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Abstract The air-sea exchange of oxygen (0O,) is driven by changes in solubility, biological activity,
and circulation. The total air-sea exchange of O, has been shown to be closely related to the air-sea
exchange of heat on seasonal timescales, with the ratio of the seasonal flux of O, to heat varying with
latitude, being higher in the extratropics and lower in the subtropics. This O,/heat ratio is both a
fundamental biogeochemical property of air-sea exchange and a convenient metric for testing earth
system models. Current estimates of the O,/heat flux ratio rely on sparse observations of dissolved O,,
leaving it fairly unconstrained. From a model ensemble we show that the ratio of the seasonal amplitude
of two atmospheric tracers, atmospheric potential oxygen (APO) and the argon-to-nitrogen ratio (Ar/0O,),
exhibits a close relationship to the O,/heat ratio of the extratropics (40-70°). The amplitude ratio,

Ayspol Appy,» s relatively constant within the extratropics of each hemisphere due to the zonal mixing of
the atmosphere. A5,/ Ay, is not sensitive to atmospheric transport, as most of the observed spatial
variability in the seasonal amplitude of SAPO is compensated by similar variations in §(Ar/N,). From
the relationship between O,/heat and A5,/ A,,y, in the model ensemble, we determine that the

atmospheric observations suggest hemispherically distinct O,/heat flux ratios of 3.3 £ 0.3 and 4.7 +
0.8 nmol J™! between 40 and 70° in the Northern and Southern Hemispheres respectively, providing
a useful constraint for O, and heat air-sea fluxes in earth system models and observation-based data
products.

Plain Language Summary Typically, the surface of the ocean releases oxygen to the
atmosphere during summer and takes it up during winter. This cycle is driven by circulation, biology
(photosynthesis and respiration), and the seasonal cycle in water temperature, which changes the
solubility of oxygen in surface water. We have used measurements of two atmospheric tracers, one
which tracks oxygen and one which tracks heat, to estimate the amount of oxygen taken up or released
by a change in ocean heat content. By looking at ocean models and atmospheric observations of the
two atmospheric tracers, we find that the oxygen exchange between the ocean and atmosphere in the
Southern Hemisphere is more responsive to changes in heat content than in the Northern Hemisphere.
These hemispheric metrics are useful tests of how ocean models simulate some biological and physical
processes.

1. Introduction

In extratropical latitudes a prominent seasonal cycle exists in the exchange of oxygen (O,) between the
ocean surface and the atmosphere, progressing from net evasion in spring/summer to net invasion in
fall/winter (Emerson, 1987; Jenkins & Goldman, 1985). This seasonality is partly driven by variations
in ocean photosynthesis/respiration, with associated changes in the stratification of the surface layer
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(Keeling, Stephens, et al., 1998; Najjar & Keeling, 1997). During the spring/summer months, O, is pro-
duced via photosynthesis in the upper ocean and released into the atmosphere. During fall/winter, rates
of photosynthesis are low, and vertical mixing brings O,-depleted waters to the surface, causing O, to
be taken up from the atmosphere, a process known as ventilation. Superimposed on these biologically
driven exchanges of O, are seasonal changes in O, solubility, which can also drive air-sea fluxes (Keeling
et al., 1993; Najjar & Keeling, 2000). Since dissolved O, is less soluble in warm water than in cold water,
warming of the ocean surface releases O, to the atmosphere while cooling causes O, uptake, and in
consequence O, fluxes due to thermal effects have similar phasing to those due to biological effects, as
both processes cause O, to be released to the atmosphere when the ocean surface is warming, and cause
uptake when it is cooling.

The total seasonal O, flux, combining these biological and thermal effects, has been shown to be closely
correlated to the net air-sea heat flux when averaged over broad latitude bands and monthly time scales
(Garcia & Keeling, 2001; Keeling & Garcia, 2002; Manizza et al., 2012). Keeling and Garcia (2002) showed
that seasonal anomalies of heat and O, fluxes, estimated from bulk parameterizations, were sufficiently
well correlated with each other throughout the seasonal cycle to allow resolving the ratio of the O, flux
to the heat flux for spatial domains extending over several degrees of latitude and longitude. These ratios
spanned a range of ~1.5 nmol J “!in subtropical latitudes to ~5 nmol J~' in the subpolar latitudes of both
hemispheres, with slightly higher O,/heat ratios in the Southern Hemisphere extratropics than in the
Northern, an asymmetry, which suggests a hemispheric-scale difference in the biological response to
ocean warming. The accuracy of these estimates is limited, however, by uncertainty in the bulk parame-
terization (e.g., exchange velocities) and sparse measurements of dissolved O, in surface waters (Garcia &
Keeling, 2001).

Earth system models predict that continued ocean heat uptake over the next century will drive significant
loss of oceanic O,, resulting in widespread deoxygenation with cascading effects on marine ecology and
carbon cycling (Bopp et al., 2013; Doney, 2010; Gruber, 2011; Keeling et al., 2010). Since many earth sys-
tem models underestimate current rates of deoxygenation (Oschlies et al., 2018; Schmidtko et al., 2017),
and the magnitude of interannual variations (Eddebbar et al., 2017; Long et al., 2016; Oschlies et al., 2018;
Rodenbeck et al., 2008), an important test of these models is to verify that they duplicate the known
response of biology to warming and stratification on a range of time scales, including on seasonal time
scales. As suggested by Keeling et al. (2010), there is likely a broad similarity between the O, flux/heat flux
ratios expected from long-term warming and the corresponding ratios from seasonal warming.

Here, we develop an improved estimate of the ratio of the seasonal air-sea flux of O, and heat, based
on measurements of two atmospheric tracers, atmospheric potential oxygen (APO) and the argon-to-ni-
trogen ratio, Ar/N,. APO is effectively the sum of atmospheric O, and CO, concentrations and varies
seasonally mainly due to ocean atmosphere exchanges of O,; seasonal exchange of O, with the land
biosphere are canceled in APO by the addition of CO, (Stephens et al., 1998; Battle et al., 2006) and
seasonal variations of APO pertaining to fossil fuel burning are small (Steinbach et al., 2011). The sea-
sonal cycle of Ar/N, is diagnostic of air-sea heat fluxes, since the atmospheric abundances of both Ar
and N, are not significantly impacted by biology (Battle et al., 2003; Blaine, 2005). Both gases are re-
leased from the ocean surface when it is warmed and taken up when it is cooled, resulting in a positive
anomaly in the atmosphere under warming conditions and a negative anomaly in the atmosphere under
cooling conditions. The contribution of N, air-sea fluxes to atmospheric Ar/N, is smaller than that of
Ar fluxes because the solubility of N, has a lower temperature dependence than does Ar (Hamme &
Emerson, 2004). Changes in the atmospheric abundance of N, lead to small changes in Ar/N, due to
the larger abundance of N, in the atmosphere (Blaine, 2005). Owing to the rapid zonal mixing of the
atmosphere, the seasonal cycles in both SAPO and Ar/N, integrate signals from the entire zonal band
(Cassar et al., 2008; Keeling, Stephens, et al., 1998).

