 correctly included in our calculation, which uses the vapor pressure at the air-water interface
761 rather than the humidity of the ambient air. We explain point by point.

762 1. According to Henry’s law, the partial pressure that controls dissolution is set at the air-water
763 interface, where gaseous O, in the molecular sublayer is saturated at the water temperature and
764 equilibrates with dissolved O,. The water does not exchange gas directly with the bulk
765 atmosphere, so no correction for ambient humidity is necessary. This is the standard formulation
766 of gas exchange and solubility used throughout oceanography (Benson and Krause, 1984; Garcia
767 and Gordon, 1992; Weiss, 1970). The partial pressure of O, in the air in contact with the water
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768 surface follows £0,= X0, - (P - e((T)), where e (T,) is the saturation vapor pressure at the water
769 temperature.

770 2. A saturated air-sea interface could coexist with net evaporation. The supplementary comment
771 argues that a saturated surface layer would imply zero net evaporation. This confuses local
772 equilibrium at the interface with equilibrium of the whole air column. In the standard theory of
773 evaporation, presented in the reference the comment cites (Brutsaert, 1982), the air in molecular
774 contact with the water is saturated at the surface temperature, and evaporation is the diffusive
775 and turbulent transport of vapor from that saturated interface toward the drier air above, at a rate
776 proportional to e,(T;) - e, where e is the actual water vapor partial pressure in the bulk air above.

777 3. There is no missing vapor correction in the method section. The vapor correction the comment
778 requests 1s already applied, explicitly, in the definition of the solubility we use. Our [O,sat] from
779 Garcia and Gordon (1992) is a fit to the standard atmospheric concentrations of Benson and
780 Krause (1984), which are constructed from vapor free Henry’s Law coefficient measurements by
781 applying an explicit water vapor term, with the O, partial pressure defined as 0.20946 (1 atm -
782 P,,) and P, the saturation vapor pressure over seawater (their Eqs. 20 and 22). In the revised
783 manuscript, prepared in response to Referee 2, we additionally correct for departures of sea level
784 pressure from one atmosphere and for the cool skin temperature offset, evaluating [O,sat] scaled
785 by (P, - pmo) / (P - Pmo) With [O,sat] as a function of surface ocean temperature (with a cool
786 skin temperature correction) and salinity. py,o is the equilibrium vapor pressure at the interface
787 temperature and P, the monthly ERAS sea level pressure. Ambient H,O concentration has no
788 relevance for these calculations.

789 We have added the corresponding text:

790 1.238-256: [O,sat] is the O, saturation concentration at the air-sea interface, and it therefore
791 requires a skin temperature correction and a sea level pressure correction. The interface is cooler
792 than the water immediately below it, and O, solubility increases as temperature decreases, so
793 evaluating [O,sat] at the bulk temperature underestimates it. The equilibrium concentration is
794 also set by the partial pressure of O, in the overlying air, which varies with the weight of the
795 atmospheric column above the sea surface, so referencing [O,sat] to a fixed one atmosphere
796 misrepresents it wherever sea level pressure departs from 101,325 Pa (Najjar and Keeling, 2000).

797 We therefore calculate

Pa - PHQO
X5 P (6)
Po—Pun,0 |

798 [05*"] = Cgat(Ts + ATgin, Ss)
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799 where C,, is the O, solubility of Garcia and Gordon (1992) at a total pressure of one atmosphere,
goo T, and S, are the temperature and salinity of the shallowest GOBAI-O, level (2.5 m), P, is the
go1 monthly mean sea level pressure from ERAS (Hersbach et al., 2020), P, is the reference sea level
go2 pressure of 101,325 Pa, and Py,o is the equilibrium water vapor pressure at T, calculated
go3 following Bolton (1980). This vapor pressure describes the uppermost 1 mm thin layer of air in
804 molecular contact with the sea surface, which is saturated at the water temperature and sets the
ges O, partial pressure governing dissolution, rather than the ambient humidity of the overlying air
goe (Weiss, 1970). ATy, is the cool skin temperature offset, calculated from the 10-m wind speed

ge7 (U,,), following Donlon et al. (2002)

e AT, = —0.14 — 0.30 e U10/3.7 . 7)

809 4. The polar versus tropical contrast of X0, in the comment computes the wrong quantity. The
810 quoted dilution of more than 6000 ppm is the change in the moist-air mole fraction of O, in the
811 ambient atmosphere. That number is real but it is not the quantity that controls dissolution (see
812 points 1 and 3). Over warm tropical water the interface vapor pressure is about 4% of the total
813 pressure, and this suppression is fully included in our saturation concentrations. The difference
814 between the comment's proposal and our treatment is not whether the vapor effect is included,
815 but whether the vapor term is evaluated at the interface (the correct choice) or in the ambient air.

