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Supplementary Note 1 | Derivation of equations for upper ocean oxygen budget 

Under conditions with negligible molecular diffusivities, an equation for the change in 

dissolved oxygen concentration ([O2], mol m−3) along a water parcel 

𝐷[O!]
𝐷𝑡 = 𝐽, (S1) 

and an equation for the thickness of the water parcel [h (m)] 

𝜕ℎ
𝜕𝑡 + 𝛁 ∙

(ℎ𝐯) = 0, (S2) 

can be combined, yielding an equation for dissolved oxygen mass conservation, 

𝜕([O!]ℎ)
𝜕𝑡 + 𝛁 ∙ ([O!]ℎ𝐯) = ℎ𝐽, (S3) 

where J and v indicate net dissolved oxygen change by biological production and respiration 

(mol m−3 s−1) and velocity (m s−1), respectively. Decomposing the variables into a large-scale 

component (denoted by an overbar, e.g., [O!]222222) and eddy components (denoted by a prime 

symbol, e.g., [O!]"), and taking an average over the large-scale, equation (S3) becomes 

𝜕([O!]222222ℎ2 + [O!]"ℎ"222222222)
𝜕𝑡 + 𝛁 ∙ 3[O!]222222ℎ𝐯222 + [O!]"(ℎ𝐯)"22222222222224 = ℎ2𝐽. (S4) 

Using the relationship ℎ𝐯222 = (ℎ2𝐯22222 + ℎ"𝐯"22222), equation (S5) can be written as 

𝜕([O!]222222ℎ2 + [O!]"ℎ"222222222)
𝜕𝑡 + 𝛁 ∙ 6[O!]2222223ℎ2𝐯22222 + ℎ"𝐯"2222247 = −𝛁 ∙ [O!]"(ℎ𝐯)"2222222222222 + ℎ2𝐽. (S5) 

The same operation applied to equation (S3) yields 

𝜕ℎ2
𝜕𝑡 = −𝛁 ∙ 3ℎ2𝐯22222 + ℎ"𝐯"222224. (S6) 

Substituting equation (S6) into equation (S5) yields 

𝜕[O!]222222

𝜕𝑡 +
1
ℎ2
𝜕[O!]"ℎ"222222222

𝜕𝑡 + :𝐯2 +
ℎ"𝐯"

ℎ2
; ∙ 𝛁[O!]222222 = −

1
ℎ2
𝛁 ∙ [O!]"(ℎ𝐯)"2222222222222 + 𝐽. (S7) 

With the assumption that the eddy components of the tracer and thickness are not correlated1, 

the second term on the left side of equation (S7) becomes negligible: 
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𝜕[O!]222222

𝜕𝑡 + :𝐯2 +
ℎ"𝐯"

ℎ2
; ∙ 𝛁[O!]222222 = −

1
ℎ2
𝛁 ∙ [O!]"(ℎ𝐯)"2222222222222 + 𝐽. (S8) 

Parameterizing the first term on the right slide of equation (S8) as Fickian diffusion with an 

eddy diffusion coefficient 𝛋 (m2 s−1), equation (S8) can be written in the form, 

𝜕[O!]
𝜕𝑡 = 𝛁 ∙ 𝛋𝛁[O!] − (𝐯 + 𝐯∗) ∙ 𝛁[O!] + 𝐽, (S9) 

omitting the overbars for simplification and representing the bolus velocity (ℎ"𝐯"/ℎ2) as 𝐯∗. 

 

The eddy diffusion term consists of the horizontal component (𝛁𝐡 ∙ 𝛋𝐡𝛁𝐡[O!] ) and the 

vertical component ( %
%&
𝜅'

%[)!]
%&

). To obtain an equation for the upper ocean dissolved oxygen 

budget, equation (S9) is vertically integrated from the depth H (𝑧 = −𝐻) to the sea surface 

(𝑧 = 0): 

𝜕
𝜕𝑡A

[O!]	𝑑𝑧
+

,-
= 𝜅'(0)

𝜕[O!]
𝜕𝑧 D

&.+
− 𝜅'(−𝐻)

𝜕[O!]
𝜕𝑧 D

&.,-

+A −(𝐯 + 𝐯∗) ∙ 𝛁[O!]	𝑑𝑧
+

,-
+A 𝛁𝐡 ∙ 𝛋𝐡𝛁𝐡[O!]	𝑑𝑧

+

,-
+A 𝐽	𝑑𝑧

+

,-
. 

(S10) 

In the case where the target tracer is oxygen, the diffusion term at the sea surface corresponds 

to the air–sea exchange of oxygen. Therefore, an equation for the budget of the upper ocean 

oxygen (O!/01) can be written in the form 

%)!"#$
%2

= 𝐹3,4 + 𝐹56788 + 𝐹369 + 𝐹:6788 + 𝐹;<=, (S11) 

which indicates that changes in upper ocean oxygen result from air–sea oxygen exchange 

(FA–S), vertical eddy diffusion of oxygen at the lower boundary depth H (FvDIFF), advection of 

oxygen (FADV), horizontal eddy diffusion of oxygen (FhDIFF), and net biological oxygen 

production (FNCP). 
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Supplementary Note 2 | Model and parameters for estimating air–sea oxygen exchange 

and comparisons of estimates with previous studies 

We used a model developed by a previous study2 to estimate air–sea oxygen exchange from 

sea surface dissolved oxygen concentrations, temperature/salinity data, and sea surface wind 

speed products. This model is one of those developed to explicitly represent the role of 

bubbles in air–sea gas exchange, and was validated by comparison with direct field 

measurements of air–sea novel gas exchanges3. The model has also been used in several 

studies for estimating local net community production through oxygen mass balance4–6, and 

has been updated by tuning the parameters of the model to match observations7,8. 

 

In the model, the total air–sea oxygen exchange (Fnet) is represented as the sum of the 

diffusive exchange at the air–sea interface (Fs) and two exchanges mediated by bubble 

processes in the vicinity of the air–sea interface (Fp and Fc) 

𝐹0>1 = 𝐹? + 𝛽(𝐹@ + 𝐹A), (S12) 

where 𝛽 is a tuning parameter for adjusting to field observations (𝛽 = 0.37)8. These three 

components are written in the form 

𝐹? = 𝑘? J
𝑃BCD
𝑃E2F

[O!]??G1 − [O!]?L 

𝐹@ = 𝑘@ J(1 + ∆𝑃)
𝑃BCD
𝑃E2F

[O!]??G1 − [O!]?L 

𝐹A = 𝑘A	𝜒E2F
)! , 

(S13) 

where [O!]? , [O!]??G1 , 𝑃BCD , 𝑃E2F , and 𝜒E2F
)!  represent measured dissolved oxygen 

concentration at the surface; dissolved oxygen saturation concentration9 at the surface, 

calculated using measured sea surface temperature and salinity; sea level atmospheric 

pressure and one standard atmospheric pressure (𝑃E2F = 1013.25	hPa); and the atmospheric 

mole fraction of oxygen (𝜒E2F
)! = 0.21), respectively.  
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The mass transfer coefficients (𝑘?, 𝑘@, and 𝑘A) and the fraction of supersaturation inside large 

bubbles (∆𝑃) are parameterized as functions of wind speed (adapted from Emerson and 

Bushinsky 2016): 

𝑘? = 1.04 × 10,H × 1.3 × 𝑢∗G(𝑆A/660),+.J 

𝑘@ = 5.5 × (𝑢∗K)!.LM(𝑆A/660),+.ML 

𝑘A = 5.56 × (𝑢∗K)N.OM 

∆𝑃 = 1.52 × (𝑢∗K)P.+M, 

(S14) 

where 𝑢∗G  and 𝑢∗K  are the air-side and water-side friction velocities and 𝑆Q  is the Schmidt 

number of oxygen at the sea surface temperature. The friction velocities are related by 

𝑢∗K = Y
𝜌G
𝜌K

𝑢∗G = Y
𝜌G
𝜌K

[𝐶R𝑈P+, (S15) 

where 𝜌G, 𝜌K,	𝐶R and 𝑈P+ represent air density, seawater density, drag coefficient at the air–

water interface10,11, and wind speed at 10 m height, respectively. We multiplied by the 

fraction of area not covered by sea ice (1 − 𝑓/A>) to obtain the net air–sea oxygen exchange 

(FA–S): 

𝐹3,4 = 𝐹0>1 × (1 − 𝑓/A>). (S16) 

 

The saturation oxygen concentration at the sea surface ([O!]??G1) were calculated from the sea 

surface temperature and salinity obtained from each profile, using a skin layer temperature 

correction following a previous study12. The skin layer temperatures at the position of each 

profile were obtained from ECMWF Reanalysis version 5, ERA513. The sea surface 

saturation concentrations and the Schmidt number of oxygen were computed using a Python 

module14. 
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For obtaining daily wind speed at the location of individual ship/float profiles, we used 

satellite-based products (JOFURO3, Tomita et al. 2019; CCMPv215) and atmospheric 

reanalysis products (JRA-5516; MERRA217; ERA513). For sea level pressure, we used ERA5. 

