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Abstract
Remotely sensed ocean color and atmospheric potential oxygen (APO) data are
valuable complementary metrics for evaluating the ocean carbon cycle. APO data
provide a regionally-integrated constraint on the absolute magnitude of Net
Community Production (NCP) and the associated carbon export flux (EF). The
seasonal cycle of atmospheric potential oxygen (APO ~ O2/N2 + 1.1 CO2) reflects
three seasonally-varying ocean processes: 1) thermal in- and outgassing, 2) net
community production (NCP) and 3) ventilation of O2-depleted water.
APOobs = APOtherm + APONCP + APOvent
Equation 1
Here, we resolve the thermal and ventilation components of the observed APO
seasonal cycle at Cape Grim, Tasmania using auxiliary data, which allows for the
isolation of the NCP signal as a residual. The APONCP signal is then compared to a
range of estimates of EF from satellite ocean color data. The latter are translated
into atmospheric tracers using an atmospheric transport model (ATM) and
relationships between NCP and EF from 3 ocean models. The ocean models
suggest that temporary carbon storage in DOC and phytoplankton in the surface
ocean supports a substantial fraction of seasonal O2 outgassing and that satellitebased EF data must be scaled up to account for this phenomenon before
comparison to APONCP. That comparison suggests that, in terms of seasonal
phasing, satellite data may be more suitable for estimating NCP than EF, and that
even then satellites tend to predict a later maximum in NCP than indicated by
observed APONCP. The difficulty of capturing the mean seasonality of NCP using
ocean color data may help explain why satellites are not detecting shifts toward
earlier seasonality seen in APO data at Cape Grim as well as in the North Pacific.

Figure 3. CESM and GFDL ESM2M and ESM2G results in the Southern
Ocean over a mean annual cycle showing that the net O2 production NOP
(converted to NCP in carbon units) in the upper 100 meters is substantially
larger in amplitude and earlier in phase than the export flux EF at 100 m
(top panels). Corresponding monthly mean NCP v. EF and correlation
slopes b (bottom panels). We assume in Figure 2 that the air-sea O2 flux
associated with satellite EF data can be approximated as fgO2,ncp = 1.4
NCP = b 1.4 EF, where 1.4 is the O2:C ratio.

Figure 4. A more detailed look at the components of NCP in
the CESM model shows that,

NCP = EF + d[DOC]/dt + d[Phytoplankton]/dt,
where the last 2 terms represent the temporary accumulation
of DOC and phytoplankton biomass in top 100m.

Observed shifts in APO seasonal cycle at Cape Grim and Cold Bay

Decomposition of N2O and APO Seasonal Cycles

Figure 1a. Decomposition of observed AGAGE N2O at Cape
Grim: N2Oobs = N2Otherm + N2Ostratos + N2Ovent
N2Otherm is estimated using the heat flux (Q)-based formula
QST/Cp with Jin et al. [2007] modifications. N2Ostratos is estimated
alternatively using AGAGE CFC-11 and CFC-12 data, corrected
for thermal effects, and scaled using observed tropopause
N2O/CFC correlations slopes [Volk et al., 1997]. Multiple lines
reflect ranges of uncertainty in Q and N2O/CFC slope
relationships.

Figure 1b. Decomposition of observed SIO APO at Cape Grim.
APOtherm is estimated based on heat flux Q.
APOvent = N2Ovent * (DO2/DN2O) is estimated using the DN2O vs.
DO2 ratio of 0.05 0.01 nmol/μmol observed in deepwater in the
Southern Ocean [Nevison et al., 2012].
APONCP is estimated as a residual based on Equation 1. Multiple
lines reflect ranges of uncertainty in Q, N2O/CFC and DO2/DN2O
slope relationships.

Figure 5. (Top) Observed APO at Cape Grim, Tasmania (left) and Cold Bay, Alaska (right). (Middle) Detrended seasonal cycle derived
by fitting a 3rd order polynomial + 1st 4 harmonics to a moving 3-year segment of data. Plot shows harmonic portion of fit, legend refers
to the middle year of the 3-year segment. (Bottom) Day of zero crossing of the rising branch of the APO seasonal cycle, estimated based
on the harmonic fits in the middle panels.

Corresponding shifts in satellite ocean color export flux?

Comparison of APONCP to Tracers derived from satellite data

Figure 2. APONCP at Cape Grim (SIO and AGAGE data) derived from the method illustrated in Figure 1, shown as a green
window of uncertainty. APONCP is compared to 5 different estimates of EF from satellite ocean color data. The satellite data are
translated into APONCP,sat using the GEOS-Chem atmospheric transport model. The left panel assumes the air-sea O2 flux
fgO2,ncp = NCP = EF as per Nevison et al. [2012]. The right panel assumes fgO2 = 1.4 NCP = 1.4 bEF, where b is a scalar
defined based on ocean model results described Figure 3, with a range of uncertainty that is reflected in the errorbars. The
VGPM-based algorithms are more consistent in phase with the APO-based constraint than the CbPM algorithm, although all
satellite algorithms appear late by 1-2 months. The Laws Equation 2 algorithm (for ef-ratio) tends to underestimate the
amplitude of APONCP while the the Laws Equation 3 algorithm tends to overestimate it.
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Figure 6. Same as Figure 5 but showing EF from satellite ocean color estimated using the QAA algorithm for NPP [Kahru et al.,
2016] and the Laws et al. [2011] Equation 3 for ef-ratio. Left panels show integral over the IndoPacific sector (90-180E) of the
Southern Ocean at 40-45S near Cape Grim. Right panels show integral in the Eastern North Pacific 160-120 W, 50-55N near Cold
Bay.

Summary of Figures 5-6. Both APO and satellite ocean color data suggest a smaller
seasonal cycle in the 2010s compared to the 1990s in the ocean region near Cape Grim, but a
larger cycle in the ocean region near Cold Bay, Alaska. APO data suggest a shift toward an
earlier seasonal cycle at both sites, but this phase shift is not evident in the satellite data.

