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SPECIAL ISSUE ON CHANGING OCEAN CHEMISTRY »
ANTHROPOCENE: THE FUTURE...SO FAR

Oxygen Concentrations and Biological Fluxes
in the Open Ocean
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An Argo float modified to expose its

Aanderaa optode to air for atmospheric =
calibration is deployed in the Kuroshio “
Extension from R/V Melville.
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The oxygen concentration in the ocean is
controlled by a delicate balance between
the source from atmosphere-ocean inter-
action and net respiration of organic
matter after the water leaves the surface
and descends into the interior. Fossil
fuel-induced warming is predicted in
global circulation models to decrease
both the subsurface oxygen concentra-
tion and the downward flux of organic
carbon from the ocean’s euphotic zone,
with strong geographic variability in

the responses of both. Oxygen concen-
trations have declined over the past

50 years in the few locations in the ocean
thermocline where accurate long-term
measurements exist. These observations
are not, however, sufficiently widespread
to determine global geographic vari-
ability nor long enough in duration

to discern whether natural variations

or anthropogenic effects cause these
trends. Our challenge is to understand
the mechanisms controlling oxygen
concentration and to verify the carbon
and oxygen cycle feedbacks predicted

in global climate models. The corner-
stone for achieving this goal is to obtain
global coverage of accurate seasonal
oxygen measurements in the ocean. It
may be possible to do this by augment-
ing shipboard hydrographic studies

with remote measurements of oxygen
concentration using profiling floats,
gliders, and moorings.

Interpreting seasonal cycles of oxygen
concentration above the depth of the
ocean’s winter mixed layer has been one
of the primary mass balance methods
for determining annual net commu-
nity production (ANCP), the annually
integrated oxygen production in the
upper ocean caused by the difference
between photosynthetic production and
respiratory consumption. Net oxygen

production rates determined at a handful

of open-ocean time-series sites are

4 +2 moles O, m2yr!

, which is equiva-
lent to about 2.5 + 1.2 moles of organic
carbon exiting each square meter of the
ocean’s euphotic zone each year (see the
compilation in Emerson, in press). These
observations demonstrate not only that
the open ocean is distinctly autotrophic

(photosynthesis exceeds respiration) but

region of the permanent thermocline.
At steady state, the depth-integrated res-
piration rate should be related stoichio-
metrically to the organic carbon flux
from above, and the respiration depth
dependence is an important factor in
determining the concentration of oxy-
gen in the thermocline. Net respira-

tion rates below the winter mixed layer

IT MAY BE POSSIBLE TO ACHIEVE ACCURATE
OXYGEN CONCENTRATIONS ON PROFILING
FLOATS BY CALIBRATING THE AANDERAA OPTODE
OXYGEN SENSORS AGAINST ATMOSPHERIC pO,
WHEN THEY SURFACE AFTER EACH PROFILE TO
TRANSMIT DATA HOME VIA SATELLITE.

also that there is little latitudinal variabil-
ity in net biological organic carbon and
oxygen production in the open ocean.
Global estimates of ANCP derived from
satellite-based remote sensing and global
circulation models (GCMs) give a differ-
ent picture, with low ANCP in subtropi-
cal regions and much higher values at
the equator and in high latitudes, similar
to distributions of near-surface nutrients.
The cause of the difference between these
estimates of ANCP geographic vari-
ability could be that there are too few
experimental measurements to detect
true global heterogeneity or that satel-
lite observations and GCM predictions
are missing some critical component(s).
Resolving this issue will require much
greater global coverage of seasonal
experimental measurements.

Net respiration by bacteria and other
heterotrophs results in the decrease in
oxygen concentration below the depth of

the wintertime mixed layer in the upper

are less than 0.1 pmol kg~! d-!—too
low to measure directly, so oceanog-
raphers determine these rates by cor-
relating apparent oxygen utilization
(AOU = [0,] gy — [05] eas) and the
ventilation age of the water. In locations

sat — meas

where ventilation is slow and/or organic
matter supply from above is high, oxygen
is almost entirely consumed. It is essen-
tial to understand the processes con-
trolling the extent of these low-oxygen
waters because they are uninhabitable
by marine animals and mark the bound-
ary of water column denitrification

(see Brewer and Hofmann, 2014, and
Fulweiler and Heiss, 2014, in this issue).
There is no reason to expect that sub-
surface oxygen concentrations should
be static. Indeed, at two locations where
there have been accurate measure-
ments for decades (in the North Pacific,
Whitney et al., 2007; and in the North
Atlantic, Stendardo and Gruber, 2012),
there is a gradual decline in oxygen
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concentration in the thermocline

over the past 50 years at rates between
0.3 and 0.7 pumol kg ! per year. These
decreases are much greater than can be
explained by the change in solubility in
response to ocean warming. Future mea-
surements and models that can accu-
rately reproduce the oxygen minimum
zones will help establish whether these
changes are part of natural long-term
cycles or the result of decreased ventila-
tion and/or increased respiration due
to global warming.

The ability to reproduce measured
deep-ocean oxygen concentrations has
only recently been achieved in global
circulation models. Model projections
suggest a small decrease in both the bio-
logical pump and the volume integrated
subsurface ocean O, concentration by
the year 2100 as a result of global warm-
ing (less than 10% and 5%, respectively;
Bopp et al., 2013; Doney et al., 2014, in
this issue). While the predicted globally
integrated feedback to climate change is
modest, regional future ocean changes
are much more dramatic. Increased
stratification reduces ANCP in the
equatorial region, with a corresponding
increase in thermocline oxygen con-
centration, while the biological pump is
predicted to increase in high latitudes
with a corresponding decline in oxy-
gen concentration in the thermocline.
These oxygen concentration changes
are in the same direction as measured
multidecadal observations in the North
Pacific and North Atlantic; however, the
predicted changes would be more con-
vincing if we knew that the GCMs were
able to reproduce the presently observed
global ANCP distribution.