For sea ice concentrations, we used a satellite-derived daily product18. Wind speeds, sea level 

pressures and sea ice concentrations were spatially interpolated to get values at the locations 

and the times of individual ship/float profiles. With the interpolated these daily atmospheric 

variables, we calculated the three components of flux for individual profiles. 

 

The flux values obtained from individual profiles were mapped, and the globally integrated 

air–sea exchange was estimated to be −206 ± 246 Tmol O2 year−1. The spread of the results 

mainly reflects the uncertainty from oxygen measurement and daily wind products. Our result, 

that the ocean has been outgassing in recent years, is consistent with several other studies 

confirming ocean deoxygenation19–21. And, in the context of studies estimating the global 

carbon uptake in terrestrial and ocean regions based on observations of atmospheric oxygen 

and nitrogen, an increase in ocean outgassing due to an increase in ocean heat content is 

required, and its magnitude has been inferred at −53.9 ± 8.1 Tmol O2 year−1 (mean ± SD of 

studies) since 199022–26. 

 

The air-sea flux estimate presented in this study can be compared with the fluxes estimated 

over broad spatial extents by previous studies27–30. These comparisons are illustrated in 

Supplementary Figure 6. Gruber et al. (2001)27 estimated global air–sea oxygen flux using an 

inversion method with a steady circulation field derived from a General Circulation Model 

(GCM) and observed ocean interior tracer data. While this method could be suffered by 

biases from the GCM circulation field, it does not require the strict parameterization of air-

sea oxygen exchange at the surface, making it independent from our approach. Remarkable 
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differences in overall oxygen absorption/emission trends are seen in the Northern 

Hemisphere (temperate and northern North Pacific and North Atlantic), with this study 

showing a general trend of emission, whereas Gruber et al. (2001)27 indicate an absorption 

(red and green bars in Supplementary Fig. 6). On the other hand, the fluxes for Earth System 

Models (ESM) summarized in Resplandy et al. (2015)30 (mean of six CMIP5 models) and Li 

et al. (2020)29 (mean of 10 CMIP5 models) shows the closer estimates to ours in some 

regions (temperate North Atlantic and North Pacific) with the large model spreads (red and 

orange/yellow bars in Supplementary Fig. 6). The discrepancy may be attributed to a number 

of factors, including differences in the analysis period, model biases in ESMs, assumptions 

made in the inversion, and incompleteness of the parameterizations for air–sea oxygen 

exchanges. Further validation, including studies employing additional independent 

methodologies, is required. 

 

This study shares many of observational data used with Bushinsky et al. (2017)28, and the 

air–sea oxygen fluxes were calculated in accordance with the majority of the methods 

employed in Bushinsky et al. (2017)28. However, the flux calculation method differs in that 

we introduce a skin layer correction and the sea level pressure correction in the calculation of 

the sea surface oxygen saturation concentration. The modulations of the surface saturation by 

sea level pressure have more pronounced impact on the resultant flux in the Southern Ocean, 

where sea level pressure is lower than the standard pressure throughout the year 

(Supplementary Fig. 1c). With the surface pressure correction, the ocean uptake of oxygen in 

the Southern Ocean is considerably reduced (red and gray bars in Supplementary Fig. 6), 

while both are consistent in the case without the correction (blue and gray bars in 

Supplementary Fig. 6).  
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Prior to this study, Quay (2023)31 estimated the global ANCP based on the upper ocean 

oxygen and dissolved inorganic carbon (DIC) mass balance. Because Quay (2023)31 does not 

account for advection and horizontal diffusion fluxes in their oxygen budget calculation, 

described upper ocean dissolved oxygen mass balance is different from that of this study. In 

Quay (2023)31, an oxygen loss from the upper ocean due to the air-sea exchange was 

estimated ~800 Tmol O2 year−1 and an oxygen loss by vertical diffusion was reported as 

~10% of the air-sea flux. These losses are balanced by the net biological oxygen production 

corresponding to an ANCP of 2.0 ± 0.8 mol C m−2 year−1. On the other hand, our results (but 

recalculated in the area aligned with Quay (2023)) demonstrated that the total ~590 Tmol O2 

year−1 of oxygen loss, which is the sum of contributions from air-sea exchanges (~270 Tmol 

O2 year−1), diffusion (~190 Tmol O2 year−1), and advection (~130 Tmol O2 year−1), should be 

balanced by the net biological production corresponding an ANCP of 1.4 ± 0.5 mol C m−2 

year−1. Despite the different overall descriptions of upper dissolved oxygen balance between 

the two studies, it is noteworthy that both ANCP estimates are consistent in terms of the 

overall characteristic of the spatial pattern, such as hemispheric and basin contrasts, and the 

two global estimates, including the range of uncertainty, overlap each other. It is likely 

because that the contributions from processes not considered in Quay (2023)31, such as 

advection and horizontal diffusion, affect the global integrated values of ANCP, yet have a 

limited impact on determining the basin contrast. 

 

A comparison of the globally integrated air-sea oxygen fluxes calculated using similar 

approaches in both studies reveals that our estimate tends to be less release of oxygen from 

the ocean compared to the results of Quay (2023)31. This discrepancy might be attributed to 

two primary factors: (1) differences in the spatial and temporal resolution of the wind data 

used, and (2) the inclusion of a skin layer temperature correction. If one assumes that Quay 
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(2023)31 employed spatiotemporally more smoothed data (e.g., monthly climatological wind), 

it would likely yield different results from this study. As the parameterized equation of the 

air-sea oxygen flux is a nonlinear function of wind speed, the monthly average of fluxes 

calculated from daily wind speeds is not always identical to the flux calculated from monthly 

average wind speeds. Indeed, when fluxes were estimated using the same methodology, 

except for employing climatological monthly wind data, it was found that the 

underestimation of ocean oxygen uptake at high latitudes under strong winds resulted in a 

globally integrated flux with a 25% increase in the oxygen release. 

 

The second reason could be the skin layer temperature correction employed in this study. 

Recent observational studies have suggested considering the skin effect when calculating the 

air–sea diffusion fluxes of CO2 and oxygen12,32. Generally, by using a slightly cooler skin 

layer temperature (temperature at the air–sea interface) instead of the bulk sea surface 

temperature (temperature at 15-m depth) to estimate the saturation concentration in diffusion 

flux calculations, the gas solubility increases, leading to a shift in the resultant flux towards 

more absorption. Indeed, the same calculation, excluding the skin layer temperature 

correction, yielded ~250 Tmol O2 year−1 increase in the ocean oxygen release on a global 

integrate basis. As previously reported12, the differences are more pronounced in the 

subtropical regions (red and purple bars in Supplementary Fig. 6).  
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Supplementary Note 3 | Comparisons of estimated ANCPs with those from previous 

local studies 

Supplementary Figure 7 presents a comparison with local estimates from previous studies 

using various methodologies, which are summarized in Supplementary Table 1. As seen in 

Figs. 4c–f, there is a general agreement in the overall spatial trends, with some exceptions 

(data outlined in the purple boxes in Supplementary Figs. 7a and b). Additionally, it was 

observed that the estimates from this study tend to be slightly smaller than those from 

previous studies. There are two main reasons why the estimates in this study appear smaller. 

 

Firstly, it is important to note that some proportions of previous studies (~40% of N in 

Supplementary Fig. 7a) estimated ANCPs at depths shallower than the depth used in this 

study (depth H = the lower boundary of the upper ocean for the dissolved oxygen budget). 

These studies typically employed either temporally varying mixed layer depths (MLD) and 

euphotic layer depths (Zeu), or fixed depths of 100 m and 200 m (c.f., Supplementary Table 2). 

In contrast, our approach utilizes the deeper of the annual maximum MLD or the annual 

maximum Zeu. The NCP is determined as a balance between the net primary production 

(NPP) and the heterotrophic respiration (HR), that is NCP = NPP – HR. As NPP is more 

dominant within the euphotic zone and decreases with depth, where HR increases, NCP 

estimated from tracer budgets tends to decrease as the depth of H is defined more deeply33. 