As the seasonal amplitude of APO is primarily driven by the seasonal air-sea exchange of O,, and the
seasonal amplitude of Ar/N, is driven primarily by solubility effects, we explore the idea that the ratio
of the seasonal amplitude of both tracers, A,/ A,y,, would exhibit a close relationship to the seasonal
O,/heat ratio. Previously, both APO and Ar/N, have been used to test model simulations of ocean bio-
geochemistry (Battle et al., 2003, 2006; Bent, 2014; Blaine, 2005; Cassar et al., 2008; Rodgers et al., 2014;
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Stephens et al., 1998). Our approach differs in that we focus on the ratio of the two, which provides a
link with O,/heat flux ratios and, as we show, has the advantage of being less sensitive to atmospheric
transport.

The purpose of this study is to use APO and Ar/N, measurements to establish hemispheric-scale constraints
on the seasonal O,/heat flux ratios, and demonstrate their usefulness in testing ocean biogeochemical mod-
els. We present updated observations of the cycles in APO and Ar/N, from surface flask time series, and test,
through atmospheric transport model simulations, the degree to which the amplitude ratio, Ao/ Ay,
is sensitive to uncertainties in atmospheric transport. Drawing on a suite of five ocean biogeochemical
models, we use A,p,/ Ay, to evaluate their performance and to constrain the average seasonal O,/heat
flux ratio of each hemisphere, thus providing two observational metrics for testing ocean biogeochemical
models: A,py/Ay,y, and the seasonal O,/heat ratio. We also compare the observed amplitude ratio to the
ratio implied by observation-based climatologies of the seasonal extratropical air-sea O, and heat fluxes,
thus providing a basis for improving upon prior estimates (e.g., by Garcia & Keeling 2001), and producing
an additional test of the performance of ocean models.

2. Methods
2.1. Atmospheric Measurements

The procedures for collecting and analyzing flasks for CO,, O,/N,, and Ar/N, at Scripps Institution of
Oceanography (SIO) have been described previously in detail (Keeling, Manning, et al., 1998; Keeling
et al., 2004, 2007). In brief, cryogenically dried samples are collected at ~1 atm pressure in 5-L glass flasks,
sealed with Viton O-rings. Samples are collected in triplicate approximately every 2 weeks and returned
to SIO for analysis. At the Cape Kumukahi site (see below), samples are collected approximately once
per week and have been sampled in duplicate since 2010. O,/N, ratios are measured with a custom-built
interferometer, CO, concentrations are measured with a Siemens nondispersive infrared (NDIR) CO, ana-
lyzer (Keeling, Manning, et al., 1998), and Ar/N, ratios are measured on an ISOPRIME mass spectrometer
(Keeling et al., 2004). Instruments are calibrated daily with two high-pressure tanks. These calibrations
are corrected for long-term drift through regular analysis of a suite 18 high-pressure tanks, which serve as
primary references (Keeling et al., 2007).

Measurements of O,/N, are expressed as relative differences between a sample and reference according to:

O, /' No)summie
( 2 2).\umplz —11]x 106 (1)
(0, /' N,)

reference

0(0, /I Ny) = [
where 5(0,/N,) is expressed in “per meg” units. Ar/N, ratios are similarly reported as 5(Ar/N,):

Ar/ N,),
( 2).\(1"7[}]6 —11lx 106 (2)
(Ar/N,)

reference

S(Ar I N,) =[

Values of 0,/N, are reported on the SIO 2017 O,/N, Scale, Ar/N, on the SIO Ar/N, Scale, and CO, on the
SIO VH344-2020 CO, Scale, all as defined on April 13, 2021. Data from the Scripps O, Program are freely
available from the program website at https://scrippso2.ucsd.edu/.

We compute the tracer APO as:

SAPO = 5(0, / N,) + 9 (o, - 350) 3)
X,

where 1.05 is a nominal value for the long-term average O,:C molar exchange ratio of the land biosphere
(Keeling & Manning, 2014), CO, is the dry air CO, mole fraction in ppm, and 350 is an arbitrary reference
CO, concentration. X, is the mole fraction of oxygen in the atmosphere as defined by the Scripps O,
Program, 0.2094, and converts from mole fraction to per meg units (Manning & Keeling, 2006). SAPO is in
units of per meg, but can also be expressed as a molar amount, that is, APO = O, + 1.05 CO,.
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:er:;;w of 6APO and 6(Ar/N ) Measurements and Related Results, January 1, 2005-June 1, 2020

Palmer Cape Grim Kumukahi La Jolla Cold Bay

PSA CGO KUM?* LJO CBA
Latitude (°N) —64.77 —40.68 19.52 32.87 55.12
Longitude (°E) —-64.05 114.69 —-154.81 -117.26 -162.43
AApob (per meg) 652+ 1.1 56.6 £ 1.1 35.0+0.8 61.6 1.4 70.1 £ 2.1
AA,NZC (per meg) 18.6 + 1.1 123 +1.2 11.6 + 0.7 20.0 £ 1.0 21.8+1.2
Asrol Ap,” 3.5+0.2 4.6 £0.5 3.0+ 0.2 3.1+0.2 3.2+0.2
Slope® (J nmol™) 0.94+0.2 0.85+0.2 0.67 + 0.1 0.73+0.1 1.0+0.2
Interceptf -0.26 £ 0.6 0.1 +0.6 1.1 +0.5 0.81 + 0.5 -0.22+0.8
Yaozef (amol I 40+02 54404 29402 31402 35402
Southern Hemisphere Northern Hemisphere
4.7+ 0.8 33+03

7’40770h (nmol J_l)

*Includes data from substitute sampling sites KHP and LEL (see Methods). "Amplitude of the first harmonic of the average seasonal cycle in § APO. ‘Amplitude
of the first harmonic of the average seasonal cycle in §(Ar/N,). dAmplitude ratio of the first harmonics of the average seasonal cycle in SAPO and §(Ar/ N,),

in per meg/per meg. “Slope of regression of A apol A ANy and 740-70 for each site. fIntercept of regression of A,p,/A ) and Y40-70 for each site. Unitless in

per meg/per meg. “Inferred 740-70 based on observed A po/Ay,y,, determined by solving the regression of modeled A, p/ A4,y, and 740-70 (the O, /heat flux

ratio), for each site. "Hemispheric average of inferred ¥40-70. For the Northern Hemisphere this is the average of LJO and CBA only.
Abbreviations: APO, atmospheric potential oxygen; KHP, Kahakai Park; LEL, Leleiwi Point; PSA, Palmer Station.

We focus here on results from five stations in the Scripps O, network, as summarized in Table 1: Palmer
Station (PSA) and Cape Grim (CGO) in the Southern Hemisphere, and Cold Bay (CBA), La Jolla (LJO), and
Cape Kumukahi (KUM) in the Northern Hemisphere. We exclude results from two additional nontropical
stations in the network (South Pole and Alert Station) which are subject to strong winter-time temperature
inversions, which we believe may impact Ar/N, due to thermal fractionation (Adachi et al., 2006). We also
exclude results from Samoa and Mauna Loa, where the Ar/N, cycles are much weaker and provide less
useful model constraints. We include results from KUM (19.54°N), which appears to have well-resolved
cycles despite being in the tropics. Since June 2018, sampling at KUM has been discontinued due to the
eruption of Kilauea. The KUM record has been continued at two substitute sampling sites, Leleiwi Point
(LEL; 19.73°N; 155.01°W) and Kahakai Park (KHP; 19.56°N, 154.89°W). Data from LEL and KHP are con-
sidered to be part of the KUM record, and are referred to with station code KUM.

