
1.  Introduction
Atmospheric potential oxygen (APO), which is effectively the sum of atmospheric O2 and CO2 concentrations, is 
primarily a tracer of ocean biogeochemistry (Stephens et al., 1998). APO is generally insensitive to photosynthe-
sis and respiration of the land biosphere due to compensating impacts on O2 and CO2. APO has been observed at 
surface stations (e.g., Battle et al., 2006; Goto et al., 2017; Manning & Keeling, 2006; Tohjima et al., 2003, 2019), 
on ship transects (Ishidoya et al., 2016; Pickers & Manning, 2015; Pickers et al., 2017; Stephens et al., 2011; 
Thompson et  al.,  2007; Tohjima et  al.,  2012,  2015), and from aircraft (Bent,  2014; Ishidoya et  al.,  2022; 
Langenfelds, 2002; Stephens et al., 2021). A prominent feature in time series of APO are seasonal variations, 
driven mainly by seasonal air-sea O2 flux due to upper-ocean biological activities, thermally induced solubility 
changes, and ocean ventilation, with smaller contributions from air-sea exchanges of CO2 and N2 (Manning & 
Keeling, 2006; Stephens et al., 1998). APO is also sensitive to the burning of petroleum and natural gas, which are 
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characterized by more negative O2:C ratios than land photosynthesis/respiration, but combustion of these prod-
ucts make a negligible contribution to seasonal APO cycles at background stations (Manning & Keeling, 2006; 
Nevison et al., 2008).

Measurements of seasonal variations in atmospheric APO have been used to estimate oceanic net community 
production (NCP) (Goto et al., 2017; Nevison et al., 2012, 2018), evaluate the ocean biogeochemistry compo-
nents of Earth System Models (Naegler et al., 2007; Nevison et al., 2015, 2016; Stephens et al., 1998), and esti-
mate gas-exchange velocities (R. F. Keeling et al., 1998). These measurements have also been used to validate 
estimates of climatological seasonal air-sea O2 flux, which are calculated based on measurements of dissolved 
O2 in the surface ocean (Garcia & Keeling, 2001; Keeling et al., 1998; Najjar & Keeling, 1997, 2000). Atmos-
pheric APO observations have also been inverted to yield global air-sea APO fluxes that are optimized to best 
match observed APO at surface stations, thus constraining global-scale seasonal air-sea O2 exchange (Rödenbeck 
et al., 2008). The accuracy of air-sea O2 fluxes inferred from atmospheric measurements is limited, however, by 
uncertainties due to vertical transport in atmospheric tracer transport models as well as by the limited coverage 
of atmospheric measurements (Naegler et al., 2007; Nevison et al., 2008).

Here we use APO measurements from two global airborne campaigns, the HIAPER Pole-to-Pole Observa-
tions (HIPPO) project (S. C. Wofsy,  2011) and the Atmospheric Tomography (ATom) mission (Thompson 
et al., 2022), to quantify climatological seasonal APO distributions, tropospheric inventories, and air-sea fluxes 
at the hemispheric scale. The APO seasonal cycles are expressed on a mass-weighted moist isentropic coordinate, 
Mθe, developed by Y. Jin et al. (2021), which is an alternative to latitude and effectively removes the impact of 
synoptic variability from airborne data. Due to the known tendency for rapid adiabatic airmass mixing (mixing 
along moist isentropes) (Parazoo et al., 2011; Pauluis et al., 2008), long-lived atmospheric tracers such as O2 
and CO2 tend to be well-mixed on Mθe (or θe), which allows hemispheric inventories to be estimated by a simple 
one-dimensional integration over Mθe. We use this method to generate hemispheric inventories of APO. We then 
invert these inventories using a box model to yield hemispheric scale air-sea APO fluxes. We apply our estimates 
as a direct test to other model and observation-based products, such as the Jena CarboScope APO inversion 
(Rödenbeck et al., 2008), climatological Garcia and Keeling (2001) O2 fluxes from a heat flux based extension 
of dissolved O2 measurements, and one configuration of the Community Earth System Model (CESM, Yeager 
et al., 2022).

2.  Materials and Methods
2.1.  Definition of APO and Air-Sea APO Fluxes

Following Stephens et al. (1998), APO (per meg) is calculated from observations according to

APO = 𝛿𝛿(O2∕N2) +
1.1

XO2

(CO2 − 350)� (1)

with

𝛿𝛿(O2∕N2) =

⎛⎜⎜⎜⎝

(
O2

N2

)
sample(

O2

N2

)
reference

− 1

⎞⎟⎟⎟⎠
⋅ 106� (2)

where 1.1 is the approximate exchange ratio of O2 production/consumption to CO2 consumption/production 
from terrestrial biosphere (Severinghaus, 1995). We note that this ratio is generally between 1.01 and 1.14 from 
aboveground carbon pool over small temporal and spatial scales (Gallagher et al., 2017; Hockaday et al., 2009; 
Worrall et al., 2013). For this study, the relevant ratio is that of O2 to CO2 in the seasonally accumulated growth 
and decay of hemispheric biota, which we assume to be 1.1 following the stoichiometric and biological arguments 
in Severinghaus, 1995. Sensitivity results over the range of 1.1 ± 0.05 show only minor effects (±5.1% of the 
hemispheric average APO, for details see Text S2.4 in Supporting Information S1), as seasonal APO changes are 
dominated by seasonal changes in δ(O2/N2). δ(O2/N2) is conventionally multiplied by 10 6 and expressed in per 
meg units, and ΔCO2 is the difference in the CO2 dry-air mole fraction in ppm (i.e., μmol mol −1) relative to a 
reference of 350 ppm. Here 𝐴𝐴 XO2

 (0.2094) is the reference dry-air mole fraction of O2 used in the definition of the 
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O2/N2 scale of the Scripps O2 Program (Keeling et al., 2020). The unit of APO can be converted from per meg to 
ppm equivalent for flux contributions by multiplying 𝐴𝐴 XO2

 .

The seasonal cycle of atmospheric APO is altered by oceanic emission or uptake of O2, CO2, or N2. We define the 
oceanic flux of APO (F APO(ocn), Tmol day −1) following:

𝐹𝐹
APO(ocn) =

(
𝐹𝐹

O2 + 1.1𝐹𝐹 CO2 −
XO2

XN2

𝐹𝐹
N2

)
× A� (3)

where 𝐴𝐴 𝐴𝐴
O2 , 𝐴𝐴 𝐴𝐴

CO2 , and 𝐴𝐴 𝐴𝐴
CO2 are air-sea flux of O2, CO2, and N2, in unit of Tmol  m −2  day −1, and A is the 

ocean area, in unit of m 2. 𝐴𝐴 XN2
 (0.7808) is the reference dry-air mole fraction of N2 in the atmosphere (Keeling 

et al., 2020). We also define the change in APO inventory as the change in the total abundance of APO (in 
Tmol) in a defined atmospheric volume. In a well-mixed atmospheric volume, the excess APO inventory in 
moles (relative to reference air) is equal to APO ⋅ 𝐴𝐴 XO2

  ⋅ M ⋅ 10 −6, where M is the total moles of dry air in the 
volume.

2.2.  Airborne Campaigns and Airborne APO Measurements

Both the HIPPO and ATom campaigns had global coverage (Figure 1a, Table S1 in Supporting Information S1), 
extending from the Arctic to the Antarctic and near the surface (150–300 m) to the lower stratosphere (12–15 km) 
(Thompson et al., 2022; S. C. Wofsy, 2011). HIPPO consisted of five campaigns between 2009 and 2011 and 
ATom consisted of four campaigns between 2016 and 2018. Each campaign included a southbound and a north-
bound transect. On HIPPO, both southbound and northbound transects were over the Pacific Ocean, while on 
ATom, southbound transects were over the Pacific Ocean and northbound transects were over the Atlantic Ocean. 
We aggregate data from each mission into southbound and northbound transects within each hemisphere.

