[bookmark: _Hlk146312876]Supplementary Information: 
Global upper ocean oxygen budget and an observational constraint on the biological pump

Ryohei Yamaguchi1*, Shinya Kouketsu1, Naohiro Kosugi2, and Masao Ishii2
1 Research Institute for Global Change, Japan Agency for Marine-Earth Science and Technology, Yokosuka, Japan
2 Meteorological Research Institute, Tsukuba, Japan

*Corresponding author: Ryohei Yamaguchi (ryamaguchi@jamstec.go.jp)


Contents
Note 1: Derivation of equations for upper ocean oxygen budget
Note 2: Model and choices of parameters for estimating air–sea oxygen exchange
Figure 1: Parameters for calculation of oxygen flux due to vertical diffusion
Table 1: Methodological uncertainties in calculations of physical oxygen fluxes
Table 2: Observational local estimates of annual net community production (ANCP) from previous studies
References


Note 1 | Derivation of equations for upper ocean oxygen budget
[bookmark: OLE_LINK215][bookmark: OLE_LINK216]Under conditions with negligible molecular diffusivities, an equation for the change in dissolved oxygen concentration ([O2], mol m−3) along a water parcel

	
	(1)



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

	
	(2)



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

	
	(3)



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., ) and eddy components (denoted by a prime symbol, e.g., ), and taking an average over the large-scale, equation (3) becomes

	
	(4)



Using the relationship , equation (5) can be written as

	
	(5)



The same operation applied to equation (3) yields

	
	(6)



Substituting equation (6) into equation (5) yields

	
	(7)



With the assumption that the eddy components of the tracer and thickness are not correlated (Gent et al. 1995), the second term on the left side of equation (7) becomes negligible:

	
	(8)



Parameterizing the first term on the right slide of equation (8) as Fickian diffusion with an eddy diffusion coefficient  (m2 s−1), equation (8) can be written in the form,

	
	(9)



omitting the overbars for simplification and representing the bolus velocity () as .

The eddy diffusion term consists of the horizontal component () and the vertical component (). To obtain an equation for the upper ocean dissolved oxygen budget, equation (9) is vertically integrated from the depth H () to the sea surface ():

	
	(10)



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 () can be written in the form

	,
	(11)



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).


Note 2 | Model and choices of parameters for estimating air–sea oxygen exchange
[bookmark: _Hlk146313417]We used a model developed by Liang et al. (2013) 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 exchanges (Emerson and Bushinsky 2016). The model has also been used in several studies for estimating local net community production through oxygen mass balance (Bushinsky and Emerson 2015; Plant et al. 2016; Yang et al. 2019), and has been updated by tuning the parameters of the model to match observations (Yang et al. 2017; Emerson et al. 2019).

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)

	
	(12)



where  is a tuning parameter for adjusting to field observations (, Emerson et al. 2019). These three components are written in the form

	

,
	(13)


[bookmark: _Hlk146313488]
where , , and  represent measured dissolved oxygen concentration at the surface; dissolved oxygen saturation concentration at the surface, calculated following Garcia and Gordon (1992) using measured sea surface temperature and salinity; and the atmospheric mole fraction of oxygen (), respectively. The mass transfer coefficients (, , and ) and the fraction of supersaturation inside large bubbles () are parameterized as functions of wind speed (adapted from Emerson and Bushinsky 2016):

	



	(14)



where  and  are the air-side and water-side friction velocities and  is the Schmidt number of oxygen at the sea surface temperature. The friction velocities are related by

	
	(15)



where , ,  and  represent air density, seawater density, drag coefficient at the air–water interface (Large and Pond 1981; Sullivan et al. 2012), and wind speed at 10 m height, respectively. We multiplied by the fraction of area not covered by sea ice () to obtain the net air–sea oxygen exchange (FA–S):

	
	(14)