By categorizing previous estimates according to the definition of depth H and comparing 

them with our estimates, the discrepancies are less pronounced when compared to studies that 

employed the same definition of H. 

 

Another contributing factor to the discrepancy is the inclusion of corrections for the skin 

layer temperature in calculations of air-sea oxygen flux. Incorporating the cooling effect of 
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the surface skin layer into the calculation of oxygen saturation concentration results in a 

greater saturation concentration than in the case where this effect is not considered. This 

leads to an increase in ocean uptake of oxygen. Since, in the upper ocean dissolved oxygen 

budget equation applied in this study (equation [2]), an increase in sea surface oxygen uptake 

corresponds to a decrease in net biological oxygen production and hence ANCP, the skin 

layer temperature correction results in a smaller ANCP in this study than in previous studies. 

With the exception of a few recent studies12,34, the majority of the previous studies included 

in the comparison here do not employ skin layer temperature correction. 
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Supplementary Fig. 1 | Three components of air–sea O2 exchange and their drivers. a, 
Annual mean differences between surface oxygen concentrations and saturation. Red lines 
indicate the annual maximum extent of sea ice (corresponding to sea ice fraction contours of 
0.2). b, Annual mean wind speed at 10 m height. c, Annual mean sea level pressure. d–f, 
Annually integrated air–sea oxygen exchange through (d) diffusive flux (Fs), (e) bubble flux 
due to large bubbles that partially collapse (Fp), and (f) bubble flux due to small bubbles that 
completely collapse (Fc). 
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Supplementary Fig. 2 | Parameters for calculation of oxygen flux due to vertical 
diffusion. a, b, Background vertical diffusivity from Argo-based global three-dimensional 
vertical diffusivity products using fine-scale parameterization35 and an inverse calculation for 
salinity on isopycnal surfaces36. The background diffusivity was computed as the diffusivity 
value averaged vertically from the depth of H + 100 m to H + 750 m. Missing values on the 
data grid were replaced from another vertical diffusivity product based on tidal mixing 
parameterization37. c, Annual mean vertical oxygen gradient at depth H. The vertical 
gradients were calculated from individual profiles and the profile values were then mapped. 
H was defined as the boundary depth of the upper ocean used in the calculation of the upper 
ocean oxygen budget, and was the deeper of the annual maximum mixed layer depth or the 
annual maximum euphotic layer depth. 
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Supplementary Fig. 3 | Distribution of sea surface dissolved oxygen data used in this 
study. a, Spatial distribution of dissolved oxygen profiles from the World Ocean Database 
2018 (WOD), the Global Ocean Data Analysis Project Version 2.2022 (GLODAP), and, the 
Biogeochemical-Argo data from the Global Data Assembly Centre (BGC-Argo). b, Number 
of profiles in 5° (latitude) × 10° (longitude) boxes for the period 1980–2022. c, Global 
number of profiles per year.  
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Supplementary Fig. 4 | Distribution of vertical profiles of dissolved oxygen used in this 
study. Same as Supplementary Fig. 3 but for the data used for the analyses that require not 
only surface values but also vertical profiles, such as estimations of vertical diffusion fluxes. 
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Supplementary Fig. 5 | Comparisons of sea surface O2 between BGC-Argo and 
GLODAP. a, scatterplot for the comparison of sea surface oxygen (SSO) from the BGC-
Argo and GLODAPv2.2022. Dots are crossover data that were matched to within ± 20 days, 
± 0.5º latitude, ± 0.5º longitude, and ± 10 dbar. Model II regression and its statistics are 
shown as the red line and in the box. The gray dash line is 1:1 line. The offsets in the box are 
simple differences between the regression and 1:1 at given SSOs. b, Locations of the 
crossovers matched. Color indicates BGC-Argo SSO values at the crossovers.   
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Supplementary Fig. 6 | Comparisons of air-sea O2 fluxes with previous studies and 
different methods. Based on the ocean area partitioning according to Gruber et al. (2001)27 
(their Figure 3), the air–sea oxygen fluxes estimated in this study were compared with model-
based estimates (Gruber et al. 2001; Resplandy et al. 2015; Li et al. 2020)27,29,30 globally 
(green, orange, yellow bars, respectively) and observational estimates (Bushinsky et al. 
2017)28 only for the Southern Ocean (blue bars). For the fluxes from this study, results are 
also presented for calculations with sea level pressure fixed to standard atmospheric pressure 
(gray bars) and without skin temperature correction (purple bars). The vertical lines on the 
bars indicate their uncertainties where these are available.  
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Supplementary Fig. 7 | Comparisons of ANCP with previous local and regional 
estimates. a, Scatter plot for the comparisons of ANCP from this study and previous studies. 
The colors of dots represent the definitions of the depth by where ANCPs were estimated 
(depth H in case of this study); annual maximum MLD (blue), seasonally varying MLD or 
Zeu (orange), and the others (green). b, two-dimensional histogram of a. Black lines in a and 
b are 1:1 line. c, Locations where the comparisons have been done. Black rectangles and 
hatches indicate regions where the individual previous ANCPs have been estimated. Purple 
rectangles show the locations of the data within the purple box in a and b. All data used in 
this figure and their references are summarized in Table S1. 
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Supplementary Table 1 | Observational local estimates of annual net community production (ANCP) in previous studies 

Basin Latitudes Longitudes ANCP SD/SE  Depth H Methodology Data length  Platform Year of 
data Reference Notes for location and data source 

Atlantic 48.50 48.75 343.80 343.80 4.30 1.30 Zeu 
(60m) O2 budget Full annual cycle Seaglider 2012–2013 Binetti et al. (2020)38 PAP site 

Atlantic 31.70 31.70 297.80 297.80 4.90 0.30 MLD DIC/DI13C budget Full annual cycle Ship 1989–2000 Brix et al. (2006)39 BATS site 

Atlantic 24.00 25.50 295.00 300.00 1.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9726 

Atlantic 24.50 25.50 297.00 301.00 0.80 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9726 

Atlantic 24.50 25.50 297.00 301.00 1.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=9726 

Atlantic 23.00 24.00 297.00 304.00 0.50 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9754 

Atlantic 21.50 25.00 296.00 297.00 0.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9754 

Atlantic 21.50 25.00 296.00 297.00 0.80 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=9754 

Atlantic 21.50 25.00 296.00 297.00 1.60 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=9754 

Atlantic 22.50 25.00 309.00 315.00 0.30 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9759 

Atlantic 21.50 24.50 306.00 309.00 1.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9759 

Atlantic 21.50 24.50 306.00 309.00 1.40 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=9759 

Atlantic 21.50 24.50 306.00 309.00 1.40 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=9759 

Atlantic -16.36 -12.36 331.57 337.57 -0.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=12691 

Atlantic -16.36 -12.36 331.57 337.57 0.40 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=12691 

Atlantic -21.77 -17.77 334.66 340.66 0.50 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=12632 

Atlantic -21.77 -17.77 334.66 340.66 1.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=12632 

Atlantic -32.27 -28.27 319.99 325.99 0.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=12785 

Atlantic 32.10 32.10 295.50 295.50 0.92 0.50 MLD DIC/DI13C budget Full annual cycle Ship 1883–1989 Gruber and Keeling (1999)40 Sta. S  
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Atlantic 31.50 31.50 295.84 295.84 2.30 0.90 MLD DIC/DI13C budget Full annual cycle Ship 1991–1994 Gruber et al. (1998)41 BATS site 

Atlantic 31.50 31.50 295.84 295.84 3.40 0.80 MLD DIC/DI13C budget Full annual cycle Ship 1983–2001 Gruber et al. (2002)42 BATS site 

Atlantic -65.00 -40.00 290.00 350.00 4.40 2.90 Fix 
(70dbar) 

Subsurface 
respiration Seasonal Float 2015 Hennon et al. (2016)43 Drake Passage 

Atlantic 25.00 40.00 280.00 320.00 3.90 2.30 Fix 
(70dbar) 

Subsurface 
respiration Seasonal Float 2015 Hennon et al. (2016)43 Sargasso Sea 

Atlantic 32.00 32.00 296.00 296.00 3.45 0.62 Zeu O2 mass balance Full annual cycle Ship 1961–1978 Jenkins and Goldman 
(1985)44 Panulirus site (St. S) 

Atlantic -31.20 -27.80 6.50 10.20 0.00 – Fix 
(200m) NO3 drawdown Seasonal Float 2015 Johnson et al. (2017)45 Float No.=0037, WMO No.=5904475 

Atlantic -44.50 -42.90 312.40 318.50 3.40 – Fix 
(200m) NO3 drawdown Seasonal Float 2011–2012 