This study uses airborne measurements of δ(O2/N2) and CO2 made with the NCAR Airborne Oxygen Instrument 
(AO2) (Stephens et al., 2021). The AO2 instrument was supported by flask samples collected with the NCAR/
Scripps Medusa flask sampler that collects 32 air samples in each flight for later analysis at Scripps (Bent, 2014; 
Stephens et al., 2021). The Medusa flasks were used to identify and correct time-dependent systematic biases in 
the continuous AO2 measurements. AO2 data were adjusted to match Medusa flask using a linear trend versus 
time of flight on a flight-by-flight average basis (Stephens et  al.,  2021). O2 measurements were adjusted for 
surface effects and detector cell humidity interactions, while CO2 measurements were adjusted for surface effects 
and o-ring permeation effects (Stephens et al., 2021). The magnitude of O2 adjustments for each campaign is 
listed in Table S3 of Stephens et al. (2021), while the magnitude of CO2 adjustments per campaign ranges from 
−0.3 to 0.4 ppm, with an average of 0.01 ppm and 1σ standard deviation of 0.19 ppm. Prior to being used for 
correcting the AO2 measurements, the Medusa data were also adjusted to reduce the impact of diffusive fraction-
ation associated with flask sampling (Bent, 2014; Stephens et al., 2021) by computing

𝛿𝛿

(
O2

N2
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= 𝛿𝛿

(
O2

N2

)
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−
1

3.77
𝛿𝛿

(
Ar

N2

)

𝑜𝑜𝑜𝑜𝑜𝑜

� (4)

where δ(O2/N2)obs is the Medusa observation, and δ(Ar/N2)obs is measured relative to an arbitrary reference of 15 
per meg chosen to approximate the global surface average (Stephens et al., 2021). 3.77 is the ratio of the Ar/N2 
change to O2/N2 change associated with thermal fractionation (Bent, 2014; Keeling et al., 2004). This correction 
recognizes that
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)
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with
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=
1
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Figure 1.  (a) HIPPO and ATom flight tracks colored by campaigns. (b) Latitude and pressure cross-sections of ΔAPO for each airborne campaign transect. Panels are 
ordered over the course of the season.
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where the obs subscript denotes the observed value and the fract subscript denotes sampling artifacts caused by 
thermal fractionation at the air intake or flask exit port, which we expect are the dominant sampling artifacts. 
Pressure-driven inlet fractionation was also apparent, but with a small enough magnitude and similar enough 
expected ratio to be included in a single correction (Section 4.2.1 of Stephens et al., 2021).

The Medusa-corrected AO2 data are thus effectively measuring δ(O2/N2)* on a mean basis per flight, from which 
we can compute

APO
∗ = 𝛿𝛿

(
O2

N2

)∗

+
1.1

XO2

(CO2 − 350)� (8)

To calculate seasonal APO from APO*, it is necessary to correct for the true δ(Ar/N2) seasonality. Here we use 
modeled estimates, which we refer to as δ(Ar/N2)model, and assume that δ(Ar/N2)model = δ(Ar/N2)true. The δ(Ar/N2)model  
is calculated from simulated air-sea N2 exchange based on scaling ocean heat flux. Thus

APO = APO∗ +
1

3.77
𝛿𝛿

(
Ar

N2

)

model

� (9)

with

𝛿𝛿

(
Ar

N2

)

model

=
1

XAr

ΔAr −
1

XN2

ΔN2

=
1

XAr

1

34
ΔN2 −

1

XN2

ΔN2

= 1.87 ⋅ ΔN2

� (10)

where ΔN2 is the modeled atmospheric N2 anomaly driven by air-sea N2 exchange, calculated as if N2 were a 
trace gas in ppm-equivalent units (e.g., μmol mol −1). XAr (0.00934) is the mole fraction of Ar in the atmosphere. 
1/34 is a scaling factor, which is the ratio of Ar and N2 air-sea fluxes driven by heat flux from Table 3 in Manizza 
et al. (2012). Air-sea N2 exchange (𝐴𝐴 F

N2 ) is calculated from ocean heat fluxes (Q) from the Estimating the Circu-
lation and Climate of the Ocean (ECCO) Version 4 Release 3, which interpolates ocean heat flux estimates to a 
global field by a non-linear inverse model (Forget et al., 2015)

𝐹𝐹
N2 = −

1

1.3
⋅

dS

dT
⋅

𝑄𝑄

𝐶𝐶𝑝𝑝

� (11)

where dS/dT (mol kg −1 C −1) is the temperature derivative of solubility (Weiss, 1970), Q is the ocean heat flux 
(W m −2) and Cp is the specific heat capacity of seawater (3993 J kg −1 C −1). Equation 11 is similar to that used 
by Keeling and Shertz (1992) but with the introduction of the factor of 1/1.3 by X. Jin et al. (2007). This factor 
accounts for incomplete equilibration and other processes, including mixing-induced super-saturation due to the 
non-linear dependence of solubility on temperature and the penetration of solar radiation below the ocean mixed 
layer (Dietze & Oschlies, 2005; Manizza et al., 2012). We estimate ΔN2 by forward transporting ECCO-based 
air-sea N2 exchange using the TM3 atmospheric transport model (Heimann & Körner, 2003).

The difference between APO and APO* is small, ranging from −4 to 4 per meg (Figure S1 in Supporting Infor-
mation S1). This correction also has a small impact on the seasonal amplitude of the APO concentrations, which 
scales up the seasonal amplitude of APO* by 0.89 per meg (4.7%) and 1.38 per meg (4.9%) in the Northern and 
Southern Hemisphere, respectively.

2.3.  Filtering and Detrending of APO Airborne Observations

We exclude all measurements from the stratosphere using the criterion of Y. Jin et  al.  (2021): {Water vapor 
(H2O) < 50 ppm} and {O3 > 150 ppb or N2O < 319 ppb}, where N2O has detrended relative to a reference year of 
2009. H2O was measured using VCSEL (Zondlo et al., 2010) for HIPPO and DLH for ATom (Diskin et al., 2002; 
Scott et al., 1990). O3 was measured by the NOAA Unmanned Aerial Systems Chromatograph for Atmospheric 
Trace Species (UCATS, Hintsa et al., 2021). N2O was measured by the Harvard Quantum Cascade Laser System 
(QCLS, Santoni et al., 2014). N2O measurements are not available from ATom1, so the stratosphere samplings 
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are simply defined by H2O and O3 for this campaign. We also exclude all observations near landing sites with the 
same criteria as in Y. Jin et al. (2021), for example, samples that were collected 120s after takeoff, 600s prior to 
landing, and any missed approaches.

To focus on APO seasonal cycles, we detrend the airborne measurements by subtracting a smoothed interannual 
trend from a global mean APO time series using data from the Scripps O2 Program (Hamme & Keeling, 2008). 
This APO time series is calculated as a weighted average of APO measurements from seven surface stations, with 
the weights based on the latitudinal coverage of each corresponding station (Table S3 in Supporting Informa-
tion S1, weights are from Hamme and Keeling (2008)). Smoothing was based on a least-squares fit consisting of 
a stiff cubic spline function plus 4-harmonic terms (Manning & Keeling, 2006; Reinsch, 1967). Detrended APO 
is referred to as ΔAPO. The latitude and pressure cross section of ΔAPO for each airborne campaign transect are 
shown in Figure 1b.

2.4.  Air-Sea APO Flux Products

We compare airborne-based estimates of seasonal air-sea APO fluxes with four alternate estimates.

The first product uses APO fluxes from the Jena CarboScope APO Inversion (referred to as the Jena inversion, 
version: apo99XS_v2022), which yields APO fluxes optimized to best match observed APO at stations in the 
Scripps O2 Program surface flask network and at stations and on ships (Tohjima et al., 2012) from the National 
Institute for Environmental Studies (updates of Rödenbeck et al., 2008). Details of stations and their locations are 
in Table S2 in Supporting Information S1. We use the fluxes from 2009 to 2018, to match with the duration of 
the HIPPO and ATom campaigns.

The second product is an observation-based semi-empirical product (referred to as GKT), using year-to-year 
repeating climatological 𝐴𝐴 𝐴𝐴

O2 from Garcia and Keeling (2001), climatological 𝐴𝐴 𝐴𝐴
CO2 from Takahashi et al., 2009, 

and climatological 𝐴𝐴 𝐴𝐴
N2 calculated from ocean heat fluxes from ECCO version 4 (see Section  2.2, Forget 

et  al.,  2015). 𝐴𝐴 𝐴𝐴
O2 from Garcia and Keeling  (2001) is calculated by interpolating dissolved O2 measurements 

weighted by ocean heat flux anomalies. Following Morgan et al. (2021), here we scale down the 𝐴𝐴 𝐴𝐴
O2 by 18% (i.e., 

multiply by a factor of 0.82) to accounts for bias in the gas transfer velocity from Wanninkhof (1992), which is 
used to calculate 𝐴𝐴 𝐴𝐴

O2 from Garcia and Keeling (2001). Naegler et al. (2006) showed that the gas transfer velocity 
coefficient of 0.39 from Wanninkhof (1992) should be scaled down by 18% to 0.32. This scaling is also supported 
by Bent (2014).