[bookmark: _Hlk146313685]Using the sea surface temperature and salinity obtained from each profile, we calculated the saturation oxygen concentration at the sea surface () and computed the difference between that value and the sea surface dissolved oxygen concentration (). We interpolated daily wind speed data from satellite-based products (Tomita et al. 2019; Mears et al. 2019) and atmospheric reanalysis products (Kobayashi et al. 2015; Gelaro et al. 2017; Hersbach et al. 2020) to get values at the locations of individual ship/float profiles. With the interpolated wind speed, we calculated the three components of flux. For sea ice concentrations, we used a satellite-derived product (DiGirolamo et al. 2022). The flux values obtained from individual profiles were mapped, and the globally integrated air–sea exchange was estimated to be −44.84 ± 32.49 Tmol O2 y−1 (mean ± SD). The spread of the results reflects the differences among the five wind products used. Our result, that the ocean has been outgassing in recent years, is consistent with several other studies confirming ocean deoxygenation (Schmidtko et al. 2017; Helm et al. 2011; Ito et al. 2017). Furthermore, 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 ocean heat content is required, and its magnitude has been inferred at −53.9 ± 8.1 Tmol O2 y−1 since 1990 (Plattner et al. 2002; Manning and Keeling 2006; Keeling and Manning 2014; Tohjima et al. 2019; Li et al. 2021).

[bookmark: _Hlk146313779]Recent observational studies have suggested considering the skin effect when calculating the air–sea diffusion fluxes of CO2 and oxygen (Watson et al. 2020; Yang et al. 2022). 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. In this study, we attempted to apply the skin layer correction following the approach of Yang et al. (2022), resulting in a globally integrated air–sea oxygen exchange of 204.6 ± 47.3 Tmol O2 y−1. This result contradicts the observational evidence of oceanic oxygen outgassing mentioned above, suggesting that the skin layer correction, at least for oxygen, might be an over-correction. Therefore, in this study, we decided not to use the skin layer correction. However, further research is needed to provide direct observational constraints on gas fluxes when including the correction for skin layer temperature under various wind conditions.





[image: ]
[bookmark: _Hlk146313888]Fig. 1 | 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 parameterization (Whalen et al. 2018) and an inverse calculation for salinity on isopycnal surfaces (Kouketsu 2021). 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 parameterization (de Lavergne et al. 2020). c, Annual mean vertical oxygen gradient at depth H. The vertical gradients were calculated from individual profiles and the profile values were then mapped (see Methods). 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.


Table 1 | Methodological uncertainties in the calculations of physical oxygen fluxes
	Component
	Mean
± 1 SD
	Source of uncertainties

	FA–S
	−46.1
± 33.0
	Wind products (5)
	
	

	
	
	± 33.0
	
	

	FvDIFF
	−261.5
± 57.3
	kvmb values (3)
	kvbg products (2)
	

	
	
	± 45.8
	± 34.8
	

	FADV
	−315.6 
± 38.5
	Oxygen products (2)
	Velocity products (3)
	Bolus component (2)

	
	
	± 36.7
	± 10.4
	± 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/values/cases that are available for the calculation. The units are Tmol O2 y−1.



1

1

Table 2 | Observational local estimates of annual net community production (ANCP) from previous studies
	Indian Ocean

	Latitude
	ANCP
	SD or SE
	Depth H
	Tracer
	Method
	Platform
	Date
	Note for location
	Reference

	–15.3 
	0.20 
	-
	Max. MLD
	O2
	Budget
	Float
	2018–2019
	Float 9763
	Emerson and Yang (2022)

	–19.2 
	0.70 
	-
	Max. MLD
	O2
	Budget
	Float
	2018–2019
	Float 9768
	Emerson and Yang (2022)

	–23.4 
	–0.40 
	-
	Max. MLD
	O2
	Budget
	Float
	2018–2019
	Float 9737
	Emerson and Yang (2022)

	–30.4, –30.4
	0.40, 0.50
	-, -
	Max. MLD
	O2
	Budget
	Float
	2018–2020
	Float 9758
	Emerson and Yang (2022)

	–40.0 
	3.80 
	1.10 
	Fixed (70 m)
	O2
	Subsurface change
	Float
	2015
	
	Hennon et al. (2016)