Johnson et al. (2017)45 
Float No.=5146, WMO No.=5901492 

Atlantic -41.70 -39.40 9.20 13.00 5.00 – Fix 
(200m) NO3 drawdown Seasonal Float 2012 

Johnson et al. (2017)45 
Float No.=6967, WMO No.=5903612 

Atlantic -61.30 -60.80 4.30 4.90 0.60 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 

Johnson et al. (2017)45 
Float No.=7652, WMO No.=5904467 

Atlantic -54.30 -54.00 0.00 1.10 2.10 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 

Johnson et al. (2017)45 
Float No.=9096, WMO No.=5904469 

Atlantic -62.00 -61.20 354.60 358.40 1.20 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 

Johnson et al. (2017)45 
Float No.=9125, WMO No.=5904397 

Atlantic -47.90 -42.60 45.20 47.50 4.10 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 

Johnson et al. (2017)45 
Float No.=9260, WMO No.=5904473 

Atlantic -63.00 -55.00 292.00 300.00 1.16 0.39 MLD PO4 budget Full annual cycle Ship 2002–2011 Munro et al. (2015)46 Drake Passage Time-series 

Atlantic -63.00 -55.00 292.00 300.00 1.63 0.40 MLD DIC budget Full annual cycle Ship 2002–2011 Munro et al. (2015)46 Drake Passage Time-series 

Atlantic 29.16 29.16 344.50 344.50 3.30 1.00 MLD DIC budget Full annual cycle Ship 1996–2000 Neuer et al. (2007)47 ESTOC 

Atlantic 40.00 65.00 Basinwide Basinwide 2.80 2.70 MLD Steady annual air-
sea O2 flux Full annual cycle Ship 1991–2005 Quay et al. (2012)48 CARINA 

Atlantic 30.00 40.00 300.00 310.00 1.65 0.60 MMLD DIC/DI13C mass 
balance Snapshot Ship 2011 Quay et al. (2020)49 GEOTRACES G10 

Atlantic 30.00 40.00 290.00 300.00 2.57 1.00 MMLD DIC/DI13C mass 
balance Snapshot Ship 2011 

Quay et al. (2020)49 
GEOTRACES G10 

Atlantic 23.00 24.00 300.00 310.00 1.59 0.60 MMLD DIC/DI13C mass 
balance Snapshot Ship 1998 

Quay et al. (2020)49 
WOCE Line A05 

Atlantic 25.00 26.00 285.00 290.00 1.66 0.70 MMLD DIC/DI13C mass 
balance Snapshot Ship 1998 

Quay et al. (2020)49 
WOCE Line A05 

Atlantic 26.00 27.00 290.00 300.00 1.47 0.60 MMLD DIC/DI13C mass 
balance Snapshot Ship 1998 

Quay et al. (2020)49 
WOCE Line A05 
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Atlantic 0.00 5.00 330.00 340.00 2.89 1.20 MMLD DIC/DI13C mass 
balance Snapshot Ship 1993 

Quay et al. (2020)49 
WOCE Line A16 

Atlantic 5.00 10.00 330.00 340.00 1.44 0.50 MMLD DIC/DI13C mass 
balance Snapshot Ship 1993 

Quay et al. (2020)49 
WOCE Line A16 

Atlantic 10.00 15.00 330.00 340.00 2.60 1.00 MMLD DIC/DI13C mass 
balance Snapshot Ship 1993 

Quay et al. (2020)49 
WOCE Line A16 

Atlantic 0.00 10.00 330.00 340.00 2.68 1.10 MMLD DIC/DI13C mass 
balance Snapshot Ship 2003 

Quay et al. (2020)49 
WOCE Line A16 

Atlantic 10.00 20.00 330.00 340.00 2.42 1.00 MMLD DIC/DI13C mass 
balance Snapshot Ship 2003 

Quay et al. (2020)49 
WOCE Line A16 

Atlantic 15.00 30.00 290.00 330.00 2.33 0.90 MMLD DIC/DI13C mass 
balance Snapshot Ship 2003 

Quay et al. (2020)49 
WOCE Line A20/A22 

Atlantic 30.00 40.00 290.00 330.00 2.78 1.10 MMLD DIC/DI13C mass 
balance Snapshot Ship 2003 

Quay et al. (2020)49 
WOCE Line A20/A22 

Atlantic 0.00 10.00 Basinwide Basinwide 3.18 0.90 MMLD O2 budget Full annual cycle Ship 1980–2006 
Quay et al. (2020)49 

CARINA 

Atlantic 20.00 30.00 Basinwide Basinwide 2.99 0.80 MMLD O2 budget Full annual cycle Ship 1980–2006 
Quay et al. (2020)49 

CARINA 

Atlantic 30.00 40.00 Basinwide Basinwide 3.09 1.10 MMLD O2 budget Full annual cycle Ship 1980–2006 
Quay et al. (2020)49 

CARINA 

Atlantic 40.00 50.00 Basinwide Basinwide 2.91 1.10 MMLD O2 budget Full annual cycle Ship 1980–2006 
Quay et al. (2020)49 

CARINA 

Atlantic 50.00 60.00 Basinwide Basinwide 0.70 1.40 MMLD O2 budget Full annual cycle Ship 1980–2006 
Quay et al. (2020)49 

CARINA 

Atlantic 60.00 70.00 Basinwide Basinwide 1.11 1.60 MMLD O2 budget Full annual cycle Ship 1980–2006 
Quay et al. (2020)49 

CARINA 

Atlantic 32.00 32.00 296.00 296.00 3.86 1.03 Zeu O2 budget,  
Ar/He constraint Full annual cycle Ship 1985–1986 Spitzer and Jenkins (1989)50 BATS site 

Atlantic 31.70 31.70 297.60 297.60 2.10 0.08 Zeu AOUR based on 
3H/3He TTD age Full annual cycle Ship 2003–2006 Stanley et al. (2012)51 BATS site 

Atlantic 31.70 31.70 297.80 297.80 4.30 0.90 Zeu NO3 flux,  
3He constraint Full annual cycle Ship 2003–2006 Stanley et al. (2015)52 BATS site 

Atlantic 25.83 25.83 289.93 289.93 1.60 0.20 MMLD DIC/DI13C mass 
balance Snapshot Ship 1998 Yang et al. (2019)6 WOCE Line A05 

Global -60.00 -55.00 Basinwide Basinwide 1.98 0.85 Fix 
(200m) NO3 drawdown Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -55.00 -50.00 Basinwide Basinwide 2.63 0.87 Fix 
(200m) NO3 drawdown Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -50.00 -45.00 Basinwide Basinwide 1.56 1.40 Fix 
(200m) NO3 drawdown Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -45.00 -40.00 Basinwide Basinwide 2.04 0.61 Fix 
(200m) NO3 drawdown Seasonal Float 2013–2018 Arteaga et al. (2019)53  
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Global -40.00 -35.00 Basinwide Basinwide 0.61 1.03 Fix 
(200m) NO3 drawdown Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -35.00 -30.00 Basinwide Basinwide 0.36 0.16 Fix 
(200m) NO3 drawdown Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -60.00 -55.00 Basinwide Basinwide 0.75 1.54 Fix 
(100m) 

Subsurface 
respiration Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -55.00 -50.00 Basinwide Basinwide 2.69 0.56 Fix 
(100m) 

Subsurface 
respiration Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -50.00 -45.00 Basinwide Basinwide 1.72 1.34 Fix 
(100m) 

Subsurface 
respiration Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -45.00 -40.00 Basinwide Basinwide 2.13 0.78 Fix 
(100m) 

Subsurface 
respiration Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -40.00 -35.00 Basinwide Basinwide 1.31 1.10 Fix 
(100m) 

Subsurface 
respiration Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -35.00 -30.00 Basinwide Basinwide 1.19 0.59 Fix 
(100m) 

Subsurface 
respiration Seasonal Float 2013–2018 Arteaga et al. (2019)53  

Global -30.00 -25.00 Basinwide Basinwide 0.63 0.00 Fix 
(200m) NO3 drawdown Seasonal Float 2010–15 Johnson et al. (2017)45 Zonal mean of float results 

Global -40.00 -35.00 Basinwide Basinwide 0.76 1.47 Fix 
(200m) NO3 drawdown Seasonal Float 2010–15 Johnson et al. (2017)45 Zonal mean of float results 

Global -45.00 -40.00 Basinwide Basinwide 3.22 1.00 Fix 
(200m) NO3 drawdown Seasonal Float 2010–15 Johnson et al. (2017)45 Zonal mean of float results 