The paleoclimate record is useful for

assessing the sensitivity of environmen-
tal conditions to change. For example,
knowing how global temperature and
atmospheric CO, changed during the
most recent glacial to interglacial tran-
sition helps to test mechanisms that
caused the change and inform projec-
tions of future response. Using the paleo-
record to constrain models that predict
future carbon export and oxygen change
is a bigger challenge because proxies for
past changes in these values in both sedi-
ment and ice cores are relatively blunt
instruments. The presence or absence of
sedimentary fossils of benthic organisms
and laminations is a clear indicator of
the difference between oxic and anoxic
bottom water; however, proxies for the
content of bottom water oxygen are still
mostly qualitative (see Jaccard et al.,
2014, in this issue).

Without quantitative paleoproxies
for either organic carbon export or bot-
tom water oxygen concentration, the
most obvious way to test the accuracy
of ocean model-predicted changes in
response to global warming is to develop
a contemporaneous archive of accurate
global and seasonal oxygen concentra-
tions. Values in the surface ocean can be
used to determine net biological oxygen
production and the stoichiometrically
associated downward carbon export,
and values in the thermocline can be
used to monitor the geographic distribu-
tion of changes in the oxygen minimum
through time. Repeat hydrographic
measurements on decadal time scales are
essential to validate accuracy but cannot
resolve seasonality, which is necessary
to determine ANCP. Seasonal measure-
ments of oxygen at ocean time-series

locations are important for assessing
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the consistency of ANCP determina-
tions from satellite remote sensing,
oxygen mass balances, and sediment
trap fluxes (Emerson, in press), but the
infrastructure for time-series sites is
too expensive to expand their number
into global coverage.

The most promising means for
achieving global, seasonal coverage
of oxygen concentrations is through
remote measurements on profil-
ing floats. There are presently about
3,500 Argo floats distributed glob-
ally, each making repeat profiles of
temperature and salinity on a roughly
weekly basis as they drift with the cur-
rents. Several hundreds of these floats
are equipped with oxygen sensors, but
they are presently not accurate to better
than plus or minus 3% (Takeshita et al.,
2013). This inaccuracy is at about the
same level as the expected supersatura-
tion in the ocean mixed layer due to net
community production, and represents
over a decade of change in concentra-
tion in the upper thermocline using
presently observed trends. Clearly, more
accurate measurements must be made to
utilize this resource optimally.

It may be possible to achieve accu-
rate oxygen concentrations on profiling
floats by calibrating the Aanderaa optode
oxygen sensors against atmospheric
pO, when they surface after each pro-
file to transmit data home via satellite
(Figure 1). It is not sufficient to have
detailed laboratory calibrations because
some of these sensors drift by several
percent per year at room temperature.
Recently, we found that oxygen concen-
trations determined using optodes on
Argo floats calibrated five months earlier
in our laboratory were several percent
less than simultaneous measurements
made by Winkler titrations on deploy-
ment. After correcting the float optode
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data to atmospheric measurements
(Figure 1, red line), they agree extremely
well with independent Winkler-
calibrated mooring data (Figure 1,

black line). This indicates that it is pos-
sible to calibrate these oxygen sensors in
situ against the pO, of the atmosphere
over a period of at least one year. Fiedler
et al. (2013) describe a similar experi-
ment done on shorter time scales in the
North Atlantic. While promising, there
are still uncertainties in this approach
that have to be further constrained.

For example, to derive ANCP from

surface oxygen data, it is necessary to

=3¢= SOS-Argo Float
Papa Mooring O2

= == Surface Temperature

determine what fraction of the degree
of supersaturation is due to bubble pro-
cesses that inject oxygen into the surface
ocean. Also, to monitor oxygen changes
in the ocean interior, it must be shown
that accurate low concentration oxygen
measurements can be determined from
surface ocean “one-point” calibrations
(air pO,) together with laboratory-deter-

mined oxygen sensitivities.
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Figure 1. The degree of oxygen supersaturation in surface waters of the ocean near Ocean
Station Papa (OSP; 50°N, 145°W) determined by in situ methods over a period of one
year. The black line goes through data points determined using an Aanderaa optode that
makes measurements every three hours on a surface mooring at about 2 m depth. The

optode was calibrated by Winkler titrations when ships visited OSP in June and August

of 2012 and June of 2013. Sensor drift over one year was about -3 %. The red line is the

oxygen supersaturation determined from an Aanderaa optode sensor on a profiling Argo
float especially configured to measure pO, of the atmosphere when the float surfaces
every 5 to 10 days. Optode accuracy is calibrated against the pO, of the atmosphere: pO,

= (P

atm

- Prpo) X 0.20964. Total atmospheric pressure, P

is determined from National

atm’

Centers for Environmental Prediction (NCEP) reanalysis. The authors assume that the

partial pressure of water in the atmosphere, p,;, within one meter of the water surface

is equal to that in saturated air, and that 0.20964 is the mixing ratio of oxygen in the dry
atmosphere. The optode on the profiling float did not drift detectably during the year,
probably because it spends 98% of its life at 1,000 m and 2°C (recent work of authors

Bushinsky and Emerson).
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