	–16.0 
	1.00 
	0.30 
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2007
	WOCE I09
	Yang et al. (2019)

	–16.0, –18.0
	–0.70, –0.80
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9763
	Yang et al. (2019)

	–19.0, –18.5
	–0.50, 0.10
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9768
	Yang et al. (2019)

	–24.0, –22.5
	–0.80, –0.80
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9737
	Yang et al. (2019)

	–29.0, –28.0
	–1.00, 0.40
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9758
	Yang et al. (2019)

	

	Pacific Ocean

	Latitude
	ANCP
	SD or SE
	Depth H
	Tracer
	Method
	Platform
	Date
	Note for location
	Reference

	22.0 
	2.40 
	0.90 
	Fixed (150 m)
	234Th
	POC/DOC flux
	Ship
	1999–2000
	HOT
	Benitez-Nelson et al. (2001)

	22.0 
	2.82 
	0.35 
	MLD
	DIC-DI13C
	Budget
	Ship
	1988–2002
	HOT
	Brix et al. (2004)

	50.0 
	2.10 
	-
	MLD
	O2
	Budget
	Ship
	1969–1978
	OSP
	Emerson (1987)

	50.0 
	2.51 
	1.00 
	MLD
	O2, N2
	Budget
	Ship
	2007
	OSP
	Emerson and Stump (2010)

	21.5 
	1.40 
	-
	Max. MLD
	O2
	Budget
	Float
	2017–2018
	Float 9306
	Emerson and Yang (2022)

	–23.8, –23.8, -23.8
	0.80, 0.60, 0.50
	-, -, -
	Max. MLD
	O2
	Budget
	Float
	2018–2020
	Float 12385
	Emerson and Yang (2022)

	–23.8 
	0.50 
	-
	Max. MLD
	O2
	Budget
	Float
	2020–2021
	Float 18822
	Emerson and Yang (2022)

	–25.7 
	0.40 
	-
	Max. MLD
	O2
	Budget
	Float
	2020–2021
	Float 18827
	Emerson and Yang (2022)

	–31.2, –31.2
	0.80, 0.40
	-, -
	Max. MLD
	O2
	Budget
	Float
	2019–2021
	Float 12770
	Emerson and Yang (2022)

	–32.7, –32.7
	–0.50, 0.40
	-, -
	Max. MLD
	O2
	Budget
	Float
	2019–2021
	Float 6963
	Emerson and Yang (2022)

	–33.1, –33.1
	0.70, 0.00
	-, -
	Max. MLD
	O2
	Budget
	Float
	2019–2021
	Float 12383
	Emerson and Yang (2022)

	–33.5 
	–0.30 
	-
	Max. MLD
	O2
	Budget
	Float
	2019–2020
	Float 12374
	Emerson and Yang (2022)

	50.0 
	1.60 
	-
	Halocline
	O2, Ar, N2
	Budget
	Ship
	1987–1988
	OSP
	Emerson et al. (1991)

	22.0 
	1.60 
	0.90 
	Max. MLD
	DIC 
	Budget
	Ship
	1990–1995
	HOT
	Emerson et al. (1997)

	22.0 
	2.00 
	0.90 
	Max. MLD
	OC
	Budget
	Ship
	1990–1995
	HOT
	Emerson et al. (1997)

	22.0 
	2.70 
	1.70 
	Max. MLD
	O2
	Budget
	Ship
	1990–1995
	HOT
	Emerson et al. (1997)

	22.0 
	3.30 
	1.86 
	MLD
	O2
	Budget
	Mooring
	2005
	HOT
	Emerson et al. (2008)

	50.0 
	2.01 
	1.00 
	MLD
	DIC
	Budget
	Mooring
	2007–2014
	OSP
	Fassbender et al. (2016)

	30.0 
	7.00 
	3.00 
	MLD
	DIC
	Budget
	Float
	2007–2014
	KEO
	Fassbender et al. (2017)