Global -50.00 -45.00 Basinwide Basinwide 3.15 1.36 Fix 
(200m) NO3 drawdown Seasonal Float 2010–15 Johnson et al. (2017)45 Zonal mean of float results 

Global -55.00 -50.00 Basinwide Basinwide 2.33 1.35 Fix 
(200m) NO3 drawdown Seasonal Float 2010–15 Johnson et al. (2017)45 Zonal mean of float results 

Global -60.00 -55.00 Basinwide Basinwide 2.78 0.00 Fix 
(200m) NO3 drawdown Seasonal Float 2010–15 Johnson et al. (2017)45 Zonal mean of float results 

Global -60.00 -55.00 Basinwide Basinwide 0.69 2.33 MLD NO3 budget Full annual cycle Ship 1980–90s MacCready and Quay 
(2001)54 WOCE and US JGOFS 

Global -55.00 -50.00 Basinwide Basinwide 3.64 2.52 MLD NO3 budget Full annual cycle Ship 1980–90s MacCready and Quay 
(2001)54 WOCE and US JGOFS 

Global -50.00 -45.00 Basinwide Basinwide 4.02 1.76 MLD NO3 budget Full annual cycle Ship 1980–90s MacCready and Quay 
(2001)54 WOCE and US JGOFS 

Global -45.00 -40.00 Basinwide Basinwide 2.08 1.15 MLD NO3 budget Full annual cycle Ship 1980–90s MacCready and Quay 
(2001)54 WOCE and US JGOFS 

Global -40.00 -35.00 Basinwide Basinwide 0.81 0.42 MLD NO3 budget Full annual cycle Ship 1980–90s MacCready and Quay 
(2001)54 WOCE and US JGOFS 

Indian -17.50 -15.00 95.00 102.00 -2.30 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9763 

Indian -18.00 -16.00 95.00 100.00 -3.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9763 
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Indian -18.00 -16.00 95.00 100.00 -0.60 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=9763 

Indian -20.00 -18.00 85.00 95.00 -1.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9768 

Indian -20.00 -17.50 82.00 86.00 0.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9768 

Indian -20.00 -17.50 82.00 86.00 0.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=9768 

Indian -26.00 -22.00 90.00 95.00 -1.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9737 

Indian -24.00 -23.00 93.00 105.00 -2.20 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9737 

Indian -24.00 -23.00 93.00 105.00 -1.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=9737 

Indian -30.00 -27.00 95.00 97.00 -1.70 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9758 

Indian -30.00 -28.00 92.00 97.00 -0.20 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9758 

Indian -30.00 -28.00 92.00 97.00 -0.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=9758 

Indian -30.00 -28.00 92.00 97.00 -0.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=9758 

Indian -50.00 -30.00 Basinwide Basinwide 3.80 1.10 Fix 
(70dbar) 

Subsurface 
respiration Seasonal Float 2015 Hennon et al. (2016)43 Southern Indian Ocean 

Indian -48.90 -46.30 26.30 30.40 1.50 – Fix 
(200m) NO3 drawdown Seasonal Float 2015 Johnson et al. (2017)45 Float No.=0508, WMO No.=5904476 

Indian -52.60 -52.10 52.20 57.40 -1.30 – Fix 
(200m) NO3 drawdown Seasonal Float 2008–2009 Johnson et al. (2017)45 Float No.=5146, WMO No.=5901492 

Indian -52.60 -50.40 67.10 69.00 1.40 – Fix 
(200m) NO3 drawdown Seasonal Float 2009–2010 Johnson et al. (2017)45 Float No.=5146, WMO No.=5901492 

Indian -44.50 -42.50 97.00 99.80 2.70 – Fix 
(200m) NO3 drawdown Seasonal Float 2012–2013 Johnson et al. (2017)45 Float No.=7552, WMO No.=5903593 

Indian -42.90 -42.90 107.20 107.80 1.10 – Fix 
(200m) NO3 drawdown Seasonal Float 2013–2014 Johnson et al. (2017)45 Float No.=7552, WMO No.=5903593 

Indian -46.00 -45.10 108.40 112.10 3.10 – Fix 
(200m) NO3 drawdown Seasonal Float 2014–2015 Johnson et al. (2017)45 Float No.=7552, WMO No.=5903593 

Indian -18.35 -18.35 95.00 95.00 1.00 0.30 MMLD DIC/DI13C mass 
balance Snapshot Ship 2007 Yang et al. (2019)6 WOCE Line I09 

Pacific 22.45 22.45 202.00 202.00 2.41 1.31 Zeu 
(150m) 

234Th derived flux,  
C mass balance Full annual cycle Ship 1999–2000 Benitez-Nelson et al. (2001)55 Sta. ALOHA 

Pacific 22.45 22.45 202.00 202.00 2.82 0.35 MLD DIC/DI13C budget Full annual cycle Ship 1988–2002 Brix et al. (2004)56 Sta. ALOHA 
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Pacific 22.45 22.45 202.00 202.00 3.10 0.30 MLD DIC/DI13C budget Full annual cycle Ship 1989–2000 Brix et al. (2006)39 Sta. ALOHA 

Pacific 50.00 50.00 215.00 215.00 2.10 – MLD O2 budget Full annual cycle Ship 1969–1978 Emerson (1987)57 Sta. P 

Pacific 50.00 50.00 215.00 215.00 2.51 1.00 MLD O2 budget,  
N2 constraint  Full annual cycle Mooring 2007–2008 Emerson and Stump (2010)58 Sta. P 

Pacific 19.40 22.10 160.00 164.00 0.70 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2015–16 Emerson and Yang (2022)34 Float No.=9294 

Pacific 19.70 22.60 162.00 166.00 0.80 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9294 

Pacific 19.30 21.30 163.00 165.50 0.40 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9294 

Pacific 18.50 20.00 162.50 166.00 1.40 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2015–16 Emerson and Yang (2022)34 Float No.=9305 

Pacific 18.30 20.00 164.50 167.00 1.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=9305 

Pacific 18.20 21.00 164.00 165.00 1.30 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9305 

Pacific 17.00 20.00 160.00 164.00 1.50 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2015–16 Emerson and Yang (2022)34 Float No.=9306 

Pacific 20.00 22.00 159.00 161.00 1.20 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9306 

Pacific 20.00 22.00 159.00 161.00 0.80 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=9306 

Pacific -17.00 -16.40 198.50 202.00 0.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2014–15 Emerson and Yang (2022)34 Float No.=8485 

Pacific -15.50 -14.50 192.50 198.00 0.60 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–17 Emerson and Yang (2022)34 Float No.=8485 

Pacific -34.28 -30.28 223.98 227.98 -1.10 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=6963 

Pacific -34.28 -30.28 223.98 227.98 -0.20 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=6963 

Pacific -34.74 -30.74 235.39 239.39 -0.80 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=12374 

Pacific -34.43 -30.43 243.22 247.22 0.20 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=12383 

Pacific -34.43 -30.43 243.22 247.22 -0.50 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=12383 

Pacific -26.00 -24.00 254.00 258.50 -0.30 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2017–18 Emerson and Yang (2022)34 Float No.=12385 

Pacific -26.00 -24.00 254.00 258.50 0.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2018–19 Emerson and Yang (2022)34 Float No.=12385 
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Pacific -26.00 -24.00 254.00 258.50 -0.30 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=12385 

Pacific -26.00 -24.00 254.00 258.50 0.30 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=12385 

Pacific -32.27 -28.27 251.04 255.04 0.20 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Emerson and Yang (2022)34 Float No.=12770 

Pacific -32.27 -28.27 251.04 255.04 -0.20 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=12770 

Pacific -25.32 -21.32 235.23 239.23 0.50 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=18822 

Pacific -27.02 -23.02 226.42 230.42 0.00 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2020–21 Emerson and Yang (2022)34 Float No.=18827 

Pacific 50.00 50.00 215.00 215.00 1.60 – Fix 
(100m) 

O2 budget,  
Ar/N2 constraint  Full annual cycle Ship 1987–1989 Emerson et al. (1991)59 Sta. P 

Pacific 22.45 22.45 202.00 202.00 1.00 0.70 Zeu 
(100m) O2/Ar/N2 budget Full annual cycle Ship 1990 Emerson et al. (1995)60  Sta. ALOHA 

Pacific 22.45 22.45 202.00 202.00 1.60 0.90 Zeu DIC/DI13C budget Full annual cycle Ship 1990–1995 Emerson et al. (1997)61 Sta. ALOHA 