816 5. The one pathway where ambient humidity does enter the flux, the bubble injection terms, is
817 negligible for three independent reasons. For completeness we note that the air entrained by
g18 breaking waves in the bubble mediated flux terms is ambient near-surface air rather than the
819 saturated interfacial layer, so the oxygen content of a given volume of entrained air does depend
820 on ambient humidity. Below we list the three considerations that lead us not to correct for this.

g21 First, the pathway is geographically self-limiting. Bubble injection requires strong winds and is
822 concentrated at high latitudes, where the cold marine air holds a water vapor mole fraction below
823 about one percent even near saturation, so ambient humidity changes the oxygen content of the
824 injected air by less than one percent. Over warm tropical waters, where the vapor fraction
825 reaches three to four percent, wind speeds are low and the bubble flux itself is negligible.

826 Second, the magnitudes of the injection terms are calibrated empirical coefficients rather than
827 first principles quantities. The S09 coefficient was determined by fitting an upper ocean model to
828 a multiyear time series of five dissolved noble gases at BATS, so it reproduces the gas quantities
829 that were naturally entrained in bubbles, with whatever humidity they contained, and it carries a
830 quoted one sigma uncertainty of 29 percent on the total air injection flux (Stanley et al., 2009).
831 The L13 term derives from a bubble resolving simulation whose entrained air volumes are
832 constrained by observed void fractions and bubble penetration depths (Liang et al., 2013). A
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833 humidity distinction of at most a few percent in the composition of the injected air is therefore
834 well within the uncertainty of the coefficients themselves, an uncertainty our ensemble already
835 propagates through the spread among gas exchange schemes.

836 Third, although we disagree that the moist air oxygen mole fraction correction is needed, we
837 nevertheless recompute the fluxes with Xo, (1 - Xy0) In the bubble injection terms of the L13
838 and S09 schemes, using surface humidity from MERRA-2, to determine the size of the effect
839 directly. In the regions where bubble mediated uptake is strongest, the subpolar North Atlantic,
840 the subpolar Southern Ocean, and the seasonally ice covered zone, with annual mean uptake of
841 10 to 17 mol m™ yr, the change in the annual mean flux is 0.006 to 0.023 mol m™ yr'!, no more
842 than 0.25%.

843 6. A constant O, dry-air mole fraction (X0,) is not an assumption that O, is invariant. The
844 dry-air mole fraction of O, is observed to be uniform across latitude, altitude, and season to
845 within tens of ppm, a relative variation of 0.01% (Keeling, 1988; Tohjima et al., 2005). The
846 atmospheric O, research community measures such small variations around this value, which are
847 reported as 8(O,/N,) in per meg on a dry-air basis. Dry air has no significant sources or sinks, so
848 a change in a dry-air mole fraction unambiguously reflects a surface flux of the gas, whereas on a
849 moist-air basis every humidity fluctuation would complicate the calculation of flux. Now we
850 clarify in the revised text that the 0.2094 appearing in the per meg conversion of our Appendix C
851 1s the reference mole fraction of the Scripps O, scale, which is a defined constant of the
852 measurement scale rather than a physical assumption.

853 We have revised throughout the manuscript to highlight that 0.2094 refers to dry-air mole
854 fraction. For example

855 1.324: X0, is the dry-air mole fraction of O, in the atmosphere (0.2094).
856 We also added the following text.

857 L1221-1224: The value of X0, is the reference mole fraction of the Scripps O, Program scale
858 (Keeling and Morgan, 2019), a defined constant of the measurement scale corresponding to an
859 estimate of the atmospheric composition in the mid 1980s derived from Machta and Hughes

860 (1970).

861 We note that if Dr. Kowalski's claims were correct, they would call for a substantial re-evaluation
ge2 of the global carbon and oxygen cycles and of roughly 50 years of literature built on the

863 established treatment. We would welcome empirical evidence in support of the proposed
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ge4 revision, ideally from studies with pre-registered protocols, but in its absence we retain the

865 standard formulation.
866
867 References:

868 Benson, B. B. and Krause Jr., D.: The concentration and isotopic fractionation of oxygen
869 dissolved in freshwater and seawater in equilibrium with the atmosphere, Limnology and
870 Oceanography, 29, 620—632, https://doi.org/10.4319/10.1984.29.3.0620, 1984.

871 Bolton, D.: The Computation of Equivalent Potential Temperature, Monthly Weather Review,
872 108, 1046—1053, https://doi.org/10.1175/1520-0493(1980)108%3C1046: TCOEPT%3E2.0.CO;2,
873 1980.