	22.0
	1.45
	0.41
	Fixed (150 m)
	O2, Ar
	Budget
	Ship
	2013–2019
	HOT
	Ferrón et al. (2021) 

	22.0 
	1.45 
	0.50 
	MLD
	O2
	Budget
	Ship
	2000–2001
	HOT
	Hamme and Emerson (2006)

	24.0
	0.75
	0.15
	Fixed (100 m)
	DIC
	Budget
	Ship
	2014–2016
	
	Hashihama et al. (2021)

	50.0 
	1.40 
	0.60 
	Max. MLD
	DIC
	Budget
	Float
	2009–2018
	OSP
	Haskell et al. (2020)

	50.0 
	1.20 
	0.50 
	Max. MLD
	NO3
	Budget
	Float
	2009–2018
	OSP
	Haskell et al. (2020)

	0.0 
	2.52 
	2.26 
	MLD
	O2, Ar
	Budget
	Ship
	2001
	
	Hendricks et al. (2005)

	35.0 
	3.80 
	1.80 
	Fixed (70 m)
	O2
	Subsurface change
	Float
	2015
	
	Hennon et al. (2016)

	14.5 
	2.70 
	2.20 
	Max. MLD
	O2
	Budget
	Float
	2014–2015
	South China Sea
	Huang et al. (2018)

	50.0 
	4.50 
	1.50 
	Zeu
	O2
	Budget
	Float
	2018–2020
	OSP
	Huang et al. (2022)

	50.0 
	2.60 
	0.60 
	Zeu
	NO3
	Budget
	Float
	2018–2020
	OSP
	Huang et al. (2022)

	50.0 
	2.70 
	0.60 
	Zeu
	DIC
	Budget
	Float
	2018–2020
	OSP
	Huang et al. (2022)

	50.0 
	2.50 
	0.80 
	Zeu
	TA
	Budget
	Float
	2018–2020
	OSP
	Huang et al. (2022)

	22.5
	2.67
	1.42
	MLD
	TCO2
	Budget
	Ship
	1997
	WOCE P09
	(Ishii et al. 2001)

	22.0 
	2.30 
	0.80 
	MLD
	DIC-DI13C
	Budget
	Ship
	1988–2002
	HOT
	Keeling et al. (2004)

	–42.5 
	3.90 
	0.73 
	Fixed (50 m)
	O2
	Subsurface change
	Float
	2007
	
	Martz et al. (2008)

	48.0 
	2.90 
	0.20 
	T min. layer
	DIC
	Drawdown
	Ship
	1997
	
	Midorikawa et al. (2002)

	46.9 
	2.70 
	0.80 
	Max. MLD
	O2, Ar
	Budget
	Ship
	2008–2012
	
	Palevsky et al. (2016)

	42.1 
	0.70 
	1.00 
	Max. MLD
	O2, Ar
	Budget
	Ship
	2008–2012
	
	Palevsky et al. (2016)

	41.9 
	3.30 
	0.50 
	Max. MLD
	O2, Ar
	Budget
	Ship
	2008–2012
	
	Palevsky et al. (2016)

	50.0 
	2.20 
	1.20 
	Max. MLD
	O2
	Budget
	Sea glider
	2008–2010
	OSP
	Pelland et al. (2018)

	50.0 
	1.50 
	0.60 
	Fixed (35 m)
	NO3
	Budget
	Float
	2009–2014
	OSP
	Plant et al. (2016)

	50.0 
	2.20 
	1.40 
	Fixed (35 m)
	O2
	Budget
	Float
	2009–2014
	OSP
	Plant et al. (2016)

	22.0 
	2.48 
	1.24 
	MLD
	DIC-DI13C
	Budget
	Ship
	1994–1999
	HOT
	Quay and Stutsman (2003)

	22.0 
	3.72 
	1.00 
	MLD
	O2, Ar
	Budget
	Ship
	2006–2008
	HOT
	Quay et al. (2010)

	31.0, 30.0
	1.66, 1.77
	0.60, 0.70
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2004
	WOCE P02
	Quay et al. (2020)