The third product is based on a forced ocean-ice configuration of CESM2 (Yeager et al., 2022, referred to as 
CESM), which is forced by JRA55-do (Tsujino et al., 2018) atmospheric fields and prognostic ocean BGC using 
the Marine Biogeochemistry Library (MARBL; Long et al., 2021). The oceanic O2 (𝐴𝐴 𝐴𝐴

O2 ), CO2 (𝐴𝐴 𝐴𝐴
CO2 ) and N2 (

𝐴𝐴 𝐴𝐴
N2 ) fluxes are provided directly as model output, with 1° × 1° horizontal resolution and daily resolution from 

1986 to 2020. We only analyze outputs from 2009 to 2018.

We calculate area-integrated daily air-sea APO flux cycles in each hemisphere from these three products, and fit 
with a 2-harmonic plus offset to yield average seasonal cycles (Figure 5). We note that the GKT is defined as a 
seasonal anomaly, so the annual uptake is pre-subtracted (equal to 0).

2.5.  Atmospheric Simulations

To translate APO fluxes from these products into atmospheric distributions, we rely on the TM3 transport model 
(Heimann & Körner,  2003) and MIROC4.0-based Atmospheric Chemistry-Transport Model (ACTM, Patra 
et al., 2018). TM3 was run at a 5° longitude by 4° latitude spatial resolution with 19 vertical levels, using winds 
from NCEP/NCAR reanalysis with daily temporal resolution (Kalnay et al., 1996). With the modeled fluxes as 
input, the TM3 model yields as output excesses or deficits of APO against a prescribed background. The simu-
lated APO atmospheric fields are referred to as Jena-TM3, GKT-TM3, and CESM-TM3. These simulations were 
run from 2006 to 2018. The first 3 years are used for model spin-up and are discarded. We use the model output 
from 2009 to 2018.

We also use ACTM to forward transport air-sea APO fluxes from the Jena APO inversion (referred to as 
Jena-ACTM), in order to provide another constraint on interhemispheric-mixing time scales (for details see 
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Section 5.1 and Appendix A). ACTM was run from 1999 to 2019 at ∼2.8° longitude by ∼2.8° latitude spatial 
resolution with 67 vertical levels driven by JRA-55 winds (Kobayashi et al., 2015). We only used Jena-ACTM 
output between 2009 and 2018.

2.6.  Calculation of Mθe and Mθe-Weighted Average APO

Airborne APO observations are sorted and binned on the Mθe coordinate, which is defined as the total dry air 
mass under a specific moist isentropic value (defined by constant θe) in the troposphere of each hemisphere  
(Y. Jin et al., 2021). Mθe is defined separately in the Northern and Southern Hemispheres and is not continuous 
across the Equator. The coordinate Mθe is similar to θe, generally increasing toward the equator and with altitude 
in each hemisphere (Figure 2b). The computation of Mθe follows:

Figure 2.  (a) Seasonal cycles of detrended airborne APO (ΔAPO) sorted by 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒
 –pressure bins (columns) and hemispheres (rows). 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 bins (10 16 kg) are shown at the 
top of each panel and pressure bins are colored. Each point represents the mass-weighted average (based on 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 ) ΔAPO within the specific 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒
 –pressure bins, filtering 

out bins with less than 20 10-s observations. The curves represent two-harmonic fits to the corresponding mass-weighted average ΔAPO of each Mθe and pressure bin. 
Annul mean values are subtracted. The first half year is repeated in each panel. Bins in the mid-troposphere (800–600 mbar and 600–400 mbar) of the highest 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 
value (160–200) are dropped because these bins contain very little air mass. (b) Schematic of the contours of zonal and annual average 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 in the Latitude-Pressure 
coordinate, calculates as the average 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 in the year of 2009 using ERA-Interim. (c) Seasonal amplitude (shading) and phase (upward zero-crossing Julian date) of the 
fitted APO seasonal cycles in (a). Negative Julian dates are given from November to December. Bins in the mid-troposphere (800–600 mbar and 600–400 mbar) of the 
highest 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 value (160–200) are dropped because these bins contain very little air mass.
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𝑀𝑀𝜃𝜃𝑒𝑒
(𝜃𝜃𝑒𝑒, 𝑡𝑡) =

∑
𝑀𝑀𝑥𝑥(𝑡𝑡)|𝜃𝜃𝑒𝑒𝑥𝑥<𝜃𝜃𝑒𝑒� (12)

where Mx(t) is the dry air mass of each grid cell x at time t, and 𝐴𝐴 𝐴𝐴𝑒𝑒𝑥𝑥 is the equivalent potential temperature. The 
sum is over all air with 𝐴𝐴 𝐴𝐴𝑒𝑒𝑥𝑥 less than θe in the troposphere, which is defined as PVU smaller than 2. This calcu-
lation yields a unique value of Mθe for each value of θe. We refer to the relationship between θe and Mθe as the 
“θe-Mθe look-up table,” which we generate at the daily resolution for each hemisphere based on four reanalyses, 
which are ERA-Interim (Dee et al., 2011), MERRA-2 (Gelaro et al., 2017), NCEP (Kalnay et al., 1996), and 
JRA-55 (Kobayashi et al., 2015). We use a look-up table based on ERA-Interim to organize airborne data. These 
look-up tables are available at https://doi.org/10.5281/zenodo.4420398.

The Mθe value for each airborne observation was derived by matching the θe value of each observation with the 
ERA-Interim look-up table of the corresponding date.

We calculate θe (K) following Stull (2012):

𝜃𝜃𝑒𝑒 =

(
𝑇𝑇 +

𝐿𝐿𝑣𝑣(𝑇𝑇 )

𝐶𝐶pd

𝑤𝑤

)(
𝑃𝑃0

𝑃𝑃

) 𝑅𝑅𝑑𝑑

𝐶𝐶pd� (13)

where w is the water vapor mixing ratio with a unit of kg of water vapor per kg of air mass, Rd (287.04 J kg −1 K −1) 
is the gas constant for air, Cpd (1005.7  J  kg −1  K −1) is the specific heat of dry air at constant pressure, P0 
(1013.25 mbar) is the reference pressure at the surface, and Lv(T) (kJ kg −1) is the latent heat of evaporation. Lv(T) 
is defined as 2406 kJ kg −1 at 40 °C and 2501 kJ kg −1 at 0 °C and scales linearly with temperature.

For HIPPO, θe is available from the merged file that is calculated using the water vapor mole fraction measured 
by VCSEL (Zondlo et al., 2010). For ATom, θe was computed from static pressure, air temperature as measured 
by the Meteorological Measurement System (MMS), and relative humidity of water vapor as measured by the 
Diode Laser Hygrometer (DLH) (Diskin et al., 2002; Scott et al., 1990).

We also assign a Mθe value for each grid of the modeled daily atmospheric APO field (TM3 and ACTM) using 
3-D atmospheric Mθe fields derived from the corresponding reanalysis used in the transport model. 3-D Mθe fields 
are interpolated to the transport model grids using inverse distance weighted interpolation.

To calculate the mass-weighted average detrended APO for a given Mθe band, we use a method that assumes each 
APO observation represents the APO value on the corresponding Mθe surface throughout the hemisphere (Y. Jin 
et al., 2021). We sort APO by Mθe from low to high and compute a mass-weighted average APO by trapezoidal 
integration of APO as a function of Mθe, dividing by the range of Mθe. This method effectively weighs each meas-
urement or modeled value by the fraction of the hemispheric airmass with the same θe value that it represents. The 
method yields accurate inventories because, as shown below, the variability in APO along Mθe surfaces is small 
due to rapid adiabatic mixing (see also Y. Jin et al., 2021), and because this variability is also partly addressed by 
averaging data from different elevations.

3.  Seasonal Atmospheric APO Distributions
We examined the seasonal cycle of airborne APO grouped into five Mθe-pressure bins (40 × 10 16 kg intervals) in 
each hemisphere and four pressure bins (200 mbar intervals), as shown in Figure 2a. The approximate geographic 
distribution of each bin is illustrated by the zonal average Mθe surfaces in Figure 2b. These cycles are calculated 
by 2-harmonic fits (with offset removed) to each averaged Δ APO of the Mθe and pressure bin (shown as points 
in Figure 2a). Statistics of the cycles (amplitude and phase) in the different bins are summarized in Figure 2c. A 
comparison of observed cycles and simulated cycles (i.e., Jena-TM3, GKT-TM3, and CESM-TM3) grouped by 
20 (10 16 kg) Mθe intervals is shown in Figure S2 in Supporting Information S1.