874 Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. J., Gar¢on, V.,
875 Gilbert, D., Gutiérrez, D., Isensee, K., Jacinto, G. S., Limburg, K. E., Montes, I., Naqvi, S. W.
876 A., Pitcher, G. C., Rabalais, N. N., Roman, M. R., Rose, K. A., Seibel, B. A., Telszewski, M.,
877 Yasuhara, M., and Zhang, J.: Declining oxygen in the global ocean and coastal waters, Science,
878 359, https://doi.org/10.1126/science.aam7240, 2018.

879 Brutsaert, W.: Evaporation into the Atmosphere, Springer Netherlands, Dordrecht,
880 https://doi.org/10.1007/978-94-017-1497-6, 1982.

881 Danabasoglu, G., Lamarque, J.-F., Bacmeister, J., Bailey, D. A., DuVivier, A. K., Edwards, J.,
882 Emmons, L. K., Fasullo, J., Garcia, R., Gettelman, A., Hannay, C., Holland, M. M., Large, W.
883 G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M., Lindsay, K., Lipscomb, W. H., Mills,
gg4 M. J., Neale, R., Oleson, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes, S., van
885 Kampenhout, L., Vertenstein, M., Bertini, A., Dennis, J., Deser, C., Fischer, C., Fox-Kemper, B.,
886 Kay, J. E., Kinnison, D., Kushner, P. J., Larson, V. E., Long, M. C., Mickelson, S., Moore, J. K.,
887 Nienhouse, E., Polvani, L., Rasch, P. J., and Strand, W. G.: The Community Earth System Model
888 Version 2 (CESM2), Journal of Advances in Modeling Earth Systems, 12, e2019MS001916,
889 https://doi.org/10.1029/2019MS001916, 2020.

890 Donlon, C. J., Minnett, P. J., Gentemann, C., Nightingale, T. J., Barton, 1. J., Ward, B., and
891 Murray, M. J.: Toward Improved Validation of Satellite Sea Surface Skin Temperature
892 Measurements for Climate Research, J. Climate, 15, 353-369,
893 https://doi.org/10.1175/1520-0442(2002)015%3C0353:TIVOSS%3E2.0.CO;2, 2002.

894 Emerson, S. and Bushinsky, S.: The role of bubbles during air-sea gas exchange, JGR Oceans,
895 121, 4360-4376, https://doi.org/10.1002/2016JC011744, 2016.

896 Fay, A. R., Gregor, L., Landschiitzer, P., McKinley, G. A., Gruber, N., Gehlen, M., lida, Y.,
897 Laruelle, G. G., Rdédenbeck, C., Roobaert, A., and Zeng, J.: SeaFlux: harmonization of air-sea

898 CO, fluxes from surface pCO, data products using a standardized approach, Earth Syst. Sci.
899 Data, 13, 4693—-4710, https://doi.org/10.5194/essd-13-4693-2021, 2021.

31


https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj

900 Garcia, H. E. and Gordon, L. I.: Oxygen solubility in seawater: Better fitting equations, Limnol.
901 Oceanogr., 37, 1307-1312, https://doi.org/10.4319/10.1992.37.6.1307, 1992.

902 Garcia, H. E. and Keeling, R. F.: On the global oxygen anomaly and air-sea flux, J. Geophys.
903 Res., 106, 31155-31166, https://doi.org/10.1029/1999JC000200, 2001.

904 Herrmann, M., Najjar, R. G., Kemp, W. M., Alexander, R. B., Boyer, E. W., Cai, W.-J., Griffith,
905 P. C., Kroeger, K. D., McCallister, S. L., and Smith, R. A.: Net ecosystem production and
906 organic carbon balance of U.S. East Coast estuaries: A synthesis approach, Global
907 Biogeochemical Cycles, 29, 96111, https://doi.org/10.1002/2013GB004736, 2015.

908 Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Munoz-Sabater, J., Nicolas, J.,
909 Peubey, C., Radu, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
910 G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee, D.,
911 Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
912 Healy, S., Hogan, R. J., Holm, E., Janiskova, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C.,
913 Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Villaume, S., and Thépaut, J.-N.: The ERAS
914 global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049,
915 https://doi.org/10.1002/qj.3803, 2020.

916 Jin, Y., Stephens, B. B., Keeling, R. F., Morgan, E. J., R6denbeck, C., Patra, P. K., and Long, M.
917 C.: Seasonal tropospheric distribution and air-sea fluxes of atmospheric potential oxygen from
918 global airborne observations, Global Biogeochemical Cycles, 37, ¢2023GB007827,
919 https://doi.org/10.1029/2023GB007827, 2023.

920 Jin, Y., Stephens, B. B., Long, M. C., Chandra, N., Chevallier, F., Hooghiem, J. J. D., Luijkx, I.
921 T., Maksyutov, S., Morgan, E. J., Niwa, Y., Patra, P. K., Rédenbeck, C., and Vance, J.: The
922 Atmospheric Potential Oxygen forward Model Intercomparison Project (APO-MIP1): evaluating
923 simulated atmospheric transport of air-sea gas exchange tracers and APO flux products,
924 Geoscientific Model Development, 18, 5937-5969, https://doi.org/10.5194/gmd-18-5937-2025,
925 2025.