	22.5, 17.5, –12.5, –17.5
	2.02, 3.06, 1.91, 1.36
	0.80, 1.20, 0.70, 0.50
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2006
	WOCE P16N
	Quay et al. (2020)

	17.5, 12.5
	2.61, 2.28
	1.10, 0.50
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2005
	WOCE P10
	Quay et al. (2020)

	–12.0, –12.0
	1.36, 2.39
	0.70, 1.00
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2015
	GEOTRACES EPZT
	Quay et al. (2020)

	–22.5, –27.5, –32.5, –37.5
	1.92, 0.90, 0.60, 1.04
	0.80, 0.40, 0.20, 0.40
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2007
	WOCE P18
	Quay et al. (2020)

	–25.0, –35.0
	1.00, 0.79
	0.40, 0.30
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2005
	WOCE P16S
	Quay et al. (2020)

	32.5, 27.5, 22.5, 17.5, 12.5, 7.5, 0.0, –7.5, –12.5, –17.5, –22.5, –27.5, –32.5
	2.10, 1.83, 1.96, 2.50, 3.70, 3.50, 3.00, 2.57, 1.28, 1.30, 1.16, 0.70, 0.59
	0.80, 0.70, 0.80, 0.80, 1.50, 1.40, 1.20, 1.00, 0.50, 0.50, 0.50, 0.30, 0.20
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2004–2005
	
	Quay et al. (2020)

	–46.0 
	2.45 
	1.48 
	MLD
	DIC
	Drawdown
	Mooring
	2012
	
	Shadwick et al. (2015)

	22.0 
	2.20 
	0.50 
	Zeu
	O2, CFC
	OUR
	Ship
	1991
	WOCE P16
	Sonnerup et al. (1999)

	49.9, 47.9, 47.0, 46.0, 46.0, 43.9, 42.0, 42.0, 41.9, 40.0, 40.0, 40.0, 38.0, 37.0, 36.0, 33.9, 30.0, 28.0, 26.0, 22.0, 20.0
	0.48, 1.18, 2.13, 2.68, 1.45, 2.29, 2.15, 1.77, 4.01, 3.91, 3.51, 2.32, 2.53, 2.62, 3.93, 3.64, 3.88, 3.66, 2.70, 2.58, 2.92
	0.15, 0.30, 0.57, 1.03, 0.25, 0.29, 0.31, 0.17, 0.63, 0.88, 0.71, 0.23, 0.69, 0.44, 0.49, 0.70, 0.49, 0.51, 0.31, 0.37, 0.48
	Max. MLD
	CFC, SF6, O2
	OUR
	Ship
	2008
	
	Sonnerup et al. (2013)

	–30.4, –31.6, –32.8, –33.9, –35.1, –36.3, –36.9, –38.0, –38.6, –39.2, –39.8, –40.3, –40.9, –42.1, –42.7, –43.9, –44.4, –45.0, –45.6, –46.2, –46.8, –47.4, –47.9, –49.0, –49.7, –50.3, –51.4, –52.6, –53.2, –53.8, –54.3, –55.5, –56.7, –57.8, –58.8, –59.7
	1.85, 1.77, 2.02, 1.79, 1.27, 1.72, 1.69, 1.69, 1.68, 1.65, 1.96, 2.00, 1.45, 1.88, 1.95, 2.14, 1.85, 1.80, 2.36, 2.19, 2.49, 1.90, 2.48, 2.36, 1.83, 2.41, 2.04, 2.78, 3.03, 2.96, 2.97, 3.66, 3.32, 2.68, 2.32, 3.58 
	0.19, 0.16, 0.22, 0.10, 0.03, 0.17, 0.41, 0.16, 0.24, 0.13, 0.31, 0.25, 0.11, 0.21, 0.10, 0.25, 0.19, 0.22, 0.29, 0.33, 0.45, 0.46, 0.40, 0.39, 0.36, 0.36, 0.38, 0.42, 0.54, 0.54, 0.55, 0.54, 0.48, 0.43, 0.32, 0.78 
	Max. MLD
	CFC, SF6, O2
	OUR
	Ship
	2007–2008
	WOCE P18
	Sonnerup et al. (2015)