In Figure 2a, all bins show well-resolved seasonal APO cycles with higher amplitudes in the Southern Hemi-
sphere compared to the Northern Hemisphere at a given pressure-Mθe bin. Within each hemisphere, the ampli-
tudes show a clear gradient across Mθe, with larger amplitudes at lower Mθe (higher latitudes). Phasing of the APO 
cycles also shows clear gradients over Mθe. While the cycles within the Southern Hemisphere have earlier phasing 
(upward zero-crossing date) at low Mθe (high latitude), the cycles in the Northern Hemisphere tend to have later 
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phasing at low Mθe. These patterns in amplitude and phase are similar to those seen in summaries of surface or 
shipboard measurements (Keeling et al., 1998; Tohjima et al., 2012).

In a given Mθe bin (Figures 2a and 2c), the amplitude decreases slightly with increasing altitude (decreasing 
pressure) due to the fact that surface fluxes drive the APO seasonal cycle. The weak variation with pressure (at 
constant Mθe) is expected considering that θe (or Mθe) surfaces are preferential surfaces for mixing. The phase 
generally shifts later with decreasing pressure, consistent with a time lag for adiabatic mixing of the APO cycle 
along θe surfaces. An exception to this pattern is seen in the high Mθe (120–160) bins of the Northern Hemisphere, 
where the earliest phase is found in the mid-troposphere (800–400 mbar), while the lower (1,000–800 mbar) and 
upper troposphere (400–200 mbar) show clear lags in phase (Figure 2a).

The gradients in seasonal phasing with respect to Mθe are mainly driven by fluxes at higher latitudes in each 
hemisphere and are partly driven by delayed propagation of the cycles from the opposite hemisphere (Garcia & 
Keeling, 2001; Keeling et al., 1998; Najjar & Keeling, 2000). These effects, together with the ∼180° out-of-phase 
seasonal flux cycle between low-latitudes (<20°N) and high-latitudes in the Northern Hemisphere (Figure S7 in 
Supporting Information S1), lead to the small and noisy seasonal cycle of the highest Mθe band (low latitude) in 
the Northern Hemisphere. We find that the upward zero-crossing date arrives ∼5.5 weeks earlier in the high Mθe 
(120–160) of the northern mid-troposphere (800–600 mbar) relative to the lower troposphere (1,000–800 mbar), 
as shown in Figures 2a and 2c. This pattern is consistent with Keeling et al. (1998), who found that the observed 
seasonal maximum at the Mauna Loa Observatory (MLO, 3397 masl) is 2 months earlier than the seasonal maxi-
mum at Cape Kumukahi (KUM, 15 masl), which is only 82 km from MLO, but at a lower elevation.

As an alternative, we also have binned airborne observations by pressure and latitude (Figure S3b in Supporting 
Information S1). This approach leads to a much larger scatter of amplitudes and phases in APO seasonal cycles 
with pressure level (at fixed latitude bins) compared to binning data using pressure and Mθe (Figure 2a and Figure 
S3a in Supporting Information S1). A larger scatter is expected, which illustrates the advantage of organizing 
airborne observations on Mθe. Binning airborne observations by pressure and latitude also leads to larger short-
term variability (F test, p < 0.01) within individual pressure bins relative to the mean cycles, based on the distri-
bution of all detrended observations (not shown as points but denoted as 1σ values in Figure S3 in Supporting 
Information S1), indicating larger synoptic disturbances.

4.  Seasonal Cycles of Tropospheric APO Inventories
4.1.  Method

We show our estimates of APO inventory seasonal anomalies (ΔM APO) of each airborne campaign transect in 
Figure 3, and their values are reported in Table S4 and S5 in Supporting Information S1, including uncertainties. 
Inventory estimates from different years are grouped into a climatological year. For each of the 18 airborne tran-
sects, we calculated mass-weighted average detrended APO (〈ΔAPO〉) for each hemisphere. We then compute 
ΔM APO (in moles) of each hemisphere from the hemispheric mass-weighted average Δ APO (〈ΔAPO〉) as follows:

Δ𝑀𝑀APO = ⟨ΔAPO⟩ ⋅𝑋𝑋O2
⋅𝑀𝑀trop ⋅ 𝜅𝜅� (14)

The parameter Mtrop is the total tropospheric dry air mass of the hemisphere. Here we use a constant hemispheric 
dry air mass of 2.02⋅10 18 kg, which ensures that δM APO is insensitive to changes in tropospheric air mass in the 
absence of changes in APO concentration. The total mass of dry air in the troposphere of each hemisphere is 
computed by integrating all ERA-Interim tropospheric (PVU < 2) grid cells. The changes in tropospheric air 
mass with season are small in any case, varying from 2.00⋅10 18 kg to 2.04⋅10 18 kg in the Southern Hemisphere 
and from 1.97⋅10 18 kg to 2.06⋅10 18 kg in the Northern Hemisphere. The parameter κ (3.45⋅10 −17 Tmol kg −1) is a 
constant that converts an amount of dry air mass from kg to Tmol, which consists of the product of 10 3/28.97 (i.e., 
converts kg of air mass to mol of air mass), 10 −12 (i.e., converts mol of air mass to Tmol of air mass) and 10 −6 
(i.e.,  converts ppm to mol/mol). Seasonal cycles of tropospheric APO inventory of each hemisphere are calcu-
lated by 2-harmonic fits with annual offset removed (Figure 3). Related statistics (seasonal amplitude, maximum 
and minimum date, upward zero-crossing date) based on 2-harmonic fits are summarized in Table 1.

The Mθe integration method can yield unbiased tropospheric APO inventories if the spatial coverage of airborne 
measurements is broad enough (Y. Jin et al., 2021). Also, APO inventories for multiple campaigns can define 
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climatological mean seasonal cycles only if their temporal coverage is sufficient. We assess the bias due to 
incomplete coverage by subsampling simulated 3-D fields of APO (from Jena-TM3 and Jena-ACTM, see Figure 
S4 in Supporting Information S1) as detailed in Text S1 in Supporting Information S1. This approach yields 
estimated errors for each airborne campaign transect on the corresponding mean day of year. We only find small 
errors, with an average RMSE across the 18 transects of 1.67 per meg (based on TM3) or 1.21 per meg (based 
on ACTM) in the Northern Hemisphere, and 1.42 per meg (based on TM3) or 1.68 per meg (based on ACTM) 
in the Southern Hemisphere, suggesting that the airborne data and Mθe integration method could represent 
hemispheric average APO well. We also find that the TM3 and ACTM models generally agree with the sign 
of biases (Figure S4 in Supporting Information S1). We use these calculated errors (averaged from TM3 and 
ACTM) to correct the observed APO inventory seasonal anomalies estimated from each airborne campaign 

Figure 3.  Seasonal anomaly of tropospheric APO inventory (Tmol) or concentration (per meg) in the Northern (a) and 
Southern (b) Hemispheres. Points show estimates of seasonal APO anomaly of each airborne campaign transect computed 
from the 𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 integration method (for details see Section 4.1), with annual mean removed using the value based on 
2-harmonic fits to points. Error bars provide the overall uncertainty of each APO anomaly estimate (Text S2 in Supporting 
Information S1). Points from different years are grouped into a climatological year. Circles indicate transects over the Pacific 
Ocean, and triangles indicate transects over the Atlantic Ocean. Thick black lines represent 2-harmonic fits (annual mean 
removed) to corresponding seasonal APO anomaly estimates, with shaded region as 1σ uncertainty, which is calculated as 
the standard deviation of an ensemble of 2000 2-harmonic fits to points that incorporate uncertainty. The observed APO 
inventory estimates (points) are corrected for bias due to limited spatial and temporal coverage of airborne observations (Text 
S1 in Supporting Information S1). The first half-year is repeated.
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transect (Text S1 in Supporting Information S1). For error analysis, we allow these corrections for each indi-
vidual inventory estimate to have uncertainty amounting to ±100% of the correction (Text S2.3 in Supporting 
Information S1).

We show the corrected hemispheric ΔM APO for each airborne campaign in Figure 3 (points), with error bars 
representing 1σ uncertainty as a quadrature sum from the following sources: (a) measurement imprecision and 
reproducibility; (b) spread of Mθe values for different reanalysis products; (c) bias correction due to limited spatial 
and temporal coverage of the observations; and (d) the uncertainty of the land biosphere O2:CO2 exchange ratio. 
To assess uncertainties in the harmonic fits, we generate an ensemble of 2000 fits. Details of the uncertainty 
(error bars in Figure 3) analysis are presented in Text S2 in Supporting Information S1.