2.2. Determination of Seasonal Amplitudes in Atmospheric Data

To extract the seasonal component of each station's observed time series, we fit a second-order polyno-
mial and two harmonics. Here, we are interested primarily in the amplitude of the annual harmonic,
since the second harmonic of the 5(Ar/N,) time series is not as well resolved. Uncertainties were prop-
agated within a Monte Carlo framework, by bootstrapping the curve fitting procedure 1,000 times, with
the average first harmonic of all iterations taken as the seasonal amplitude of SAPO (A,p,) and 5(Ar/
N,) (A Aer). For each iteration of the bootstrap the dataset is sampled » times with replacement, where
n is the number of data points in the time series: 359, 305, 595, 300, and 315 for PSA, CGO, KUM, LJO,
and CBA, respectively. Values are given in per meg, rendering the amplitude ratio (A,p,/ A A,_Nz) unitless
in (per meg)/(per meg). The uncertainty of A,,, or Agn, is reported as one standard deviation of the
ensemble.
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2.3. Ocean Biogeochemical Models

We compare atmospheric data to simulated atmospheric cycles using climatological air-sea gas fluxes cal-
culated from a suite of five global ocean biogeochemical general circulation models (OBMs): (a) CESM,
(b) CCSM, (c) MOM4, (d) NEMO-Control (NEMO-C), and (¢) NEMO-WSTIR (NEMO-W). Each of these
OBMs consists of a global ocean general circulation model (including an interactive sea-ice model) that
embeds an ocean biogeochemical component. Each biogeochemical model has an ecosystem module
where biological production of organic matter is based on availability of light and multiple nutrients (ni-
trogen, phosphorus, silicate, iron). For our study, we rely on the modeled estimates of the monthly air-sea
fluxes of O,, CO, and heat. All models selected for this study are forced with different reanalyzed atmos-
pheric products that include air temperature, wind-speed, solar radiation, and precipitation (e.g., CORE-
II [Large & Yeager, 2009]). The atmospheric forcing imposed on these ocean models varies year by year
according to climate variability (Large & Yeager, 2009). Modeled flux fields were averaged over the years
1990-2009 to produce a single monthly climatology.

2.3.1. CESM and CCSM

The CCSM3 and CESM1 runs refer to forced runs of the ocean component of the NCAR Community
Earth System Model. Full descriptions of the CCSM and CESM runs are given in Collins et al. (2006)
and Long et al. (2013), respectively. In CESM, biogeochemistry was represented by the Biogeochemical
Elemental Cycling (BEC) model (Moore et al., 2004, 2013) within the Parallel Ocean Program (POP) v2
general circulation model (Smith et al., 2010). CESM was forced with the Coordinated Ocean-Ice Refer-
ence Experiments CORE) v2, spun up with four 60-year cycles. CCSM was run with a related but distinct
version of BEC and POP v1.4.3 and forced with CORE v2 (Large & Yeager, 2009). The ecological-bioge-
ochemical simulation was spun up for several hundred years, prior to initiating the interannual varying
forcing, using a repeat annual cycle of physical forcing and dust deposition. The model ecosystem com-
ponents converge to a repeat annual cycle within a few years of spinup. The full interannual variability in
physics is initiated in a model year equivalent to calendar year 1958 and then integrated forward through
2009.

2.3.2. MOM4

MOM4 is a version of NOAA Geophysical Fluid Dynamics Laboratory's Modular Ocean Model (Griffies
et al., 2005), where the TOPAZv0 biogeochemistry model (Dunne et al., 2013) is embedded. A technical
description of TOPAZvO is available in Dunne et al. (2010), as used in (Sarmiento et al., 2010). MOM4
implements a tripolar grid to explicitly resolve the Arctic Ocean circulation at a nominal 1° resolution,
and includes various physical parameterizations including fresh water input to surface ocean, neutral and
subgrid-scale diffusion, and an explicit surface mixed layer (Griffies et al., 2005). MOM4 was forced with
CORE.v1. The simulation was spun up for 300 years with five cycles of the period 1948-2007.

2.3.3. NEMO

NEMO-C and NEMO-W both use versions of the NEMO (Nucleus for European Modeling of the Oceans)
model with versions of the NEMO-OPA (Océan PArallélisé) physical oceanography model (Madec, 2016),
and versions of the PISCES biogeochemistry model (Aumont & Bopp, 2006) with the ORCA2 tripolar
gridding scheme, which produces self-consistent circumpolar flows. NEMO-C and NEMO-W simulations
were run by Rodgers et al. (2014) using NEMO 3.2 and the biogeochemistry component PISCES (Aumont
& Bopp, 2006), and using the DRAKKAR upper-ocean forcing set 4.1 (Brodeau et al., 2010) based on ERA-
40 wind reanalysis (Uppala et al., 2005).

NEMO-W is essentially a sensitivity test of NEMO-C, as they only differ in that NEMO-W contains a wind
stirring parameterization to better match observational constraints in the Southern Ocean. The ad hoc
parameterization increases summer mixed layer depths by introducing additional kinetic energy into the
upper ocean as a parameterization of shear-induced turbulence. As discussed by Rodgers et al. (2014), this
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parameterization has significant consequences for the air-sea exchange of O,, CO,, and heat. We include
NEMO-W because it serves as a case study for how A,,,/ A Arn, CAN be used to evaluate ocean biogeochem-
ical models.

2.4. Simulated N, and Ar Fluxes

Since Ar and N, are not carried as tracers in any of the ocean models, fluxes of these gases are estimated from
ocean surface heat fluxes, using the formula of Keeling and Shertz (1992), as modified by Jin et al. (2007):

Femrere @)

Here, 8S / 0T (mol kg‘1 °C71 is the temperature derivative of the solubility (Weiss, 1970), and Q is the net
air-sea heat flux(f m™2 s™'). C , is the heat capacity of seawater and is a function of salinity and temperature
(Jamieson et al., 1969), but for simplicity is treated as a constant, 3993 J kg’1 °C~}, since for a difference in

T of 30°C the contribution to the change in F is only 0.4%. 0S / 0T depends significantly on temperature,
so use of Equation 4 requires both heat fluxes and sea surface temperatures.

The factor of 1/1.3 in Equation 4, which we refer to as the “Jin correction factor,” was introduced by Jin
et al. (2007), and accounts for incomplete equilibration and other processes which can decouple heat and
gas fluxes. We do not expect the value to be strictly constant, since it must depend on factors which vary in
space and time, such as mixed layer depth. Instead of attempting to refine Equation 4 to allow for such var-
iations, we assign the Jin correction factor a mean of 1/1.3 = 0.77 with a 1o uncertainty of +0.08, the latter
value being drawn from Table 2 of Manizza et al. (2012). Jin et al. (2007) also included a 2-week delay of N,
fluxes compared to heat fluxes, which we neglect because we focus here on amplitudes rather than phasing.