	0.0 
	1.50 
	0.20 
	Surface
	O2, Ar
	Budget
	Ship
	2006
	
	Stanley et al. (2010)

	47.0
	1.49
	0.42
	Max. MLD
	DIC
	Budget
	Ship
	2004–2013
	K2
	Wakita et al. (2016)

	30.0
	2.81
	0.53
	Max. MLD
	DIC
	Budget
	Ship
	2004–2013
	S1
	Wakita et al. (2016)

	50.0 
	3.00 
	-
	MLD
	NO3
	Drawdown
	Ship
	1995–1997
	OSP
	Wong et al. (2002)

	50.0 
	2.40 
	0.60 
	Max. MLD
	O2
	Budget
	Float
	2012–2013
	OSP (Float 8397)
	Yang et al. (2017)

	50.0 
	2.20 
	0.60 
	Max. MLD
	O2
	Budget
	Float
	2015–2016
	OSP (Float 8397)
	Yang et al. (2017)

	22.0 
	2.40 
	0.60 
	Max. MLD
	O2
	Budget
	Float
	2014–2015
	HOT (Float 8497)
	Yang et al. (2017)

	19.0 
	2.20 
	0.30 
	Max. MLD
	O2
	Budget
	Float
	2015–2016
	Float 9294
	Yang et al. (2017)

	18.0 
	2.00 
	0.30 
	Max. MLD
	O2
	Budget
	Float
	2015–2016
	Float 9305
	Yang et al. (2017)

	17.0 
	2.40 
	0.30 
	Max. MLD
	O2
	Budget
	Float
	2015–2016
	Float 9306
	Yang et al. (2017)

	–16.0, –16.0
	0.60, 0.00
	0.30, 0.30
	Max. MLD
	O2
	Budget
	Float
	2014–2016
	Float 8485
	Yang et al. (2017)

	50.0 
	0.80 
	0.40 
	Max. MLD
	O2
	Budget
	Float
	2013–2014
	OSP (Float 8397)
	Yang et al. (2018) 

	50.0
	2.00, 2.10, 2.60, 3.00
	-, -, -, -
	Max. MLD
	DIC
	Budget
	Mooring
	2012–2016
	OSP
	Yang et al. (2018)

	22.0 
	2.00 
	-
	Max. MLD
	O2
	Budget
	Float
	2013–2014
	HOT (Float 8497)
	Yang et al. (2019)

	22.0 
	2.10 
	0.20 
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2006
	WOCE P16N
	Yang et al. (2019)

	20.0, 21.5
	2.10, 1.80
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9306
	Yang et al. (2019)

	21.5, 20.5
	1.40, 1.00
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9294
	Yang et al. (2019)

	19.0, 20.0
	1.70, 2.10
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9305
	Yang et al. (2019)

	18.0 
	2.40 
	0.40 
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2005
	WOCE P10
	Yang et al. (2019)

	–14.5, –15.5, –16.0
	0.80, 0.50, 1.20
	-, -, -
	Max. MLD
	O2
	Budget
	Float
	2014–2017
	Float 8485
	Yang et al. (2019)

	–17.0 
	1.20 
	0.10 
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2005
	WOCE P16S
	Yang et al. (2019)

	–25.0 
	0.30 
	-
	Max. MLD
	O2
	Budget
	Float
	2017–2018
	Float 12385
	Yang et al. (2019)

	–26.0 
	1.00 
	0.10 
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2008
	WOCE P18
	Yang et al. (2019)

	50.0 
	2.10 
	-
	Max. MLD
	O2
	Budget
	Float
	2014–2015
	Float 8397
	Yang et al. (2022)

	–5.0 
	–0.40 
	-
	Max. MLD
	O2
	Budget
	Float
	2019–20
	Float 12775
	Yang et al. (2022)