Pacific 22.45 22.45 202.00 202.00 2.00 0.90 Zeu Organic carbon 
budget Full annual cycle Ship 1990–1995 Emerson et al. (1997)61 Sta. ALOHA 

Pacific 22.45 22.45 202.00 202.00 2.70 1.70 Zeu O2 budget,  
Ar/N2 constraint  Full annual cycle Ship 1990–1995 Emerson et al. (1997)61 Sta. ALOHA 

Pacific 22.45 22.45 202.00 202.00 4.10 1.90 Zeu O2 budget,  
O2/N2 constraint  Full annual cycle Ship 2005 Emerson et al. (2008)62 Sta. ALOHA 

Pacific 22.75 22.75 202.00 202.00 4.10 1.90 Zeu O2 budget,  
N2 constraint  Full annual cycle Mooring 2005 Emerson et al. (2008)62 MOSEAN mooring 

Pacific 47.50 51.50 214.00 217.00 2.01 1.00 MLD DIC budget Full annual cycle Mooring 2007–2014 Fassbender et al. (2016)63 Sta. P 

Pacific 26.00 32.00 138.00 149.00 7.00 3.00 MLD DIC budget Full annual cycle Float 2007–2014 Fassbender et al. (2017)64 vicinity of KEO buoy 

Pacific 22.45 22.45 202.00 202.00 1.45 0.41 Zeu 
(150m) O2/Ar mass balance Full annual cycle Ship 2013–2019 Ferrón et al. (2021)65 Sta. ALOHA 

Pacific 22.45 22.45 202.00 202.00 1.1 0.50 Zeu 
(150m) 

O2 budget,  
Ar/N2/Ne constraint  Full annual cycle Ship 2000–2001 Hamme and Emerson 

(2006)66 Sta. ALOHA 

Pacific 24.00 24.00 132.00 142.00 0.75 0.15 Fix 
(100m) DIC mass balance Full annual cycle Ship 2014–2019 Hashihama et al. (2021)67  

Pacific 49.00 53.00 209.00 221.00 1.40 0.60 MMLD DIC budget Full annual cycle Float/ 
Mooring 2009–2018 Haskell et al. (2020)68 Sta. P, WMO No.=5902128, 5903274, 

5903405, 5903714, 5903891, 5904125 

Pacific 49.00 53.00 209.00 221.00 1.20 0.50 MMLD NO3 budget Full annual cycle Float/ 
Mooring 2009–2018 Haskell et al. (2020)68 Sta. P, WMO No.=5902128, 5903274, 

5903405, 5903714, 5903891, 5904125 

Pacific -8.00 8.00 190.00 265.00 2.52 2.26 MLD O2/Ar/17Δ mass 
balance Snapshot Ship 2000–2001 Hendricks et al. (2005)69  
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Pacific 25.00 40.00 135.00 170.00 3.80 1.80 Fix 
(70dbar) 

Subsurface 
respiration Seasonal Float 2015 Hennon et al. (2016)43 Western Pacific 

Pacific 49.50 50.70 215.30 217.50 4.50 1.50 Zeu O2 budget Full annual cycle Float 2018–2020 Huang et al. (2022)70 WMO No.=5905988 

Pacific 49.50 50.70 215.30 217.50 2.60 0.60 Zeu NO3 budget Full annual cycle Float 2018–2020 Huang et al. (2022)70 WMO No.=5905988 

Pacific 49.50 50.70 215.30 217.50 2.70 0.60 Zeu DIC budget Full annual cycle Float 2018–2020 Huang et al. (2022)70 WMO No.=5905988 

Pacific 49.50 50.70 215.30 217.50 2.50 0.80 Zeu TA budget Full annual cycle Float 2018–2020 Huang et al. (2022)70 WMO No.=5905988 

Pacific 24.00 30.00 137.00 152.00 4.00 1.58 MLD DIC budget Full annual cycle Ship 1997 Ishii et al. (2001)71 WOCE Line P09 

Pacific 15.00 23.00 137.00 152.00 1.58 1.33 MLD DIC budget Full annual cycle Ship 1997 Ishii et al. (2001)71 WOCE Line P09 

Pacific 31.70 31.70 297.80 297.80 7.64 2.37 Zeu NO3 flux,  
3He constraint Full annual cycle Ship 1983–1988 Jenkins and Doney (2003)72 BATS site 

Pacific -29.10 -28.20 256.90 258.50 0.10 – Fix 
(200m) NO3 drawdown Seasonal Float 2013–2014 Johnson et al. (2017)45 Float No.=7553, WMO No.=5903755 

Pacific -29.50 -29.30 258.00 258.80 0.40 – Fix 
(200m) NO3 drawdown Seasonal Float 2014–2015 Johnson et al. (2017)45 Float No.=7553, WMO No.=5903755 

Pacific -29.70 -28.80 261.10 262.40 0.10 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 Johnson et al. (2017)45 Float No.=7553, WMO No.=5903755 

Pacific -61.00 -60.00 151.50 156.20 3.40 – Fix 
(200m) NO3 drawdown Seasonal Float 2014–2015 Johnson et al. (2017)45 Float No.=7620, WMO No.=5904104 

Pacific -46.20 -45.60 141.10 143.70 2.50 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 Johnson et al. (2017)45 Float No.=8514, WMO No.=5904467 

Pacific -52.60 -52.60 228.50 230.60 6.00 – Fix 
(200m) NO3 drawdown Seasonal Float 2014–2015 Johnson et al. (2017)45 Float No.=9031, WMO No.=5904396 

Pacific -51.60 -48.90 240.40 241.50 3.50 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 Johnson et al. (2017)45 Float No.=9031, WMO No.=5904396 

Pacific -50.60 -50.00 219.50 221.40 4.20 – Fix 
(200m) NO3 drawdown Seasonal Float 2014–2015 Johnson et al. (2017)45 Float No.=9095, WMO No.=5904188 

Pacific -54.50 -53.90 230.60 233.20 0.30 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 Johnson et al. (2017)45 Float No.=9095, WMO No.=5904188 

Pacific -40.00 -39.10 209.60 211.50 0.50 – Fix 
(200m) NO3 drawdown Seasonal Float 2014–2015 Johnson et al. (2017)45 Float No.=9254, WMO No.=5904395 

Pacific -39.30 -39.00 205.60 206.80 -0.20 – Fix 
(200m) NO3 drawdown Seasonal Float 2015–2016 Johnson et al. (2017)45 Float No.=9254, WMO No.=5904395 

Pacific -8.00 0.00 250.00 265.00 4.42 1.00 MLD O2/Ar budget Snapshot Ship 2003 Kaiser et al. (2005)73 along TAO buoys 

Pacific 0.00 8.00 250.00 265.00 0.72 0.50 MLD O2/Ar budget Snapshot Ship 2003 Kaiser et al. (2005)73 along TAO buoys 
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Pacific 22.45 22.45 202.00 202.00 2.30 0.80 MLD DIC/DI13C budget Full annual cycle Ship 1988–2002 Keeling et al. (2004)74 Sta. ALOHA 

Pacific 22.45 22.45 202.00 202.00 1.20 2.80 MLD DIC budget Full annual cycle Ship/ 
Mooring 2005–2021 Knor et al. (2023)75 Sta. ALOHA 

Pacific -50.00 -37.00 Basinwide Basinwide 3.90 0.73 Fix 
(50m) 

Subsurface 
respiration Seasonal Float 2007 Martz et al. (2008)76 WMO No.=3900333-4, 3900344-6, 

3900348, 5900421, 5901043-52 5901054 

Pacific 47.00 49.00 164.00 166.00 2.90 0.20 MLD DIC mass balance Seasonal Ship 1997 Midorikawa et al. (2002)77 WOCE Line P13 

Pacific 29.00 33.00 235.00 238.00 3.32 1.00 MLD O2/Ar mass balance Full annual cycle Ship 2005–2008 Munro et al. (2013)78 CalCOFI 

Pacific 40.00 50.00 170.00 200.00 2.70 0.80 MMLD O2/Ar budget Full annual cycle Ship 2008–2012 Palevsky et al. (2016)79 M/V OOCL Tianjin and Tokyo tracks 

Pacific 35.00 35.00 200.00 235.00 3.30 0.50 MMLD O2/Ar budget Full annual cycle Ship 2008–2012 Palevsky et al. (2016)79 M/V OOCL Tianjin and Tokyo tracks 

Pacific 37.50 45.00 142.00 170.00 0.70 1.00 MMLD O2/Ar budget Full annual cycle Ship 2008–2012 Palevsky et al. (2016)79 M/V OOCL Tianjin and Tokyo tracks 