4.2.  Results and Discussion of APO Inventories

In each hemisphere, the seasonal anomaly of APO inventory generally increases in spring and summer and 
decreases in fall and winter (Figure 3), consistent with air-sea fluxes of O2 driving the seasonal cycle of atmos-
pheric APO. In the Southern Hemisphere, the austral spring/summer rise is more rapid than the austral fall/
winter decrease by ∼1.5 months. In the Northern Hemisphere, due to a broad summer peak, the rising period is 
∼3 months shorter than that in the Southern Hemisphere.

Figure 3 and Table 1 show that the seasonal amplitude of atmospheric APO inventory in the Southern Hemi-
sphere (408 ± 41.2 Tmol) is significantly larger than in the Northern Hemisphere (274 ± 44.4 Tmol). The cycle 
in the Southern Hemisphere is heavily dominated by the first harmonic, and the phase indicated by the upward 
zero-crossing is 4 weeks later relative to the cycle in the Northern Hemisphere when measured relative to the 
hemispheric solstice date.

The period of seasonal maximum APO inventory is broader in the Northern Hemisphere than in the Southern 
Hemisphere. Similar broad maxima are seen at northern land stations (e.g., Hateruma Island at 24.1°N, Barrow 
at 71.3°N, and Alert at 82.5°N) and in the subtropical (20–40°N) Northwest Pacific, as shown by shipborne 
measurements (Nevison et al., 2015; Tohjima et al., 2012, 2019).

The annual average APO is lower in the Northern Hemisphere by 6.4 ± 1.11 per meg (93.3 ± 16.21 Tmol) rela-
tive to the Southern Hemisphere, based on the annual mean from the 2-harmonic fits. In comparison, Resplandy 
et al. (2016) reported a northern APO deficit of 10.4 ± 0.9 per meg using HIPPO data in the mid-troposphere 
between 40°N and 60°N, which they use to constrain the interhemispheric ocean heat flux, based on the close 
connection between APO and heat fluxes. These two estimates are not directly comparable because our esti-
mate includes data from lower latitudes, where we expect a smaller APO gradient between the two hemispheres 
(Resplandy et al., 2016).

Each APO seasonal inventory estimate has uncertainty up to ±72  Tmol (Error bars in Figure  3, details 
in Table S4 and S5 in Supporting Information  S1). Of the several contributions to the uncertainty, the 
dominant contribution is measurement imprecision and reproducibility, which is mainly limited by 
campaign-to-campaign calibration or sampling offsets. The corrections for limited coverage and the uncer-
tainty for corrections are small because we have sufficient observations across Mθe (or on θe) surfaces in the 
hemisphere and because the along-Mθe APO gradients are uniformly small (Figure 2a) in both high and low 
Mθe bins. For the low Mθe bins, the small gradient is due to rapid adiabatic APO mixing along Mθe. For the 
high Mθe bins, the small gradient can be partially attributed to the small magnitude of surface APO flux due 
to weak seasonal forcing.

Product Hemisphere Seasonal amplitude (Tmol) Maximum date Minimum date
Upward-zero 
crossing date

Airborne observation North 274 ± 44.4 207 ± 34.8 66 ± 10.4 140 ± 10.9

South 408 ± 41.2 66 ± 21.4 270 ± 8.7 349 ± 8.2

Table 1 
Statistics of the Seasonal Cycle of Tropospheric APO Inventory (Figure 3) From Two-Harmonic Fits (Annual Mean 
Removed) for Each Hemisphere Computed From Airborne Observations With Correction for Sparse Spatial and Temporal 
Coverage
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5.  Seasonal Cycles of Hemispheric Air-Sea APO Fluxes
5.1.  Method

We calculate total area-integrated APO fluxes (including all sources of exchange, i.e., from the ocean and fossil 
fuel emission) in the Northern Hemisphere (𝐴𝐴 𝐴𝐴

APO

𝑁𝑁
 ) and Southern Hemisphere (𝐴𝐴 𝐴𝐴

APO

𝑆𝑆
 ) (Tmol day −1) from airborne 

observations, using a two-box model:

𝐹𝐹
APO

𝑁𝑁
(𝑡𝑡) =

𝜕𝜕𝜕𝜕
APO

N
(𝑡𝑡)

𝜕𝜕𝜕𝜕
+ 𝐿𝐿𝑁𝑁 (𝑡𝑡)� (15)

𝐹𝐹
APO

𝑆𝑆
(𝑡𝑡) =

𝜕𝜕𝜕𝜕
APO

S
(𝑡𝑡)

𝜕𝜕𝜕𝜕
+ 𝐿𝐿𝑆𝑆 (𝑡𝑡)� (16)

where 𝐴𝐴
𝜕𝜕𝜕𝜕

APO

𝑁𝑁
(𝑡𝑡)

𝜕𝜕𝜕𝜕
 and 𝐴𝐴

𝜕𝜕𝜕𝜕
APO

𝑆𝑆
(𝑡𝑡)

𝜕𝜕𝜕𝜕
 are the tropospheric APO inventory changes (Tmol day −1) of each hemisphere and 

LN(t) and LS(t) are “leakage” terms across the Equator and tropopause. Here, we calculate daily APO inventory 
changes in each hemisphere by combining the 2-harmonic fitted seasonal APO inventories from Section 4 with 
the previously removed annual average hemispheric APO and the removed long-term APO trend. Combining 
these components allows us to resolve both seasonal and annual mean components of the flux. We base the trend 
on observations from surface stations (Section 2.3), scaled to yield hemispheric inventories (Equation 14). We 
use the same global trend for both hemispheres.

The leakage terms are included in Equations 17 and 18 to account for the transport of ΔAPO between hemi-
spheres, and between the troposphere and the stratosphere. Positive leakage represents the transport out of the 
troposphere in each hemisphere. We parameterize the leakage according to:

𝐿𝐿𝑁𝑁 (𝑡𝑡) =

(
𝑀𝑀

APO

𝑁𝑁
(𝑡𝑡) −𝑀𝑀

APO

𝑆𝑆
(𝑡𝑡)
)

𝜏𝜏(𝑡𝑡)
+ STE𝑁𝑁� (17)

𝐿𝐿𝑆𝑆 (𝑡𝑡) = −

(
𝑀𝑀

APO

𝑁𝑁
(𝑡𝑡) −𝑀𝑀

APO

𝑆𝑆
(𝑡𝑡)
)

𝜏𝜏(𝑡𝑡)
+ STE𝑆𝑆� (18)

where τ(t) is a climatological inter-hemisphere APO exchange time scale with a unit of year, and STEN(t) and 
STES(t) are climatological stratosphere-troposphere exchange rate (Tmol day −1). We estimate τ(t), STEN(t), and 
STEN(t) using two transport models (TM3 and MIROC-ACTM) as described in Appendix A. We show climato-
logical monthly τ(t), STEN(t), and STEN(t) in Figure 4 along with the interannual variability from 2009 to 2018 
(shown as ±1σ). To yield daily values of τ, STES, and STEN for application in Equations 15 and 16, we fit the 
climatological monthly results to a two-harmonic fit (Figure 4).

Figure 4.  (a) Climatological monthly seasonal APO exchange time scale (τ) between the Northern and the Southern tropospheres. (b and c) Troposphere-stratosphere 
APO exchange rates (Tmol day −1) in the Northern Hemisphere (STEN) and Southern Hemisphere (STES), respectively. Positive value denotes troposphere to 
stratosphere APO transport. τ, STEN, and STES are computed using air-sea APO flux from Jena CarboScope APO inversion and tropospheric APO inventory from 
Jena-TM3 and Jena-ACTM (model descriptions see Section 2.5). The 1σ uncertainty is computed as the standard deviation of τ for each corresponding month from 
2009 to 2018. Methods are presented in Appendix A.
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We validate the two-box model by successfully reconstructing the daily Jena inversion APO flux using tropo-
sphere APO inventories and parameters τ(t), STEN, and STES from two transport models (TM3 and ACTM), as 
shown in Figure S5 in Supporting Information S1. This reconstruction shows small RMSE up to 0.53 Tmol day −1. 
Seasonal cycle of air-sea APO flux is dominated by the inventory term (𝐴𝐴

𝑑𝑑𝑑𝑑
APO

dt
 ), with relatively small contribution 

form the leakage term. The leakage term causes the flux amplitude to be larger than the inventory amplitude by 
22.1% in the Northern Hemisphere and 23.2% in the Southern Hemisphere, as shown in Figure S6 in Supporting 
Information S1.