	0.0, 0.0, 0.0
	1.78, 1.16, 4.19
	0.88, 0.51, 2.30
	Fixed (50 m)
	DIC-DI13C
	Budget
	Ship
	1992
	
	Zhang and Quay (1997)

	

	Atlantic Ocean

	Latitude
	ANCP
	SD or SE
	Depth H
	Tracer
	Method
	Platform
	Date
	Note for location
	Reference

	48.3
	4.30
	1.30
	Fixed (60 m)
	O2
	Budget
	Sea glider
	2012–2013
	PAP site
	Binetti et al. (2020)

	26.1, 26.1
	2.00, 1.90
	-, -
	Max. MLD
	O2
	Budget
	Float
	2018–2020
	Float 9759
	Emerson and Yang (2022)

	25.0 
	1.60 
	-
	Max. MLD
	O2
	Budget
	Float
	2018–2019
	Float 9726
	Emerson and Yang (2022)

	24.6, 24.6
	1.40, 2.10
	-, -
	Max. MLD
	O2
	Budget
	Float
	2018–2020
	Float 9754
	Emerson and Yang (2022)

	–14.5, –14.5
	0.50, 0.60
	-, -
	Max. MLD
	O2
	Budget
	Float
	2019–2021
	Float 12691
	Emerson and Yang (2022)

	–20.3, –20.3
	1.10, 1.30
	-, -
	Max. MLD
	O2
	Budget
	Float
	2019–2021
	Float 12632
	Emerson and Yang (2022)

	–30.8 
	0.30 
	-
	Max. MLD
	O2
	Budget
	Float
	2018–2019
	Float 12785
	Emerson and Yang (2022)

	32.0 
	3.80 
	-
	Zeu
	DIC-DI13C
	Budget
	Ship
	1991–1994
	BATS
	Gruber et al. (1998)

	32.0 
	3.40 
	0.80 
	MLD
	DIC-DI13C
	Budget
	Ship
	1983–2001
	BATS
	Gruber et al. (2002)

	35.0 
	3.90 
	2.30 
	Fixed (70 m)
	O2
	Subsurface change
	Float
	2015
	Sargasso sea
	Hennon et al. (2016)

	–45.0 
	4.40 
	2.90 
	Fixed (70 m)
	O2
	Subsurface change
	Float
	2015
	Drake Passage
	Hennon et al. (2016)

	32.0 
	5.57 
	1.72 
	Zeu
	NO3, 3He
	New production
	Ship
	1986–1987
	BATS
	Jenkins and Doney (2003)

	32.0 
	3.44 
	-
	Zeu
	O2
	Budget
	Ship
	1961–1978
	BATS
	Jenkins and Goldman (1985)

	–60.0 
	1.20 
	0.70 
	MLD
	PO4
	Budget
	Ship
	2002–2011
	Drake Passage
	Munro et al. (2015)

	–60.0 
	1.60 
	0.40 
	MLD
	TCO2
	Budget
	Ship
	2002–2011
	Drake Passage
	Munro et al. (2015)

	29.0 
	3.30 
	1.00 
	MLD
	DIC
	Budget
	Ship
	1996–1999
	ESTOC
	Neuer et al. (2007)

	65.0, 55.0, 45.0, 35.0, 25.0, 5.0
	1.11, 0.70, 2.91, 3.09, 2.99, 3.18
	1.60, 1.40, 1.10, 1.10, 0.80, 0.90
	Max. MLD
	Oxygen
	Budget
	Ship
	1980–2006
	CARINA
	Quay et al. (2020)

	35.0, 35.0
	1.65, 2.57
	0.60, 1.00
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2011
	GEOTRACES G10
	Quay et al. (2020)

	35.0, 22.5
	2.78, 2.33
	1.10, 0.90
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2003
	WOCE A20/A22
	Quay et al. (2020)

	27.0, 26.0, 25.0, 24.0
	1.47, 1.66, 1.59, 1.59
	0.60, 0.70, 0.60, 0.60
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	1998
	WOCE A05
	Quay et al. (2020)