We apply Equation 4 to compute N, fluxes, and then compute Ar fluxes by assuming a constant propor-
tionality, E, between Ar and N, fluxes. This is justified by the near constancy of the ratio of the tempera-
ture dependence of the solubilities (Manizza et al., 2012), from which E is obtained:

oS, 10T
E=or ®)
aSy, / oT

The value of 1 / E (with 1o uncertainty) is taken as 34.00 + 0.06. Since the value of E is well constrained
through empirical methods and supported by additional modeling experiments (Manizza et al., 2012), but
varies slightly with temperature, we took the uncertainty as one standard deviation of the ratio of the
solubilities over the temperature range of 5-20°C. Scaling Ar fluxes directly from N, fluxes allows changes
in atmospheric Ar/N, ratio to be computed directly from changes in N,, without needing to carry Ar as a
separate tracer in the atmospheric transport model. We neglect the role of N, fluxes due to nitrogen fix-
ation since they are negligible when compared to the magnitude of seasonal fluxes due to heat exchange
(Blaine, 2005).

2.5. 0,/Heat Flux Ratios

We define the seasonal O, flux to heat flux ratio, 7, as

Y= (6)

where AFQ is the seasonal amplitude of the net air-sea heat fluxinJ m ™~ s™', and AFO2 is the seasonal ampli-

tude of the net air-sea O, flux in nmol m 5!, yielding an O,/heat ratio (y) in nmol J™'. O, and heat fluxes
were each averaged over specific latitude bands to produce time series of heat and O, flux with a monthly
resolution. These time series (with n = 12) were then subjected to the same algorithms used to process the
SAPO and 5(Ar/N,) time series (see Section 2.2), yielding average seasonal amplitudes by bootstrapping a
two-harmonic fit 1,000 times. During this Monte Carlo simulation we also perturb each variable with uncer-
tainty where appropriate in order to propagate the uncertainty in the harmonicfits through to y. The reported
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value of Aj or A is the ensemble average of the first harmonic, with the final uncertainty taken as one
standard deviation of the same. We compute gamma values for 10° latitude bands from 90°S to 90°N, which
we refer to as /i, and for the single band from 40° to 70° in each hemisphere, which we designate as 740-70.

2.6. Semi-Empirical Fluxes

In addition to modeled air-sea fluxes, we also compared atmospheric data to a simulation based on clima-
tologies of bulk parameterized air-sea fluxes of O,, N,, and CO,. Since these are observationally based but
not direct observations, we refer to them collectively as “semi-empirical.” O, fluxes are from the climatolo-
gy of Garcia and Keeling (2001), and are based on interpolated observations of dissolved O,, temperature,
and salinity from the years 1960-1998. The Garcia and Keeling (2001) fluxes were computed using the
Wanninkhof (1992) gas exchange formula (W92), which has been subsequently shown to overestimate air-
sea fluxes (Naegler, 2009; Wanninkhof, 2014). To correct for this bias, all fluxes have been scaled downward
by a factor (+ 1 &) of 0.82 £ 0.05. This adjustment is supported by Bent (2014), who found that the fluxes
from Garcia and Keeling (2001) overstated observations of column-average APO by ~20%.

Semi-empirical N, fluxes were calculated from Equation 4 by scaling heat fluxes, sea-surface tempera-
tures, and ice coverage from the Estimating the Circulation and Climate of the Ocean project, version 4
(ECCOv4) model (Forget et al., 2015). This product is a climatological version of the heat fluxes derived
from ocean state estimates generated through an ocean general circulation model (MITgcm; Marshall
et al., 1997) not only forced by re-analyzed products, but also constrained by available in-situ observations
of temperature and salinity via the use of adjoint techniques generated by ECCOv4. Ar fluxes were gen-
erated from these N, fluxes using a constant scaling, as described above. Heat fluxes were averaged to a
monthly climatology covering the period 1992-2012.

Semi-empirical CO, fluxes were obtained from the climatology of Takahashi et al. (2009), accessed from
the National Centers for Environmental Information on November 14, 2018, with observations from 1970
to 2007.

2.7. Atmospheric Transport Modeling

All ocean model air-sea fluxes of O,, N,, and CO, were transported with a single atmospheric transport
model, TM3 (Transport Model 3, see Heimann & Korner, 2003). Modeled fluxes with an irregular native grid
(NEMO-W, NEMO-C, CCSM, CESM) were regridded in two steps, first to a regular latitude/longitude grid
using inverse distance weighting interpolation, and then to the TM3 grid. For NEMO-W and NEMO-C CO,,
for the first, regridding it was necessary to use a more sophisticated kriging method, due to artifacts creat-
ed by the inverse distance weighting interpolation. All functions were taken from the R package “EFDR.”
MOM4 and the semi-empirical fluxes were only regridded in a single step.

TM3 was run with a horizontal resolution of 4° x 5° (latitude x longitude) and 19 vertical levels. O,, CO,,
and N, were treated as if they were trace gases, thus carrying anomalies relative to an arbitrary background
concentration in ppm equivalent (1 ppm = # mol mol ™), ignoring the changes in the total moles of dry air
caused by the fluxes. The runs were carried out for six years, repeating transport fields for the year 1995
from NCEP (Kalnay et al., 1996) and discarding the first four years to avoid spin-up artifacts. To compare
TM3 simulations to observations at the sampling stations, we extracted monthly average output at the
lowest vertical level at the grid cell of the station.

For each OBM, the results of a multiyear ocean simulation (1990-2009) were detrended at each grid cell
to produce a climatological average seasonal cycle with a monthly timestep. TM3 simulates anomalies as a
mole fraction in parts per million (ppm) of dry air. From these, we computed:

6(0, I N,) = 20, 2N, @)

(%) XNZ
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sApO = A0y AN, 105

0, 8
O XN2 X02 ( )

S(Ar/N,) = EAN, AN,
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Ar XN2

which yields §(0,/N,) and §(Ar/N,) in per meg units. AO,, ACO,, and AN, are the atmospheric concen-
trations of these tracers in ppm. X02, X No> and X ,, are constant reference mole fractions of O,, N,, and Ar,
and equal to 0.2094, 0.7808, and 0.00934, respectively. E is equal to 1/34, as discussed above. Though the
marine CO, component of APO typically contributes only a few per meg to the amplitude of the SAPO
cycle (Nevison et al., 2008), we include it here since the contribution could be larger in model simulations
with large seasonal CO, fluxes.

2.8. Uncertainty Propagation for Modeled Atmospheric Tracers

Simulated station time series from TM3 forward runs of the OBMs were treated in the same way as the
observations, though with added sources of uncertainty. In each iteration of the Monte Carlo, in addi-
tion to bootstrapping the time series (sampling the average monthly time series of the corresponding grid
cell with replacement 1,000 times, each time series having 12 values), we included uncertainty in the Jin
et al. (2007) correction factor and in the value of E. For the semi-empirical O, atmospheric fields, a further
term was included to represent uncertainty in the gas exchange velocity correction.

We also included uncertainty due to atmospheric transport in the Monte Carlo framework. This applied to
simulated A,po, Ay,y,> and A po/ Ay, from the forward runs of the OBM fluxes (and the semi-empirical
run). To estimate this uncertainty we drew upon results from a previous study, referred to here as “APO
TransCom” (Blaine, 2005). This was a transport model intercomparison which used a set of monthly aver-
age O, and N, fluxes to compare seasonal cycles in APO simulated across a suite of atmospheric transport
models. In Blaine (2005), O, fluxes were from Garcia and Keeling (2001) without rescaling for the gas ex-
change velocity parameterization. N, fluxes were calculated from heat fluxes from (Gibson et al., 1999) and
sea-surface temperatures from Shea et al. (1992), using Equation 4, but omitting the Jin correction factor
of 1/1.3. Since CO, fluxes were not included by Blaine (2005), we computed values of Ay, y,, A4,y,, and
Ao, ny! Asr, at 10 sites, including PSA, CGO, KUM, LJO, and CBA, treating Ay, y, as a proxy for A,,,. We
used Equations 7 and 9 to obtain §(0,/N,) and 5(Ar/N,) time series at each station, and then took the first
harmonic as the seasonal amplitude, as described above. The uncertainty in atmospheric transport at each
site was taken as one standard deviation of the eight modeled values of A, v, A,,y,, and Ay, v,/ Ay, and
propagated through the Monte Carlo framework, using A, y, as representative of A,,,. The results are
discussed in Section 3.2. All reported values of Ay, y,/Ay,y, in this work from OBMs or the semi-empirical
product include this uncertainty.