The area-integrated APO fluxes calculated using Equations 15 and 16 include small contributions from APO 
fluxes directly caused by the burning of fossil-fuel (F APO(ff)). To resolve APO fluxes due to ocean fluxes alone, 
we compute residual fluxes according to

𝐹𝐹
APO(ocn) = 𝐹𝐹

APO − 𝐹𝐹
APO(ff)

= 𝐹𝐹
APO −

(
𝐹𝐹

O2(ff) + 1.1𝐹𝐹 CO2(ff)
)� (19)

where fossil fuel O2 flux is calculated by scaling corresponding CO2 flux

𝐹𝐹
O2(ff) = -1.35𝐹𝐹 CO2(ff)� (20)

The factor of −1.35 is supported by emission ratios from Keeling et al. (1998) and emissions by fuel type from the 
Global Carbon Budget (Friedlingstein et al., 2022). We use 𝐴𝐴 𝐴𝐴

CO2(ff) averaged from Open-source Data Inventory 
for Anthropogenic CO2 (ODIAC, Oda et al., 2018) and GCP-GridFEDv2022.2 (Jones et al., 2021) (for details see 
Text S3.2 in Supporting Information S1). The fossil fuel emission contributes significantly to the loss of APO in 
the Northern Hemisphere, amounting to an annual uptake of 208.5 Tmol, but its impact on the seasonal cycle is 
small, accounting for 1.2% of the air-sea flux seasonal amplitude (Figure S6 in Supporting Information S1). In 
the Southern Hemisphere, the annual APO uptake of fossil fuels is small, amounting to 15.7 Tmol and 0.06% of 
the air-sea flux seasonal amplitude (Figure S6 in Supporting Information S1).

We show the seasonal cycle of air-sea APO flux of each hemisphere in Figure 5, calculated by applying the 
2-harmonic seasonal APO inventory anomalies in each hemisphere that are resolved in Section 4 to the 2-box 
model and correcting for the fossil fuel component. The flux uncertainties are calculated from an ensemble 
of model runs that uses 2000 iterations of harmonic fits from the previous section and convolving these with 
additional uncertainties in the box-model transport parameter and fossil fuel correction (Text S3 in Supporting 
Information S1). Related statistics (maximum and minimum fluxes, maximum and minimum date, APO seasonal 
net outgassing (SNO), upward zero-crossing date, and annual flux) are summarized in Table 2. SNO is defined 
as the area under the positive portion of the 2-harmonic fitted seasonal cycle curve after removing the annual 
mean flux, which is a measure of the contribution of air-sea APO flux to the seasonal cycle of atmospheric APO 
(Garcia & Keeling, 2001). The annual mean flux is calculated as the integration of daily flux over the course of 
the seasonal cycle.

5.2.  Results and Discussion of Air-Sea APO Fluxes

We found significantly larger SNO in the Southern Hemisphere (518 ± 52.6 Tmol) than in the Northern Hemi-
sphere (342 ± 52.1 Tmol). Dividing SNO by the ocean area in each hemisphere, we find a flux per unit area that is 
also larger (within 1σ uncertainty) in the south (2.49 ± 0.253 mol m −2) than in the north (2.21 ± 0.337 mol m −2).

In both hemispheres (Figures 5a and 5b), the APO flux cycle is non sinusoidal, with the rise occurring more 
rapidly than the decline. Compared to the hemispheric solstice date, the timing of this rise, based on the upward 
zero-crossing, is earlier by 3 weeks in the Northern Hemisphere (late March) compared to the Southern Hemi-
sphere (mid-October) (Figures 5c and Table 2). Similarly, the date of maximum summer outgassing is earlier by 
5 weeks in the Northern Hemisphere. These estimated phase asymmetries are not very sensitive to assumptions 
about interhemispheric APO leakage (Figure S6 in Supporting Information S1).

Differences are also notable in the shape of the declining portion of the cycle. The Southern Hemisphere decrease 
is relatively steady, while the Northern Hemisphere decrease starts with a slow drop from May to August followed 
by a late summer plateau till October, and then a rapid drop through January. This near zero flux during the 
summer plateau leads to a broad atmospheric APO peak in the Northern Hemisphere (Figure 3a), corresponding 
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to a period of longer (but weaker) APO outgassing in the Northern Hemisphere (Figure 5c). A similar summer 
plateau is clearly manifested in the CESM but is weak in the Jena inversion. This feature, however, is not observed 
in GKT (Figure 5d).

Could the phase asymmetry in the APO cycles between the hemispheres be caused by differences in the phasing 
of seasonal ocean warming and cooling? The simulated flux cycle from GKT, which is calculated by assuming 
air-sea O2 flux is in phase with ocean heat flux, does not support this hypothesis because it does not show such 
phase asymmetry between hemispheres (Figure 5d).

The phase asymmetry is likely caused by other physical and biogeochemical processes that drive the surface 
ocean O2 change. A significant factor may be differences in the timing of the spring bloom between hemispheres. 
Satellite-based chlorophyll concentrations suggest that the spring bloom is roughly one month earlier in the 
Northern Hemisphere compared to the Southern Hemisphere, with the bloom peaking in April and May over the 
mid-latitudes (30–50°N) of the North Atlantic and Pacific and peaking in November to January at mid-latitudes 
(30–50°S) of the Southern Hemisphere (Sapiano et al., 2012). The earlier spring-time O2 outgassing in the North-
ern Hemisphere may also be influenced by differences in O2 equilibration time scale in the mixed layer. As shown 
in de Boyer Montégut et al. (2004), the mixed layer depth in the mid-latitude Northern Hemisphere is between 
10 and 100 m in spring (April), whereas the depth in the mid-latitude Southern Hemisphere is generally between 
100 and 300 m in spring (October). Assuming a gas exchange velocity of 3 m day −1 and a difference in mixed 
layer depth of 100 m, the equilibration time in the Northern Hemisphere would be about 1 month faster than that 
in the Southern Hemisphere.

Figure 5.  Seasonality of area-integrated daily air-sea APO fluxes in the Northern (a) and Southern (b) Hemispheres. We show our estimate of the flux cycle as 
black curves. The 1σ uncertainty (gray shading) is calculated as the standard deviation of 2000 iteration of 2-harmonic fit to flux estimates (for details see Text S3 in 
Supporting Information S1). For comparison, we also show the modeled daily air-sea APO fluxes from Jena (orange), GKT (red), and Community Earth System Model 
(blue). The first half-year is repeated. (c–f) Comparing the seasonal cycle of APO fluxes from airborne observations and other products in the Northern and Southern 
Hemisphere, with the cycle in the Southern Hemisphere shifted by 6 months (starting from July, see blue ticks on the bottom). The first half year is repeated. We note 
that only GKT is adjusted to have zero annual flux.
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The asymmetry in the breadth of the late summer and fall outgassing period (broader and stronger in the Northern 
Hemisphere) may be influenced by the presence of the shallow oxygen maximum (SOM) in the North Pacific 
(Hayward, 1994; Shulenberger & Reid, 1981), as noted by Ishidoya et al. (2016). The SOM is generated by the 
strong surface ocean stratification in the summer, which traps photosynthetically produced O2 below the mixed 
layer, delaying O2 outgassing until the fall, when the mixed layer deepens. The SOM is confirmed by Argo float 
measurements over the western subtropical North Pacific (17.7–20.2°N and 162–164.5°E), which show clear 
oxygen supersaturation beneath the mixed layer from May to November (Yang et al., 2017). We also find, in the 
CESM configuration, an oxygen supersaturation zone at around 40–60 m deep over the mid-latitude (20–45°N) 
of the Northern Pacific from July to October (not shown), suggesting that the summer-to-fall plateau in CESM is 
SOM-related. We could not find a similarly strong late summer and fall plateau in the Southern Hemisphere in 
both airborne-based flux estimates and the CESM, consistent with the summer mixed layer being deeper in the 
Southern Hemisphere (Kara et al., 2003).

The phase and SNO differences between hemispheres may also have contributed from tropical ocean fluxes. The 
CESM and the Jena inversion suggest clear seasonal fluxes in the 20°S–20°N band (Figure S7 in Supporting 
Information S1). The APO fluxes integrated over this band have similar phasing to fluxes in the extratropical 
Southern Hemisphere, with ocean APO uptake during the austral winter and outgassing during the austral 
summer. These tropical fluxes therefore contribute to a larger SNO in the Southern Hemisphere and smaller SNO 
in the Northern Hemisphere, while also contributing to earlier phasing in the north (Figure S7 in Supporting  
Information S1).