	15.0, 5.0
	2.42, 2.68
	1.00, 1.10
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	2003
	WOCE A16
	Quay et al. (2020)

	12.5, 7.5, 2.5
	2.60, 1.44, 2.89
	1.00, 0.50, 1.20
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	1993
	WOCE A16
	Quay et al. (2020)

	32.0 
	3.86 
	1.03 
	Zeu
	O2, Ar, He
	Mass balance
	Ship
	1985–1986
	BATS
	Spitzer and Jenkins (1989)

	32.0 
	2.10 
	0.08 
	Fixed (500 m)
	O2, 3He
	OUR
	Ship
	2003–2006
	BATS
	Stanley et al. (2012)

	32.0 
	4.30 
	0.90 
	Zeu
	NO3, 3He
	New production
	Ship
	2003–2006
	BATS
	Stanley et al. (2015)

	24.5, 25.0
	1.50, 1.30
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9726
	Yang et al. (2019)

	24.5, 23.0
	0.90, 1.50
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9756
	Yang et al. (2019)

	24.0 
	1.60 
	0.20 
	Max. MLD
	DIC-DI13C
	Budget
	Ship
	1998
	WOCE A05
	Yang et al. (2019)

	23.5, 23.0
	1.10, 0.60
	-, -
	Max. MLD
	O2
	Budget
	Float
	2016–2018
	Float 9754
	Yang et al. (2019)

	

	Global Ocean

	Latitude
	ANCP
	SD or SE
	Depth H
	Tracer
	Method
	Platform
	Date
	Note for location
	Reference

	–32.5, –37.5, –42.5, –47.5, –52.5, –57.5, –62.5, –67.5, –72.5, –77.5
	0.36, 0.61, 2.04, 1.56, 2.63, 1.98, 1.81, 1.82, 1.70, 1.70
	0.16, 1.03, 0.61, 1.40, 0.87, 0.85, 0.92, 0.81, 0.84, 0.84
	Fixed (200 m)
	NO3
	Drawdown
	Float
	2013–2018
	SOCCOM floats
	Arteaga et al. (2019)

	–32.5, –37.5, –42.5, –47.5, –52.5, –57.5, –62.5, –67.5, –72.5, –77.5
	1.19, 1.31, 2.13, 1.72, 2.69, 0.75, 0.89, 0.91, 0.89, 0.89
	0.59, 1.10, 0.78, 1.34, 0.56, 1.54, 1.13, 1.31, 1.18, 1.18
	Fixed (100 m)
	O2
	Subsurface change
	Float
	2013–2018
	SOCCOM floats
	Arteaga et al. (2019)

	–27.5, –37.5, –42.5, –47.5, –52.5, –57.5, –62.5, –67.5
	0.63, 0.76, 3.22, 3.15, 2.33, 2.78, 1.52, 1.86
	-, 1.47, 1.00, 1.36, 1.35, -, 0.40, 0.68
	Fixed (200 m)
	NO3
	Drawdown
	Float
	2010–2015
	
	Johnson et al. (2017)

	–37.5, –42.5, –47.5, –52.5, –57.5, –62.5, –67.5, –72.5, –77.5
	0.81, 2.08, 4.02, 3.64, 0.69, 1.06, 0.83, 0.17, 0.17
	0.42, 1.15, 1.76, 2.52, 2.33, 1.30, 1.18, 4.39, 3.59
	MLD
	NO3
	Budget
	Ship
	1980–1990s
	WOCE/US JGOFS
	MacCready and Quay (2001)


The list is separated into three ocean basins and the global ocean, corresponding to panels c–f in Fig. 2 in the main text (c, Indian Ocean; d, Pacific; e, Atlantic; f, Global). 
ANCP, annual net community production; SD, standard deviation; SE, standard error; MLD. mixed layer depth; Zeu, euphotic layer depth; POC, particulate organic carbon; DOC, dissolved organic carbon. The units for ANCP and SD/SE are mol C m−2 y−1.
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