Pacific 49.50 50.50 215.00 215.50 2.20 1.20 MMLD O2 budget Full annual cycle Seaglider 2008–2010 Pelland et al. (2018)80 Sta. P 

Pacific 48.50 52.50 212.00 221.00 1.50 0.60 Fix 
(35m) NO3 budget Full annual cycle Float 2009–2014 Plant et al. (2016)5 WMO No.=5902128, 5903274, 5903405, 

5903714, 5903891, 5904125 

Pacific 48.50 52.50 212.00 221.00 1.50 0.70 Fix 
(35m) O2 budget Full annual cycle Float 2009–2014 Plant et al. (2016)5 WMO No.=5902128, 5903274, 5903405, 

5903714, 5903891, 5904125 

Pacific 23.00 23.00 202.00 202.00 2.48 1.24 MLD DIC/DI13C budget Full annual cycle Ship 1994–1999 Quay and Stutsman (2003)81 Sta. ALOHA 

Pacific -30.00 -25.00 240.00 240.00 1.90 0.50 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific -25.00 -20.00 231.00 234.50 2.18 0.52 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific -20.00 -15.00 222.00 229.00 2.45 0.92 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific -15.00 -10.00 213.00 223.50 3.05 0.59 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific -10.00 -5.00 204.00 218.00 3.90 0.69 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific -5.00 0.00 195.00 212.50 3.54 0.71 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific 0.00 5.00 186.00 207.00 2.84 0.74 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific 5.00 10.00 177.00 201.50 3.48 1.14 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific 10.00 15.00 168.00 196.00 3.29 0.76 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 
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Pacific 15.00 20.00 159.00 190.50 2.72 1.03 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific 20.00 25.00 150.00 185.00 2.42 1.63 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific 25.00 30.00 140.00 180.00 2.99 1.66 MLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2009)82 M/V Columbus Waikato track 

Pacific 23.00 23.00 202.00 202.00 3.72 1.00 MLD O2/Ar mass balance Full annual cycle Ship 2006–2008 Quay et al. (2010)83 Sta. ALOHA 

Pacific -13.00 -12.00 222.00 232.00 2.39 1.00 MMLD DIC/DI13C mass 
balance Snapshot Ship 2015 Quay et al. (2020)49 GEOTRACES EPZT 

Pacific -13.00 -12.00 208.00 218.00 1.36 0.70 MMLD DIC/DI13C mass 
balance Snapshot Ship 2015 Quay et al. (2020)49 GEOTRACES EPZT 

Pacific 30.00 31.00 133.00 143.00 1.77 0.70 MMLD DIC/DI13C mass 
balance Snapshot Ship 2004 Quay et al. (2020)49 WOCE Line P02 

Pacific 30.00 31.00 150.00 175.00 1.66 0.60 MMLD DIC/DI13C mass 
balance Snapshot Ship 2004 Quay et al. (2020)49 WOCE Line P02 

Pacific 10.00 15.00 149.00 150.00 1.40 0.50 MMLD DIC/DI13C mass 
balance Snapshot Ship 2005 Quay et al. (2020)49 WOCE Line P10 

Pacific 15.00 20.00 149.00 150.00 2.61 1.10 MMLD DIC/DI13C mass 
balance Snapshot Ship 2005 Quay et al. (2020)49 WOCE Line P10 

Pacific -20.00 -15.00 210.00 211.00 1.36 0.50 MMLD DIC/DI13C mass 
balance Snapshot Ship 2006 Quay et al. (2020)49 WOCE Line P16N 

Pacific -15.00 -10.00 210.00 211.00 1.91 0.70 MMLD DIC/DI13C mass 
balance Snapshot Ship 2006 Quay et al. (2020)49 WOCE Line P16N 

Pacific 15.00 20.00 210.00 211.00 3.06 1.20 MMLD DIC/DI13C mass 
balance Snapshot Ship 2006 Quay et al. (2020)49 WOCE Line P16N 

Pacific 20.00 25.00 210.00 211.00 2.02 0.80 MMLD DIC/DI13C mass 
balance Snapshot Ship 2006 Quay et al. (2020)49 WOCE Line P16N 

Pacific -40.00 -30.00 210.00 211.00 0.79 0.30 MMLD DIC/DI13C mass 
balance Snapshot Ship 2005 Quay et al. (2020)49 WOCE Line P16S 

Pacific -30.00 -20.00 210.00 211.00 1.00 0.40 MMLD DIC/DI13C mass 
balance Snapshot Ship 2005 Quay et al. (2020)49 WOCE Line P16S 

Pacific -40.00 -35.00 257.00 258.00 1.04 0.40 MMLD DIC/DI13C mass 
balance Snapshot Ship 2007 Quay et al. (2020)49 WOCE Line P18 

Pacific -35.00 -30.00 257.00 258.00 0.60 0.20 MMLD DIC/DI13C mass 
balance Snapshot Ship 2007 Quay et al. (2020)49 WOCE Line P18 

Pacific -30.00 -25.00 257.00 258.00 0.90 0.40 MMLD DIC/DI13C mass 
balance Snapshot Ship 2007 Quay et al. (2020)49 WOCE Line P18 

Pacific -25.00 -20.00 257.00 258.00 1.92 0.80 MMLD DIC/DI13C mass 
balance Snapshot Ship 2007 Quay et al. (2020)49 WOCE Line P18 

Pacific -35.00 -30.00 165.00 185.00 0.59 0.20 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 
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Pacific -30.00 -25.00 170.00 190.00 0.70 0.30 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific -25.00 -20.00 175.00 195.00 1.16 0.50 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific -20.00 -15.00 180.00 200.00 1.30 0.50 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific -15.00 -10.00 190.00 205.00 1.28 0.50 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific -10.00 -5.00 195.00 210.00 2.57 1.00 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific -5.00 5.00 205.00 215.00 3.00 1.20 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific 5.00 10.00 215.00 220.00 3.50 1.40 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific 10.00 15.00 215.00 225.00 3.70 1.50 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific 15.00 20.00 225.00 230.00 2.50 0.80 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific 20.00 25.00 228.00 233.00 1.96 0.80 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific 25.00 30.00 233.00 237.00 1.83 0.70 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific 30.00 35.00 238.00 241.00 2.10 0.80 MMLD DIC/DI13C mass 
balance Full annual cycle Ship 2004–2005 Quay et al. (2020)49 Volunteer Observing Ship 

Pacific 22.00 24.00 198.00 208.00 1.60 0.20 Zeu O2 mass balance Seasonal Float 2002–2005 Riser and Johnson (2008)84 Float No.=0894, WMO No.=4900093 

Pacific -24.00 -21.00 234.00 242.00 0.90 0.40 Zeu O2 mass balance Seasonal Float 2002–2005 Riser and Johnson (2008)84 Float No.=1326, WMO No.=5900420 

Pacific -47.00 -45.00 142.00 147.00 2.45 1.48 MLD DIC drawdown Seasonal Mooring 2012 Shadwick et al. (2015)85 SOTS site 

Pacific 30.00 30.00 208.00 208.00 2.20 0.50 Zeu OUR based on CFC-
11 age Snapshot Ship 1991 Sonnerup et al. (1999)86 WOCE Line P16 

Pacific 19.99 19.99 208.00 208.00 2.91 0.48 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N  

Pacific 21.98 21.98 208.00 208.00 2.59 0.37 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N  

Pacific 25.96 25.96 208.00 208.00 2.70 0.31 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N  

Pacific 27.99 27.99 208.00 208.00 3.66 0.51 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 29.98 29.98 208.00 208.00 3.87 0.49 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 
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Pacific 33.99 33.99 208.00 208.00 3.64 0.69 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 35.98 35.98 208.00 208.00 3.92 0.49 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 36.99 36.99 208.00 208.00 2.63 0.43 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 38.00 38.00 208.00 208.00 2.53 0.68 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 39.99 39.99 208.00 208.00 3.91 0.88 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 41.98 41.98 208.00 208.00 4.01 0.63 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 46.00 46.00 208.00 208.00 2.68 1.03 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 46.98 46.98 208.00 208.00 2.13 0.57 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise, WOCE Line P16N 

Pacific 39.99 39.99 210.00 215.00 3.52 0.71 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific 39.99 39.99 210.00 215.00 2.33 0.23 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific 42.01 42.01 210.00 215.00 2.16 0.31 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific 41.98 41.98 210.00 215.00 1.77 0.17 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific 44.00 44.00 210.00 215.00 2.28 0.30 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific 46.00 46.00 210.00 215.00 1.45 0.25 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific 47.99 47.99 210.00 215.00 1.18 0.30 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific 50.01 50.01 210.00 215.00 0.48 0.15 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2008 Sonnerup et al. (2013)86 STUD2008 cruise 