Table 2 also provides annual APO fluxes, based on the secular components of the box model, yielding net global 
ocean APO uptake of 207 Tmol. The gain of APO in the global ocean is expected from the ocean uptake of anthro-
pogenic CO2, with small impact from a climate driven net outgassing of APO due to ocean heat uptake from the 
atmosphere (32 ± 19.6 Tmol net releasing per year) and aerosol-related APO outgassing due to ocean fertilization 
driven by atmospheric deposition of anthropogenic aerosol (8 ± 4.1 Tmol net releasing per year) (Resplandy 
et al., 2019). Here we estimate an annual ocean anthropogenic CO2 uptake of 2.7 ± 0.25 PgC (converted from 
247 ± 22.8 Tmol of APO) by subtracting the global climate-driven APO impact and aerosol-related impact from 
our global annual oceanic APO uptake estimates (for method see Text S4 in Supporting Information S1). Our 
estimation is close to the value (2.8 ± 0.4 PgC) reported in the Global Carbon Budget 2021 during the decade 
2011–2020 (Friedlingstein et al., 2022).

The hemispheric flux estimates are transport model-dependent because we use TM3 and ACTM models to 
correct for sparse spatial and temporal sampling and to derive leakage terms in the box model. This impact 
is small because the flux cycles are dominated by the atmospheric inventory change on the hemispheric scale 
(Figure S6 in Supporting Information S1). Using the TM3 model alone or ACTM alone only leads to a small 
SNO difference of 14 Tmol (4.1%) and 17 Tmol (3.3%) in the Northern and Southern Hemisphere, respectively 
(larger if using ACTM).

Can the airborne data resolve changes in the seasonal cycles over time? Comparing the SNO estimated using 
HIPPO (2009–2011) data alone or ATom (2016–2018) data alone (by harmonic fits to subsets of the transects), 
we find SNO of ATom is 5% and 2% larger than that of HIPPO in the Northern and Southern Hemisphere respec-
tively. These changes are not significant compared to uncertainties.

6.  Comparisons to Other APO Flux Estimates
6.1.  Comparison to GKT

We found systematic differences in seasonal amplitudes and phases between our airborne observation-based 
estimates and the GKT climatology (Figure  5). The comparison suggests that there are significant limita-
tions to GKT fluxes at the mid- to high-latitudes of the Northern Hemisphere, based on discrepancies in the 
seasonal phases of APO inventory cycle in the mid- to high Mθe bins (Figure S2 in Supporting Information S1). 
The O2 fluxes from the GKT climatology used dissolved O228 data with large gaps in spatial and temporal 
coverage, especially over the high latitudes (Najjar & Keeling, 1997). To interpolate these sparse data, Garcia 
and Keeling (2001) assumed  that O2 fluxes are exactly in phase with ocean heat fluxes at a constant ratio 
over large latitude bands, an approach which has known limitations (Bent,  2014; Sun et  al.,  2017). These 
limitations in the coverage of samplings and assumptions lead to a significant underestimate of the northern 
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winter-time O2 uptake (Figure 5a). We find that, in the Labrador Sea, the Garcia and Keeling (2001) clima-
tology yields a winter-time  (October to March) O2 uptake of 9.1  mol  m −2, compared to more recent esti-
mates of 22.1 ± 2.5 mol m −2 for 2016 (Atamanchuk et al., 2020) and 29.1 ± 3.8 mol m −2 for 2015 (Koelling 
et al., 2017).

6.2.  Comparison to Jena APO Inversion

We find relatively good agreement between our hemispheric flux estimates and from the Jena inversions 
(Figure 5 and Table 2). The most obvious differences in the Northern Hemisphere are the too weak northern 
summer plateau and too small northern winter-time oceanic APO uptake. The too small winter-time uptake 
in inversion estimates based on surface data relative to airborne-based estimates is also found in Resplandy 
et al. (2016), and is attributed to an underestimation of the vertical mixing by the atmospheric transport models 
over the north Atlantic. In the Southern Hemisphere, we find evident differences in atmospheric APO seasonal 
cycles in individual Mθe bins, where the Jena-TM3 shows a smaller change in APO amplitude from low to high 
Mθe than the observations (Figure S2 in Supporting Information S1). This discrepancy may point to the TM3 
model overestimating mixing (across Mθe) in the Southern Hemisphere. This interpretation is also supported by 
a comparison (not shown) between the Jena inversion and shipboard measurements over the Western Pacific 
from 5°S to 24°S from Tohjima et al. (2012), where the Jena inversion yields amplitudes that are too large by 
up to 40%.

6.3.  Comparison to CESM

In the Northern Hemisphere, the CESM shows a too weak spring (MAM) APO outgassing of ∼1.5 Tmol day −1 
but too large fall (SON) outgassing of ∼1.2 Tmol day −1 (Figure 5a). These discrepancies may result from limi-
tations in the combination of modeled spring-summer export production and fall-time ventilation, as seen in an 
earlier version of CESM (Nevison et al., 2015). Nevison et al. (2015) pointed out that fall deep water ventilation 
in multiple Earth System Models is too weak, which reduces the transport of O2-depleted deep water into the 
surface ocean during the northern fall.

In the Southern Hemisphere, the seasonal phases of the CESM are close to airborne observations, but peak-to-peak 
amplitude and SNO are lower than the airborne results.

7.  Summary and Outlook
We use APO observations from two recent airborne projects, HIPPO and ATom, to resolve climatological seasonal 
APO tropospheric distributions (Section 3), tropospheric inventories (Section 4), and air-sea fluxes (Section 5) at 
the hemispheric scale. Airborne observations are organized on a mass-weighted moist isentropic coordinate (Mθe) 
as an alternative to latitude to analyze atmospheric distributions and compute tropospheric inventories.

The airborne data resolve clear seasonal APO changes within and between hemispheres (Figure 2). The seasonal 
amplitude is larger in the Southern Hemisphere and is larger in the high-latitudes (low Mθe) of each hemisphere. 
The seasonal phase also shows a clear gradient over latitudes (Mθe). In the Northern Hemisphere, we find an 
earlier phase in the lowest latitude (highest Mθe), whereas in the Southern Hemisphere, we find an earlier phase 
in the high latitude (lowest Mθe). These different patterns are also observed at surface stations and shipboard 
measurements over the Pacific Ocean (Keeling et al., 1998; Tohjima et al., 2012).

We also compute hemispheric-scale air-sea fluxes from hemispheric inventories using a 2-box model (Appendix A) 
that accounts for the surface APO flux, the inter-hemispheric APO exchange, and the troposphere-stratosphere 
APO exchange. We compare our box-model inverted flux to other model- and observation-based products, such 
as the Jena APO inversion (updates of Rödenbeck et al., 2008), the Garcia and Keeling (2001) O2 flux climatol-
ogy, and one configuration of CESM, to identify limitations in these products (Section 6).

Our estimates of air-sea APO fluxes (Figure 5) show clear seasonal cycles in both hemispheres, with the ocean 
releasing APO in the spring and summer and taking up APO in the fall and winter. The cycle in the Northern 
Hemisphere has a smaller seasonal amplitude, an earlier (relative to the hemispheric solstice date), and a longer 
period of net outgassing (Figure 5) compared to the cycle in the Southern Hemisphere, suggesting differences 
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between the hemispheres in physical and biogeochemical mechanisms, such as a strong subsurface oxygen maxi-
mum (SOM) and faster mixed layer equilibration time scale in the Northern Hemisphere.

Our results point to two important flux features in the Northern Hemisphere. The first feature is a strong 
oceanic O2 uptake in January. This strong uptake feature is clearly underestimated in observation-based 
products (i.e., GKT). We attribute the bias in GKT to limited coverage of dissolved O2 measurements over 
northern high latitudes and the assumption that O2 fluxes are exactly in phase with ocean heat fluxes at a 
constant ratio over large latitude bands, which fails to account for processes during winter-time deep convec-
tion events.

The second feature is a period of weak APO outgassing in the northern late summer and fall. This signal is 
likely related to the development of the SOM, which stores spring-time photosynthetically produced O2 below 
the mixed layer, and delays the O2 outgassing until the fall, when the mixed layer deepens. In comparison with 
airborne-based estimates during the northern late summer and fall, the CESM shows too strong APO outgassing. 
On the other hand, two observation-based products (GKT and the Jena inversion) do not capture this northern 
APO outgassing during the late summer and fall.