2.9. Determination of O,/Heat Flux Ratios Implied From Observed A,,,/A,,y,

To find the seasonal O,/heat flux ratio, 740-70, implied from the observed values of A,p,/A,,y,, We per-
formed a linear regression of 74070 and A,/ A, from the suite of ocean biogeochemical models. Since
the model ensemble is small, we use both NEMO-W and NEMO-C (the former being a sensitivity test of
the latter), as well as the semi-empirical flux product in the regression. We then solved these regression
equations for 749-70, using observed A,p,/Ay,y, Simulated A,p,/Ay,y, values were taken from each sta-
tion's location in the atmospheric field produced by the forward run of the OBM, and simulated 7-70
values were taken from the hemisphere in which the station lies.

We then performed a standard major axis (SMA) regression (Legendre & Legendre, 2012) 1,000 times,
each time randomly perturbing AAPO/AAer and 740-70 within their propagated 1o uncertainties. Final
hemispheric averages of y,, . were determined as part of the Monte Carlo, using PSA and CGO for the
Southern Hemisphere and LJO and CBA for the Northern Hemisphere.
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Figure 1. Average seasonal cycles of observed, detrended §APO(atmospheric potential oxygen) and §(Ar/N,) at select sites from the Scripps Institution of
Oceanography (SIO) O, Program, plotted as a function of the day of the year (DOY) of sampling. Each point represents the average of a flask pair or trio. Red
lines show a single harmonic fit and black lines show a two-harmonic fit. In the bottom right panel, site locations are shown. The observations are from the
period January 1, 2005-June 1, 2020.

3. Results and Discussion
3.1. Observed Seasonal Amplitudes

Figure 1 shows the average seasonal cycles of SAPO and 5(Ar/N,) as observed at five surface stations, with
one and two harmonic fits to the data. A summary of the fitted parameters for the annual harmonic (fun-
damental) is given in Table 1. The SAPO and 5(Ar/N,) cycles are similar to those reported by the Scripps
O, Program for earlier periods (Keeling, Stephens, et al., 1998; Keeling et al., 2004). The seasonal cycles
are clearly defined in both tracers and exhibit little year-to-year variability. The scattered outliers visible in
both records were retained because they had no associated analytical flags. In the CBA SAPO record, sum-
mertime synoptic events are visible, though they have only a minor influence on the annual harmonic fit.

The cycles in 6(Ar/N,) and SAPO have similar phasing, with the maxima of the annual harmonic generally
aligned to within ~1 week. At two sites, we find larger phase differences: at KUM, where SAPO lags by 20
+4 days, and at CGO, where SAPO leads 6(Ar/N,) by 27 + 6 days. With two harmonics the phase differences
at CGO and KUM both reduce to 11 days. An independent 5(Ar/N,) dataset of observations at CGO from
the Princeton University program resolved the 5(Ar/N,) cycle with an annual maximum several weeks ear-
lier than found here (Cassar et al., 2008; Nevison, Keeling, et al., 2012), and thus in better phase alignment
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with SAPO. While better agreement may exist in the phasing of the higher harmonics, the §(Ar/N,) data
in either record is not precise enough to reliably resolve them, and we do not interpret these smaller phase
offsets as a significant challenge to the close relationship between the seasonal cycles of the two tracers.

Depending on the station, the amplitude ratios (A,p/A,,y,) based on the annual harmonic are between
3.0 and 4.6, with 1 o uncertainties of 5%-10% (Table 1). Despite the large latitudinal variation in the
magnitude of A,p, and A,,y,, the three Northern Hemisphere sites are all lower in A,py/A,,y, than the
two Southern Hemisphere sites. This suggests that A,p,/A,,y, is characteristic of a large portion of the
atmosphere in both hemispheres. The difference between PSA and CGO is larger when compared to the
difference between the three Northern Hemisphere stations, indicating that there may be larger latitudinal
gradients in A,p,/A,,y, in the Southern Hemisphere, or that PSA or CGO may have a higher degree of
regional influence. The §(Ar/N,) in the Princeton University record was influenced by sampling artifacts
which tended to exaggerate the amplitude of the seasonal cycle, which was noticed when sample collection
was changed to an autosampling device (Cassar et al., 2008). This artifact apparently reduced A,po/ A4y,
since it had a small to negligible impact on A,,,. While a full comparison of the two records is outside of
the scope of this work, we note that the autosampler data from Macquarie Island (55.5°S; 158.95°E) and
CGO between 2003 and 2010 produced nearly identical amplitude ratios to our PSA and CGO data (respec-
tively) for the 2005-2020 period: 3.6 £ 0.7 for Macquarie Island and 4.2 + 0.5 for CGO (from data courtesy
of M. Bender, Princeton University).

3.2. Insensitivity of Simulated A,,,/A,,y, to Atmospheric Transport Modeling

As mentioned in the Introduction, we expect that model simulations of A,,,/A,,y, Will be relatively in-
sensitive to atmospheric circulation because of compensating influences on A,,, and A,,,,. We test this
expectation using results from the APO TransCom study, which compared Ay, y,, Ay,y,. and Ag, y,/ Ay,
from a suite of atmospheric transport models, all using the same air-sea fluxes of O, and N, (Blaine, 2005;
Nevison, Baker, et al., 2012). For comparison purposes, we also transported these fluxes with TM3. Since
the contribution of oceanic CO, to APO is small, we consider A, y, to be sufficiently representative of A ;.
For reference, the contribution of oceanic CO, to APO in the model ensemble used throughout this study
(distinct from the APO TransCom study) was 13% on average.

As shown in Figure 2, AoyNy and A Arn, VATY typically by + 20% (1o) between models, with the largest model-
to-model differences at LJO and CBA. Models with high A, ,, tend also to have high A,,,,, leading to
variations in Ay, v,/ Ay,y, of 4% on average. The residual variability in Ay, y,/A,,y, across models results
presumably because the spatiotemporal pattern of the O, air-sea fluxes are not the same as the correspond-
ing patterns for N, and Ar, and in consequence these differences interact with differences in horizontal
or vertical atmospheric transport to yield small model-to-model differences in Ay, v,/ Ay,y,- These results
suggest that our selection of TM3 as a transport model contributes only around a £4% uncertainty to pre-
dictions of A,py/ A4,y,, making this a precise metric for challenging ocean models. Although this conclu-
sion may be somewhat sensitive to the version of the N, and O, fluxes that were used by TransCom, we
note that using fluxes that incorporated the revisions of Naegler (2009) and Jin et al. (2007), would have
impacted all models nearly identically, and would not impact the level of model-to-model agreement.