Pacific -60.26 -59.26 255.00 260.00 3.58 0.78 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -59.26 -58.27 255.00 260.00 2.32 0.32 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -58.27 -57.21 255.00 260.00 2.68 0.43 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -57.21 -56.09 255.00 260.00 3.32 0.48 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -56.09 -54.93 255.00 260.00 3.66 0.54 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 
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Pacific -54.93 -54.04 255.00 260.00 2.97 0.55 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -54.04 -53.47 255.00 260.00 2.96 0.54 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -53.47 -52.88 255.00 260.00 3.03 0.54 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -52.88 -52.00 255.00 260.00 2.78 0.42 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -52.00 -50.84 255.00 260.00 2.04 0.38 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -50.84 -49.98 255.00 260.00 2.41 0.36 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -49.98 -49.32 255.00 260.00 1.83 0.36 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -49.32 -48.44 255.00 260.00 2.36 0.39 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -48.44 -47.64 255.00 260.00 2.48 0.40 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -47.64 -47.07 255.00 260.00 1.90 0.46 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -47.07 -46.49 255.00 260.00 2.49 0.45 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -46.49 -45.90 255.00 260.00 2.19 0.33 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -45.90 -45.30 255.00 260.00 2.36 0.29 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -45.30 -44.73 255.00 260.00 1.80 0.22 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -44.73 -44.15 255.00 260.00 1.85 0.19 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -44.15 -43.27 255.00 260.00 2.14 0.25 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -43.27 -42.39 255.00 260.00 1.95 0.10 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -42.39 -41.51 255.00 260.00 1.88 0.21 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -41.51 -40.63 255.00 260.00 1.45 0.11 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -40.63 -40.05 255.00 260.00 2.00 0.25 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -40.05 -39.48 255.00 260.00 1.96 0.31 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 
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Pacific -39.48 -38.88 255.00 260.00 1.65 0.13 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -38.88 -38.29 255.00 260.00 1.68 0.24 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -38.29 -37.43 255.00 260.00 1.69 0.16 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -37.43 -36.56 255.00 260.00 1.69 0.41 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -36.56 -35.68 255.00 260.00 1.72 0.17 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -35.68 -34.51 255.00 260.00 1.27 0.03 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -34.51 -33.35 255.00 260.00 1.79 0.10 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -33.35 -32.18 255.00 260.00 2.02 0.22 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -32.18 -31.02 255.00 260.00 1.77 0.16 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -31.02 -29.87 255.00 260.00 1.85 0.19 MMLD OUR based on 
CFCs/SF6 TTD age Snapshot Ship 2007–2008 Sonnerup et al. (2015)87 WOCE Line P18 

Pacific -2.00 2.00 145.00 190.00 1.50 0.20 MLD O2/Ar mass balance Snapshot Ship 2006 Stanley et al. (2010)88  

Pacific 48.00 48.00 160.00 160.00 1.49 0.42 MMLD DIC budget Full annual cycle Ship 2004–2013 Wakita et al. (2016)89 Sta. K2 

Pacific 30.00 30.00 145.00 145.00 2.81 0.53 MMLD DIC budget Full annual cycle Ship 2004–2013 Wakita et al. (2016)89 Sta. S1 

Pacific 46.00 52.00 190.00 215.00 3.05 – MLD NO3 drawdown Seasonal Ship 1995–1997 Wong et al. (2002)90 M/V Skaugran, Alaska Gyre 

Pacific 22.00 24.00 202.00 207.00 2.00 – MMLD O2 budget Full annual cycle Float 2014–15 Yang et al. (2017)7 Float No.=8497 

Pacific 49.00 51.00 215.00 221.00 2.00 – MMLD DIC budget Full annual cycle Mooring 2012–13 Yang et al. (2018)91 Sta. P 

Pacific 49.00 51.00 215.00 221.00 2.10 – MMLD DIC budget Full annual cycle Mooring 2013–14 Yang et al. (2018)91 Sta. P 

Pacific 49.00 51.00 215.00 221.00 2.60 – MMLD DIC budget Full annual cycle Mooring 2014–15 Yang et al. (2018)91 Sta. P 

Pacific 49.00 51.00 215.00 221.00 3.00 – MMLD DIC budget Full annual cycle Mooring 2015–16 Yang et al. (2018)91 Sta. P 

Pacific 49.00 51.00 215.00 221.00 2.40 0.60 MMLD O2 Budget Full annual cycle Float 2012–13 Yang et al. (2018)91 Float No.=8397, WMO No.=5903743 

Pacific 49.00 51.00 215.00 221.00 0.80 0.40 MMLD O2 Budget Full annual cycle Float 2013–14 Yang et al. (2018)91 Float No.=8397, WMO No.=5903743 
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Pacific 49.00 51.00 215.00 221.00 1.60 0.40 MMLD O2 Budget Full annual cycle Float 2015–16 Yang et al. (2018)91 Float No.=8397, WMO No.=5903743 

Pacific 20.50 23.30 202.00 207.00 2.00 – MMLD O2 budget Full annual cycle Float 2013–14 Yang et al. (2019)6 Float No.=8497 

Pacific -17.00 -15.00 193.50 202.00 0.50 – MMLD O2 budget Full annual cycle Float 2015–16 Yang et al. (2019)6 Float No.=8485 

Pacific 22.40 22.40 208.00 208.00 2.10 0.20 MMLD DIC/DI13C mass 
balance Snapshot Ship 2006 Yang et al. (2019)6 WOCE Line P16N 

Pacific 20.60 20.60 149.30 149.30 2.40 0.40 MMLD DIC/DI13C mass 
balance Snapshot Ship 2005 Yang et al. (2019)6 WOCE Line P10 

Pacific -16.71 -16.71 209.77 209.77 1.20 0.10 MMLD DIC/DI13C mass 
balance Snapshot Ship 2005 Yang et al. (2019)6 WOCE Line P16S 

Pacific -27.06 -27.06 257.00 257.00 1.00 0.10 MMLD DIC/DI13C mass 
balance Snapshot Ship 2008 Yang et al. (2019)6 WOCE Line P18 

Pacific 50.10 50.10 215.10 215.10 1.80 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2014–15 Yang et al. (2022)12 Float No.=8397 

Pacific 19.00 21.00 158.50 161.00 1.40 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2016–2017 Yang et al. (2022)12 Float No.=9306 

Pacific -10.00 -5.00 265.00 280.00 -0.40 – MMLD O2 budget, Skin 
layer T correction Full annual cycle Float 2019–20 Yang et al. (2022)12 Float No.=12775 

Pacific -2.00 2.00 190.00 270.00 1.78 0.88 MLD DIC/DI13C budget Snapshot Ship 1991 Zhang and Quay (1997)92 WOCE Line P16N/US JGOFS EqPac 

Pacific -2.00 2.00 190.00 270.00 1.16 0.51 MLD DIC/DI13C budget Snapshot Ship 1992 Zhang and Quay (1997)92 WOCE Line P16N/US JGOFS EqPac 

Pacific -2.00 2.00 190.00 270.00 4.19 2.30 MLD DIC/DI13C budget Snapshot Ship 1992 Zhang and Quay (1997)92 WOCE Line P16N/US JGOFS EqPac 

 

The columns of longitudes and latitudes show the longitudinal and latitudinal ranges that used for comparison with our results (boxes in 
Supplementary Fig 7c). Abbreviations mean the following: ANCP, annual net community production; SD, standard deviation; SE, standard 
error; T, temperature; MLD, mixed layer depth; MMLD, annual maximum MLD; Zeu, euphotic layer depth; DIC, dissolved inorganic carbon; 
OUR, oxygen utilization rate; TTD, transit time distribution; TA, total alkalinity. The units for ANCP and SD/SE are mol C m−2 year−1. 
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Supplementary Table 2 | Methodological uncertainties in the calculations of physical 

oxygen fluxes 

Component Mean ± 1 SD Source of uncertainties 

FADV −315.6  
± 38.5 

Oxygen products (2) Velocity products (3) 
± 36.7 ± 10.4 

FADV* 
Oxygen products (2)  

± 4.5  

FhDIFF −119.6 
± 49.4 

Oxygen products (2) Kh products (2) 
± 3.2 ± 48.7 

 
Numbers in parenthesis indicate the number of products that are available for the calculation. 
The unit is Tmol O2 year−1. 
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