Given the obvious limitations of the Garcia and Keeling (2001) O2 flux climatology, our study motivates the crea-
tion of improved climatology, taking advantage of expanded measurements of O2 with atmospheric calibration on 
biogeochemical Argo floats (Bittig & Körtzinger, 2015, 2017; Bushinsky et al., 2016, 2017; Claustre et al., 2020; 
Johnson et al., 2015). Our study also motivates future work focusing on regions with winter-time deep convec-
tion (e.g., Labrador Sea and western boundary currents) and summer-time stratification (e.g., northwest Pacific) 
from both modeling and observational perspectives. More realistic depictions of ocean ventilation in general 
circulation models (e.g., CESM) are needed, along with improved coverage in atmospheric APO station meas-
urements that better target convective regions along with improved skill of modeled atmospheric transport over 
these regions. Finally, a regular program of hemispheric to global scale airborne transects, such as HIPPO and 
ATom but at higher frequency, would greatly improve our ability to constrain APO fluxes and resolve interannual 
variations and trends tied to climate and biogeochemical forcing.

Appendix A:  Box Model
We use a box model (Figure A1) as a modified version of the two-box model in Lintner et al. (2004) and Patra 
et al. (2009) to quantify the hemispheric APO leakage. The model follows:

𝐿𝐿𝑁𝑁 (𝑡𝑡) = 𝐹𝐹
APO

𝑁𝑁
(𝑡𝑡) −

𝜕𝜕𝜕𝜕
APO

𝑁𝑁
(𝑡𝑡)

𝜕𝜕𝜕𝜕
=

(
𝑀𝑀

APO

𝑁𝑁
(𝑡𝑡) −𝑀𝑀

APO

𝑆𝑆
(𝑡𝑡)
)

𝜏𝜏(𝑡𝑡)
+ STE𝑁𝑁 (𝑡𝑡)� (A1)

Figure A1.  Schematic of the box model.

 19449224, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

B
007827 by M

PI 322 C
hem

ical E
cology, W

iley O
nline L

ibrary on [13/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Global Biogeochemical Cycles

JIN ET AL.

10.1029/2023GB007827

19 of 23

𝐿𝐿𝑆𝑆 (𝑡𝑡) = 𝐹𝐹
APO

𝑆𝑆
(𝑡𝑡) −

𝜕𝜕𝜕𝜕
APO

𝑆𝑆
(𝑡𝑡)

𝜕𝜕𝜕𝜕
= −

(
𝑀𝑀

APO

𝑁𝑁
(𝑡𝑡) −𝑀𝑀

APO

𝑆𝑆
(𝑡𝑡)
)

𝜏𝜏(𝑡𝑡)
+ STE𝑆𝑆 (𝑡𝑡)� (A2)

with climatological monthly 𝐴𝐴 𝐴𝐴(𝑡𝑡) as the inter-hemisphere APO exchange time with unit of year, and monthly 
𝐴𝐴 STE𝑁𝑁 and 𝐴𝐴 STE𝑆𝑆 as the stratosphere-troposphere APO exchange with unit of Tmol day −1.

STEN and STES are directly calculated from daily Jena-TM3 and Jena-ACTM as the time derivative of strat-
osphere APO inventory of each hemisphere, assuming interhemispheric APO exchange in the stratosphere is 
negligible compared to the exchange across tropopause (Butchart, 2014; Stohl et al., 2003), following:

STE𝑁𝑁 (𝑡𝑡) =
𝜕𝜕𝜕𝜕

APO(Strat)

𝑁𝑁
(𝑡𝑡)

𝜕𝜕𝜕𝜕

� (A3)

STE𝑆𝑆 (𝑡𝑡) =
𝜕𝜕𝜕𝜕

APO(Strat)

𝑆𝑆
(𝑡𝑡)

𝜕𝜕𝜕𝜕

� (A4)

where 𝐴𝐴 𝐴𝐴
APO(Strat)

𝑁𝑁
(𝑡𝑡) and 𝐴𝐴 𝐴𝐴

APO(Strat)

𝑆𝑆
(𝑡𝑡) are the stratosphere APO inventory in the Northern and Southern Hemi-

sphere, respectively. We report climatological monthly STE in Figures 4b and 4c, with the 1σ uncertainty show-
ing interannual variability.

We solve for the parameter 𝐴𝐴 𝐴𝐴(𝑡𝑡) according to:

𝜏𝜏(𝑡𝑡) =
2
(
𝑀𝑀

APO

𝑁𝑁
(𝑡𝑡) −𝑀𝑀

APO

𝑆𝑆
(𝑡𝑡)
)

𝐹𝐹
APO

𝑁𝑁
(𝑡𝑡) − 𝐹𝐹

APO

𝑆𝑆
(𝑡𝑡) −

𝜕𝜕(𝑀𝑀APO

𝑁𝑁
(𝑡𝑡)−𝑀𝑀APO

𝑆𝑆
(𝑡𝑡))

𝜕𝜕𝜕𝜕
− STE𝑁𝑁 (𝑡𝑡) + STE𝑆𝑆 (𝑡𝑡)

� (A5)

We use monthly 𝐴𝐴 𝐴𝐴
APO

𝑁𝑁
(𝑡𝑡) and 𝐴𝐴 𝐴𝐴

APO

𝑆𝑆
(𝑡𝑡) averaged from daily Jena inversion APO flux, and monthly 𝐴𝐴 𝐴𝐴

APO

𝑁𝑁
(𝑡𝑡) and 

𝐴𝐴 𝐴𝐴
APO

𝑆𝑆
(𝑡𝑡) averaged from daily Jena-TM3 or Jena-ACTM, to compute the climatological monthly τ(t) (averaged 

for each month from 2009 to 2018). We report τ(t) of each model in Figure 4a, with the 1σ uncertainty showing 
interannual variability. In Figure 4a, we show that both the TM3 and ACTM transport models suggest a faster 
inter-hemisphere mixing in summer and winter, and a slower mixing in spring and fall.

To examine the skill of the box model in producing daily air-sea APO fluxes, we compare simulated APO fluxes (Jena 
inversion) with reconstructed APO fluxes calculated using simulated APO inventories based on the Jena inversion 
APO flux forward transported by the TM3 model (Jena-TM3), and the ACTM model (Jena-ACTM), together with 
corresponding climatological TM3-based or ACTM-based τ and STE (Figure S5 in Supporting Information S1). 
The daily τ and STE is computed by a 2-harmonic fit to climatological monthly τ and climatological monthly STE. 
We show (Figure S5 in Supporting Information S1) that this box model can reconstruct the hemispheric air-sea APO 
flux reasonably well, with an RMSE of daily flux smaller than 0.53 Tmol day −1. This method does not bias the SNO 
results, as we find a small difference of averaged SNO (2009–2018) between the reconstructed APO flux and the 
original APO flux of 18 Tmol (5.8%) in the Northern Hemisphere and 32 Tmol (6.3%) in the Southern Hemisphere.

Data Availability Statement
All ancillary HIPPO 10  s merge data are available from https://doi.org/10.3334/CDIAC/HIPPO_010 (Wofsy 
et al., 2017). We use updated HIPPO AO2 data from https://doi.org/10.5065/D6J38QVV (Stephens et al., 2021a), 
https://doi.org/10.5065/D65Q4TF0 (Stephens et  al.,  2021b), https://doi.org/10.5065/D67H1GXJ (Stephens 
et  al.,  2021c), https://doi.org/10.5065/D679431D (Stephens et  al.,  2021d), and https://doi.org/10.5065/
D6WW7G0D (Stephens et  al.,  2021e). All ATom 10s merge data are available from https://doi.org/10.3334/
ORNLDAAC/1925 (Wofsy et al., 2021). Jena CarboScope APO inversion (version: apo99XS_v2022) is available 
from https://www.bgc-jena.mpg.de/CarboScope/?ID=apo99XS_v2022 (Rödenbeck et  al.,  2008). Garcia and 
Keeling  (2001a, 2001b) climatological monthly O2 flux data and climatological monthly N2 flux data from 
ECCO version 4 are available from https://doi.org/10.5281/zenodo.6516046 (Jin, 2022). The CESM air-sea APO 
flux fields are available upon request. The atmospheric field of APO forward transported by TM3 and ACTM 
model are available upon request. 𝐴𝐴 𝐴𝐴𝑒𝑒 –𝐴𝐴 𝐴𝐴𝜃𝜃𝑒𝑒

 look-up tables with daily resolution and 1 K intervals in 𝐴𝐴 𝐴𝐴𝑒𝑒 from 1980 to 
2018 computed from ERA-Interim are available at https://doi.org/10.5281/zenodo.4420398 (Jin, 2021).
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