3.3. Relationship Between Flux Ratios and Atmospheric Ratios in Model Simulations

The OBMs and the semi-empirical product predict sharp latitudinal gradients in the magnitude of the sea-
sonal amplitude of both O, and heat air-sea fluxes, with the largest seasonality seen between ca. 30° and
70° in both hemispheres (Figure 3). The OBM flux fields varied in their degree of sea ice masking and polar
cutoffs, so larger divergence and disagreement near the poles is not surprising. While the models agree in
their overall latitudinal distribution of the seasonal amplitude of O, fluxes, significant differences can be
found at the regional level (Figure S1). CESM, for instance, simulates stronger seasonality generally; it
particularly predicts higher seasonality in the Labrador Sea, North Atlantic, and region east of the Drake
Passage. MOM4, in contrast, predicts a large area of strong seasonality in the Atlantic sector of the Southern
Ocean. The semi-empirical product, which is based on spatial interpolation, is nearly homogeneous within
each zonal band. In comparison to O, fluxes, OBM heat fluxes are more similar in their spatial patterns,
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Figure 2. Amplitudes of 5(0,/N,) (panel a; Ao2 Nz)’ S(Ar/N,) (panel b; A,,,), and their ratio Ao, Nz/A A2 (panel ) as a function of latitude from the
atmospheric potential oxygen (APO) TransCom experiment. Each model transported the same O, and N, air-sea fluxes. Each point represents the output from
a transport model at a surface station, colored by transport model. Sampling locations are given in panel (d), and are also indicated as a dashed vertical line
with label in panel (c). The resulting 1o uncertainty in per meg/per meg due to atmospheric transport is given as a function of latitude in panel (e). The results
indicate that while transport causes significant variability at sampling locations, comparing the ratio of two species largely cancels model differences. Note
these fluxes are from a different model intercomparison than the one that forms the basis of this study, and as a result have not been corrected for the W92 gas
exchange parameterization, and do not include CO, (see text).

differing mostly in the extent of key hotspots at high latitudes (Figure S2). These latitudinal distributions
in F,, and F, are imparted to the atmosphere in A,,, and A,,,, albeit with a significant amount of
smoothing due to atmospheric mixing (Figures S3 and S4).

Analogously to A,/ Ay, We can compute the ratio of the amplitudes of the air-sea fluxes of O, and
heat, ¥ (see Equation 6). The use of a single metric to define an entire season (and a large spatial area) is
supported by the strong relationship between Fy, and F, in the OBMs and semi-empirical fluxes (Figures 4
and S5). The seasonal O, to heat flux ratio, averaged in 10 degree bands (7;), varies strongly with latitude. 7;
in all models is lower in the tropics and highest between ca. 50°-60°. In contrast to 7;, however, A,p,/ A4y,
is fairly constant within each hemisphere (Figures 3 and S6), due to atmospheric mixing and the dominant
contribution to the atmospheric burden of both tracers by the regions with the highest air-sea fluxes.

The model ensemble can also inform on a key point, which is to identify the range of latitudes in each
hemisphere which controls the fairly constant value of A,,,/A,,y, observed at most stations. To address
this question we computed values of y for a range of latitudes, and found that the zonal band between
40° and 70° (740-70) in each hemisphere demonstrated a strong correlation with A,,,/A,,y,, both for the
hemispheric averages and individual stations. This latitude range is also the general bounds of the zonal
bands where fluxes (and the seasonality) of O, and heat fluxes are the strongest. The relationship is shown
in Figure 5. Models with higher A,/ A, ratios have higher 740-70, with the results clustering along a line

that roughly runs through the origin. Depending on the stations, these lines have slopes of ~0.6-1 J°nmol .
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Figure 3. Comparisons of modeled and semi-empirical seasonal amplitudes of §APO (atmospheric potential oxygen) (a), S(Ar/N,) (b), and A,/ A ArNy (c),
0, air-sea fluxes (d), air-sea net heat fluxes (e), and the ratio of the two, 7; (f). Data are all binned by 10°of latitude and are averaged over the zonal band. 1 &
uncertainties are shown as semi-transparent bands or error bars. For the atmospheric tracers this includes uncertainty in atmospheric transport.

3.4. Implied ¥ 47 From Observed A ,py/A 4y,

The robust linear relationship between 740-70 and A,/ Ay, in the OBMs (Figure 5) affords the opportu-
nity to calculate the value of 740-70 implied by observed A,/ A,,y,- Solving the regression equations for

each station yields implied 740-70 values of 4.0-5.4 nmol J™' in the Southern Hemisphere and 2.9-3.5 nmol
J7'in the Northern Hemisphere (Table 1). The reported uncertainty in these estimates accounts for the im-
pact of atmospheric transport (see Section 3.2) as well as plausible variations in heat and O, flux patterns,
using the spread across models.

Averaging the stations within each hemisphere, we obtain an average 740-70 of 4.7 + 0.8 nmol J™' for the
Southern Hemisphere and 3.2 + 0.5 nmol J™' for the Northern Hemisphere. In reporting the Northern Hem-

isphere average in Table 1, we chose to omit KUM since it is significantly closer to the tropics. This choice
makes only a small difference: excluding KUM yields 3.3 + 0.4 nmol J' for the Northern Hemisphere.

Since the relationship employed here is that of a tracer/tracer to a flux/flux, it does not require that the
models accurately simulate the large number of physical and biogeochemical drivers which control the
distributions of these fluxes and tracers in actuality, only that the temporal and spatial correlation between
O2/heat and Ar/heat is as strong in nature as it is in the models. Small scatter can be seen in the rela-
tionship between Y40-70 and A,p5/ A4y, - This scatter is stronger at CBA, CGO, and PSA than at KUM and
LJO (Figure 5). Some of the scatter is due to small local or regional variations in A,p,/A,,y,, which is not
apparent when the entire zonal band between 40 and 70° is used to calculate A,/ A4y, (data not shown).
That is, if a station is close to regions with large seasonal O, and heat fluxes which have a different O,/heat
ratio than that of the integrated 40-70° band, the local influence can have a small effect on A,/ Ay,y,-
To capture the hemispheric scale ratio, the ideal station is one that is far from regions of strong localized
fluxes. The remaining scatter appears to be due to using APO as a proxy for O,, since the former includes
small contributions from CO, and N,. We also note that the semi-empirical fluxes yield values of 740-70 and
Aypol Ay, Which are in good agreement with the linear relationship suggested by the model ensemble.
We interpret this as being supportive of our approach, since the semi-empirical fluxes are observationally
based and independent of the OBMs.
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Figure 4. Average seasonal cycles of simulated air-sea fluxes of O, (£;,) in the extratropics of each hemisphere (a) and (b) and heat (F; panels (c-d) from five
ocean models and the semi-empirical flux product. Fluxes were averaged over 40-70° in each hemisphere at a monthly time step. In the panels (e) and (f), B, is
shown as a function of F, in each hemisphere.