926 Keeling, R. F.: Development of an interferometric oxygen analyzer for precise measurement of
927 the atmospheric O, mole fraction, Harvard University, 1988.

928 Keeling, R. F. and Garcia, H. E.: The change in oceanic O, inventory associated with recent
929 global warming, Proc. Natl. Acad. Sci. US.A,, 99, 7848-7853,
930 https://doi.org/10.1073/pnas.122154899, 2002.

931 Keeling, R. F. and Manning, A. C.: Studies of Recent Changes in Atmospheric O,, in: Treatise on
932 Geochemistry, Elsevier, 385—404, https://doi.org/10.1016/B978-0-08-095975-7.00420-4, 2014.

933 Keeling, R. F. and Morgan, E. J.: Scripps O, Program Data. UC San Diego Library Digital
934 Collections, https://doi.org/10.6075/J0WS8RIJR, 2019.

935 Keeling, R. F., Najjar, R. G., Bender, M. L., and Tans, P. P.. What atmospheric oxygen
936 measurements can tell us about the global carbon cycle, Global Biogeochemical Cycles, 7,
937 37-67, https://doi.org/10.1029/92GB02733, 1993.

32


https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj

938 Keeling, R. F., Kortzinger, A., and Gruber, N.: Ocean Deoxygenation in a Warming World,
939 Annu. Rev. Mar. Sci., 2, 199-229, https://doi.org/10.1146/annurev.marine.010908.163855, 2010.

940 Liang, J., Deutsch, C., McWilliams, J. C., Baschek, B., Sullivan, P. P., and Chiba, D.:
941 Parameterizing bubble-mediated air-sea gas exchange and its effect on ocean ventilation, Global
942 Biogeochemical Cycles, 27, 894-905, https://doi.org/10.1002/gbc.20080, 2013.

943 Machta, L. and Hughes, E.: Atmospheric Oxygen in 1967 to 1970, Science, 168, 1582—1584,
944 https://doi.org/10.1126/science.168.3939.1582, 1970.

945 Najjar, R. G. and Keeling, R. F.: Mean annual cycle of the air-sea oxygen flux: A global view,
946 Global Biogeochemical Cycles, 14, 573-584, https://doi.org/10.1029/1999GB900086, 2000.

947 Redfield, A. C.: The Exchange Of Oxygen Across The sea Surface, Journal of Marine Research,
948 7, 347-361, 1948.

949 Regnier, P., Resplandy, L., Najjar, R. G., and Ciais, P.: The land-to-ocean loops of the global
950 carbon cycle, Nature, 603, 401410, https://doi.org/10.1038/s41586-021-04339-9, 2022.

951 Schmidtko, S., Stramma, L., and Visbeck, M.: Decline in global oceanic oxygen content during
952 the past five decades, Nature, 542, 335339, https://doi.org/10.1038/nature21399, 2017.

953 Stanley, R. H. R., Jenkins, W. J., Lott III, D. E., and Doney, S. C.: Noble gas constraints on
954 air-sea gas exchange and bubble fluxes, Journal of Geophysical Research: Oceans, 114,
955 https://doi.org/10.1029/2009JC005396, 2009.

956 Tohjima, Y., Mukai, H., Machida, T., Nojiri, Y., and Gloor, M.: First measurements of the
957 latitudinal atmospheric O , and CO , distributions across the western Pacific, Geophysical
958 Research Letters, 32, 2005GL023311, https://doi.org/10.1029/2005GL023311, 2005.

959 Weiss, R. F.: The solubility of nitrogen, oxygen and argon in water and seawater, Deep Sea
960 Research and Oceanographic Abstracts, 17, 721-735,
961 https://doi.org/10.1016/0011-7471(70)90037-9, 1970.

962 Yeager, S. G., Rosenbloom, N., Glanville, A. A., Wu, X., Simpson, 1., Li, H., Molina, M. J.,
963 Krumhardt, K., Mogen, S., Lindsay, K., Lombardozzi, D., Wieder, W., Kim, W. M., Richter, J.
964 H., Long, M., Danabasoglu, G., Bailey, D., Holland, M., Lovenduski, N., Strand, W. G., and
965 King, T.: The Seasonal-to-Multiyear Large Ensemble (SMYLE) prediction system using the
966 Community Earth System Model version 2, Geosci. Model Dev., 15, 6451-6493,
967 https://doi.org/10.5194/gmd-15-6451-2022, 2022.

33


https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj
https://www.zotero.org/google-docs/?6McHQj