3.4.1. Caveats and Potential Biases in Implied ¥ 40_7

‘We present constraints on 749-70 with several caveats. One important consideration is the extent to which
the SIO flask sampling locations are zonally representative, since this determines how well A,p,/ Ay,
at these sites serves to constrain the average seasonal flux of the hemisphere. Since our sites are mostly
located in the Pacific, they might only serve to represent the flux signal from the Pacific sector of each
hemisphere. To address this question we performed a sensitivity test by running the fluxes from the At-
lantic sector only (70°W to 20°E, pole to pole) in the semi-empirical flux product forward in TM3 (all other
fluxes were masked). At the Northern Hemisphere stations, the Atlantic contribution to A,p, and A, is
between 23% and 29% at both LJO and KUM, but only 14%-15% at CBA. As the Atlantic sector contributes
50 + 5% of the total hemispheric flux, our results from the Northern Hemisphere stations have a clear Pa-
cific bias, giving 2 to 3 times more weight to fluxes from the Pacific than the Atlantic sector of the globe.
At CGO and PSA in the Southern Hemisphere, the Atlantic fluxes contribute 22%-30% to Ap, and A,
while contributing 23 + 3% of the global flux each month. The results from the Southern Hemisphere sta-
tions thus yield estimates of Ap,/A4,y, and 740-70 that are more uniformly representative of the full zone.

Our constraint is sensitive to the Jin et al. (2007) correction factor. A change of 0.08 (the 1o uncertainty

of the factor) would lead to a ~0.4 nmol J~! change in 740-70. Having no basis upon which to reevaluate the
correction factor, we have kept it in place with its uncertainty.
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Figure 5. Relationship between the modeled O,/heat flux ratio (¥40-70) and the ratio of the seasonal amplitudes of SAPO (atmospheric potential oxygen)
and §(Ar/N,) (Aypo/ Ay,,) for five selected surface stations. Also depicted is the semi-empirical run. Each point represents the climatological average ratio of
the seasonal amplitude of the fluxes or atmospheric tracer. The average value of A,,,/A,,y, at each surface station is plotted against the value of 74970 from
its respective hemisphere. Horizontal gray bars show the 1 o uncertainty of the observed value of A,,,/A,,y, for each station, with the value as the black
horizontal line. A linear regression is shown for each individual station as a dashed line. Error bars represent 1o uncertainties.

Air-sea exchange of heat and inert gases can be decoupled by bubble effects (Emerson & Bushinsky, 2016),
surface effects limiting the air-sea exchange of gases, such as surfactants or skin temperatures (e.g., Pereira
et al., 2018), mixing effects, which, through the nonlinearity of gas solubility, can create oversaturation
(Dietze & Oschlies, 2005), radiation penetrating below the mixed layer (e.g., Spitzer & Jenkins, 1989), and
the formation of sea ice, which could cause a transfer of heat without a concordant exchange of gas. Our
approach is only sensitive to those processes which would have an appreciable impact of the seasonal
exchange of inert gases, integrated over the 40-70° latitude band in each hemisphere. A modeling exper-
iment in which Ar and N, were carried as explicit tracers would avoid such issues and likely improve on
the constraint we offer by reducing these sources of uncertainty.

3.5. Evaluation of Model Performance

A comparison of the atmospheric observations to the TM3 forward run output for the OBMs at each of the
five surface stations is shown in Figure 6. Generally the models tend to overpredict A Arn, 1D the Southern
Hemisphere and underpredict in the Northern Hemisphere, with more spread in the Southern Hemi-
sphere than in the Northern.

The model predictions of A, are more varied. The ensemble tends to underpredict in both hemispheres,

but does bracket the observations at PSA, and to a lesser extent at CGO and CBA. CESM is an outlier in that
it typically predicts larger A, than other models in both hemispheres. CESM performs better at CGO than
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Figure 6. Comparisons of modeled A, o, Ay, a0d A,po/ A4y, across models and the semi-empirical forward run. Each point represents the average value
of the seasonal amplitude or amplitude ratio at a surface station, given as the title of each column. The observed value of the amplitude or amplitude ratio
is shown as a gray bar, the boundaries of which denote the average +1 . Error bars contain all sources of uncertainty discussed in the text (expressed as 1o,
including uncertainty due to atmospheric transport.

at PSA, implying that it overpredicts the amplitude ratio due to a too-vigorous seasonal exchange of APO
at high latitudes in the Southern Ocean.

The models generally perform the poorest in representing A, at LJO and KUM, where predicted A, is
too low by 20-30 per meg. At these two sites the spread between models is also lower. A similar difficulty
in reproducing SAPO amplitudes at LJO in TM3 using semi-empirical fluxes was noted in earlier work
(Garcia & Keeling, 2001; Keeling, Stephens, et al., 1998). This difficulty is perhaps not unexpected given
the relatively coarse resolution of the 4° x 5° grid with which TM3 was run. Contributing to the error
may also be an inability to accurately simulate the finer-scale aspects of atmospheric circulation along
the North American west coast, such as the along-shore jet, which would typically bring air from higher
latitudes to LJO.

The models generally underestimate A,,,/A,,y, at the Southern Hemisphere sites but center on the ob-
servations in the Northern Hemisphere. Each model simulates fairly consistent A,,,/ A ArNy within each
hemisphere, despite the strong variations of A5, and A, with latitude. This consistency is seen even
at LJO and KUM, where the models underpredict A,p, and A, , but produce ratios which are close to
the observations, as at the other Northern Hemisphere sites. The systematic bias at LJO and KUM demon-
strates an advantage of using A,py/A,,y, as an ocean model benchmark, since the underestimation of
each individual quantity largely cancels out in the ratio of the two, eliminating bias from what is likely a
transport error. That is, the model skill in representing O, and heat fluxes is likely greater than it appears
if we evaluated A,p, or Ay, alone.

Further inferences can be made in regards to model skill in simulating A,,, /A ArNy For instance, at CBA,
the agreement is generally good across models for A, but poor for A,,, (with the exception of MOM4),
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resulting in poorer performance in simulating A,p,/A,,y,- MOM4 has a higher seasonality of F,, than
NEMO-C, NEMO-W, and CCSM in these regions, but lower than CESM. This suggests that these models
could be accurately representing air-sea heat fluxes, but poorly simulating biological processes in some
regions of the Northern Hemisphere high latitudes.

3.5.1. A Case Study: Sensitivity of Amplitude Ratios to Mixed Layer Depths in the Southern
Ocean

As a demonstration of how the A,,,/A,,, metric can be applied to evaluate model simulations, we com-
pare the performance of NEMO-C and NEMO-W. NEMO-W is a sensitivity perturbation of NEMO-C, in
which the turbulence kinetic energy (TKE) parameterization of NEMO-C was given an ad hoc parameter-
ization to bring the summer mixed layer of the Southern Ocean into better agreement with observations
(Rodgers et al., 2014). NEMO-W yields deeper mixed layers in both winter and summer compared to
NEMO-C (Rodgers et al., 2014), and while the summer mixed layers are in better agreement with observa-
tions in the Southern Ocean, winter mixed layers are too deep (Rodgers et al., 2014).

The NEMO-W wind stirring parameterization reduces the seasonal exchange of O, in comparison to
NEMO-C, as indicated by A ,,, at PSA and CGO (Figure 6). Seasonal heat storage and loss, however, is in-
creased, as indicated by the larger values of A, at the same sites. The effects compound in the amplitude
ratio, as evident in the significantly lower values of A,p,/A,,y, in NEMO-W. The NEMO-W simulation
also yields a lower A,/ A,,y, in the Southern Hemisphere than in the Northern. NEMO-C already pre-
dicts a too-low O,/heat ratio generally, relative to the observational constraint, and tuning Southern Ocean
mixed layers to provide a better physical state only increases the discrepancy.

3.6. Implications for Hemispheric Asymmetry and Carbon

The atmospheric observations point to a higher value of 740-70 in the Southern Hemisphere than in the
Northern. This hemispheric asymmetry is also apparent in the semi-empirical flux product (Garcia &
Keeling, 2001). We note that hydrographic observations (from the surface through the thermocline) are
supportive of a hemispheric difference, since the North Atlantic Ocean has a distinctly lower O, to heat
relationship than much of the rest of the global ocean, as assessed through the tracer O, (Keeling & Gar-
cia, 2002). The Atlantic makes a large contribution to the Northern Hemisphere 740-70, and is likely a major
factor in the observed interhemispheric difference (see Section 3.4.1). While our study does not inform on
the causes of an interhemispheric asymmetry in 710-70, we note that such a hemispheric difference runs
counter to what might have been expected from first principles on the basis of iron limitation in the SH
(Cassar et al., 2007; Moore & Braucher, 2008), which is expected to limit NCP and hence O, outgassing in
austral summer. The observed interhemispheric difference is also surprising when considering the results
of the NEMO-C and NEMO-W comparison, which indicated that deeper mixed layers would yield lower
740-70, not higher (as discussed above). Ventilation of deeper water masses with low O, can contribute sig-
nificantly to the winter uptake of O, by the surface ocean, and we speculate that winter ventilation may be
more significant to 740-70 than limitations on summertime biological fluxes of O,.

CCSM and NEMO-C simulate the hemispheric asymmetry in the O,/heat ratio over the key latitudes of
40°-70° with some skill, while the rest of the ensemble predicts a greater degree of parity (Figure 3c). Such
model-data discrepancies in the O,/heat ratio could have implications for carbon. As shown by Keeling
et al. (1993), the O,/heat flux ratio is mechanistically linked to the seasonal correlation between DIC and
temperature in surface waters, which in turn influences the seasonal cycle in pCO,. If DIC concentrations
were constant across seasons, pCO, would tend to be higher in summer than winter, due to the tempera-
ture dependence of CO, solubility. At lower latitudes, this solubility forcing dominates the changes in DIC
(Weiss et al., 1982). At higher latitudes, the solubility cycle is strongly countered by the photosynthesis/
ventilation cycle which causes surface-water DIC to be higher in winter than summer, just as it causes
0, outgassing in summer and ingassing in winter (Takahashi et al., 2002). A model that overestimates the
O,/heat ratio will therefore also likely overestimate the surface water excess of DIC in winter compared to
summer, and thus misrepresent the seasonal cycle in pCO,. It has also been shown that ocean models that

have too strong a biological carbon pump in the Southern Ocean (Nevison et al., 2016) tend to overestimate
the seasonal amplitude of SAPO, and too large a CO, sink (> 1 PgC yr ) in the Southern Ocean when
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compared to present-day estimates (Takahashi et al., 2009). An important follow-on study would be to
reconcile model/data discrepancies in both O,/heat and pCO,.

3.7. Evaluation of Semi-Empirical Fluxes

In Figure 6, we also show the results of the TM3 forward runs of the semi-empirical fluxes. The semi-em-
pirical APO flux product is a combination of three separate datasets: the Garcia and Keeling (2001) O,
flux climatology, the Takahashi et al. (2009) CO, flux climatology, and the ECCOv4 heat flux climatology.
Simulated A, agrees quite well with observations at the two Southern Hemisphere sites (PSA and CGO),
and at CBA, the most poleward site in the Northern Hemisphere. The values of A,,y, agree well with ob-
served Ay, at CBA, but less well at PSA and CGO, indicating either poor representation of air-sea heat
fluxes in Southern Hemisphere extratropical latitudes, or that the Jin et al. (2007) correction is less suited
to this region. Equation 4 is an approximation which neglects important processes that contribute to abi-
otic air-sea gas exchange (Dietze & Oschlies, 2005), and the Jin et al. (2007) correction was implemented
simply to bring heat-derived fluxes more generally into better agreement with modeled solubility fluxes.
Accordingly, we would not expect it to be equally effective everywhere.

When evaluated on its performance in simulating A,/ A,,y,, We find that the semi-empirical flux product
is in excellent agreement with the observations in the Northern Hemisphere but in poorer agreement in
the Southern Hemisphere, particularly at CGO. At this site predicted A, is too low by ~10 per meg, and
the peak of the annual harmonic is 2 weeks too early. Given that the semi-empirical flux product is in bet-
ter agreement with respect to A,,, than to A,,,, and also that it is in better agreement in the amplitude
ratio at PSA than at CGO, the results suggest that the Garcia and Keeling (2001) air-sea fluxes of O, may
be particularly deficient in the lower latitudes of the Southern Ocean.

Since the semi-empirical product allows for the computation of 740-70 directly, we can compare these to
the values of 740-70 implied from the observations (as discussed in Section 3.3). The direct ratio of the
semi-empirical product gives 3.5 + 0.2 and 2.8 + 0.2 nmol J™' in the Southern and Northern Hemispheres,
respectively. These values are significantly lower (particularly in the Southern Hemisphere) than the cor-
responding atmospheric-based estimates of 4.7 + 0.8 nmol J™' and 3.3 + 0.4 nmol J~' (Table 1). While the
semi-empirical approach has the advantage of resolving the O,/heat flux ratio with finer north-south reso-
lution (+10° latitude), the atmospheric-based metric is likely more reliable for large-scale averages because
it is less dependent on uncertain parameterizations and sparse coverage.

4. Summary and Conclusions

We have developed two empirical metrics for evaluating ocean biogeochemical models, one based on the
ratio of the amplitude of the seasonal cycles of SAPO and 5(Ar/N,) (i.e., A4po/ Ay,y,) and the other based
on zonally averaged ratios of the seasonal cycles in O, flux and heat flux (i.e., 740-70). Both metrics serve
to test the strength of the seasonal cycle in the air-sea flux of O, relative to heat, but with different scales
of spatial representation. The A,p,/A,,y, metric independently constrains 74070 within the Northern and
Southern Hemispheres separately, but has only limited ability to resolve patterns at a finer scale because
of the relatively rapid atmospheric mixing within each hemisphere.

Building on the study of Garcia and Keeling (2001), who found a strong relationship between seasonal
extratropical air-sea O, and heat fluxes, we have presented an observationally based constraint on the
seasonal hemispheric O,/heat flux ratio (¥40-70). This constraint is determined from the amplitude ratio
(A4po/ App,) Of the seasonal cycles in JAPO and §(Ar/N,). This metric is largely insensitive to uncertain-
ties in atmospheric transport and mixing, owing to compensating influences on A, and A,,y,, making
it a potentially robust measure of the average ratio in each hemisphere. The atmospheric data yield 740-70
of 4.7 + 0.8 nmol J™' for the SH and 3.3 + 0.3 nmol J~' for the NH. When compared to predictions from a
suite of general ocean circulation models, we find that the models generally underestimate A,/ A,,y, and
hence 740-70, particularly in the Southern Hemisphere. Our work advances the application of 5(0,/N,) and
S5(Ar/N,) measurements for evaluating ocean models, by testing the relative strength of the seasonal cycles
in air-sea fluxes of carbon, oxygen, and heat at extratropical latitudes.
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