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Mean annual cycle of the air-sea oxygen flux: A global view
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Abstract. A global monthly-mean climatology of the air-sea oxygen flux is presented and dis-
cussed. The climatology is based on the ocean oxygen climatology of Najjar and Keeling [1997]
and wind speeds derived from a meteorological analysis center. Seasonal variations are character-
ized by outgassing of oxygen during spring and summer and ingassing of oxygen during fall and
winter, a pattern consistent with thermal and biological forcing of the air-sea oxygen flux. The
annual mean flux pattern is characterized by ingassing at high latitudes and the tropics and outgas-
sing in middle latitudes. The air-sea oxygen flux is shown to exhibit patterns that agree well with
patterns seen in a marine primary productivity climatology, in model generated air-sea O, fluxes, in
estimates of remineralization in the shallow aphotic zone based on seasonal oxygen variations, in
observed seasonal nutrient-temperature relationships, and in independent estimates of meridional
oxygen transport in the Atlantic ocean. We also find that extratropical mixed layer new production
during the spring-summer period, computed from biological seasonal net outgassing of oxygen, is
equivalent to the production of 4.5-5.6 Gt C, much lower than previous estimates based on atmo-

spheric O,/N, measurements.

1. Introduction

Even though the annual cycle is the dominant form of variabil-
ity in many marine biogeochemical systems, global-scale descrip-
tions of the annual cycle exist for only a small number of
biogeochemically relevant variables in the ocean: chlorophyll
[Yoder et al., 1993; Banse and English, 1994], primary productiv-

ity [Antoine et al., 1996], CO, and its air-sea flux [Takahashi et

al., 1997}, and dissolved oxygen [Levitus and Boyer, 1994a; Naj-
Jjar and Keeling, 1997]. Here we extend this list to include the air-
sea oxygen flux, which is important because it can be used to infer
rates of marine new primary production (the excess of photosyn-
thesis over respiration in the euphotic zone), a process that gener-
ates many chemical gradients in the sea and represents the amount
of nutrients required to keep euphotic zone ecosystems from run-
ning down [Dugdale and Goering, 1967]. Knowledge of the air-
sea O, flux can also help to place constraints on the biological and
physical processes that control air-sea exchanges of CO,. A better
understanding of such exchanges is needed to reduce uncertainties
in the atmospheric CO, budget [e.g., Tans et al., 1990]. Finally,
the air-sea oxygen flux climatology should also be a valuable data
set for evaluating large-scale marine biogeochemical models.

The air-sea flux climatology is essentially that used by Keeling
et al. {1998], which is based on separate climatologies of the sur-
face ocean oxygen anomaly [Najjar and Keeling, 1997] and the
air-sea gas transfer velocity for oxygen. Atmospheric general cir-
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culation model (GCM) simulations of the seasonal, oceanic com-
ponent of the atmospheric O,/N, ratio forced by these oxygen flux
fields gave excellent results, providing a validation of the fluxes
integrated over large scales, particularly in middle and high lati-
tudes [Keeling et al., 1998; Maloit, 1998]. It is impdrtant to keep
in mind that the GCM calculations reveal a level of certainty in the
oxygen flux that is greater than the certainty of the OXygen anom-
aly and gas transfer velocity from which it was derived.

2. Air-Sea Oxygen Flux Computation

The flux fields presented here differ from those of Keeling et al.
[1998] in that we explicitly treat bubble-induced supersaturation
and we use slightly different heat flux and wind speed data to
compute the skin temperature correction for the oxygen anomaly.
The differences, however, are very minor and do not affect the
conclusions of this study or those of Keeling et al. [1998]. The
total air-sea O, flux is taken to be the product of the gas transfer
velocity (k,,) and the oxygen anomaly (A[O,]). The transfer veloc-
ity is based on the formulation of Wanninkhof [1992] for long-
term winds, set to zero in ice-covered regions given by the atlas of
Shea et al. [1992]. We chose the Wanninkhof [1992] formulation
because it appears to be more suited to large-scale applications
than the formulation of Liss and Merlivar [1986], as noted by
Keeling et al. [1998). The oxygen anomaly was computed from

A[O,] = A[O,]1°+8,+8,-A[O,], . +8, M

where A[O,]° is the oxygen anomaly computed at one atmo-
sphere pressure and the temperature of bulk surface water, 8,, is
the adjustment for sea level pressure variations, &7 is the adjust-
ment for the skin temperature of the ocean, A[O; )3, is the oxygen
anomaly caused by bubble injection, and 8 is a constant deter-
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mined such that the global mean oxygen flux is approximately
equal to zero. The 8p is from Keeling et al. [1998]. A[O,]° is
from Najjar and Keeling {1997], with an additional adjustment
based on sea surface temperature (SST), applied to account for
possible biases due to undersampling.

Here 8; was computed according to

8T = [0,15at (Toyie ) = 10150t (Tgins S)» @

where [0,]2,, is the saturation oxygen concentration from Gar-
cia and Gordon [1992), Ty is the bulk temperature, Ty, is the
skin temperature and S is the surface salinity. Ty, and S were
taken from the monthly mean climatologies of Levitus and Boyer
[1994b] and Levitus et al. {1994], respectively. Ty, was com-
puted from wind speed and surface heat flux from Gibson et al.
[1997], and Ty, was computed using the formulation of Hasse
[1971] and constants appropriate to a sampling depth of 2.5 m.
Wind speed and surface heat flux were taken from the European
Center for Medium-range Weather Forecasting [Gibson et al.,
1997]. In ice-covered areas, &7 was set equal to zero.

We derive A{O,]y,1, from the air-injection model of Spitzer and
Jenkins [1989], which appears to give reasonable results for the
seasonal timescales and open ocean conditions of interest here. To
compute the injection flux, Fiy;, with this model, the ratio of the.
0, diffusivity to the diffusivity of He at 20°C is required. We use
the Schmidt number (Sc¢) ratio instead, taking Sc for O, from Keel-
ing et al. [1998] and Sc for He from Wanninkhof [1992]. Fiy;
depends nonlinearly on wind speed and so the injection flux com-
puted under variable winds will be different from the injection flux
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computed from a constant wind. Since Fj,; goes as approximately
the square of the wind speed, we multiply Fiy; by 1.26, following
Wanninkhof’s [1992] analysis of the wind speed probability distri-
bution over the ocean. A[{O;}y,y, is simply Fig/k,,

With § = 0, the global mean oxygen flux is computed to be 1.3
mol m™? yr'1 into the ocean. Though there may be a net flux of
oxygen into the ocean that balances the riverine input of organic
carbon, we estimate this to be very small. Estimates of organic C
delivery to the ocean are of the order of 0.3 Gt C yr'l [Sarmiento
and Sundquist, 1992]. Using an O,:C ratio of 1.45 [Anderson and
Sarmiento, 1994], this would correspond to an oceanic sink of O,
of ~ 0.1 mol m2 yr'l. Thus we believe that the global mean flux
computed from our flux maps is incorrect, possibly due to a sys-
tematic bias in the oxygen measurements or the correction terms.
We set § = 0.7 umol kg™, which is the value required to bring the
global mean O, flux to approximately zero.

To determine the relative importance of biological and thermal
forcing on the air-sea oxygen flux, we computed the thermally
induced oxygen flux according to Keeling et al. [1993]:

- _a[ozlgat _Q_
Fr = oT C,’ ®

where Q is the total air-to-sea flux of heat, taken from Gibson et
al. [1997], and Cp is the specific heat of seawater, taken to be con-
stant at 3993 J kg'! K'L. In ice-covered waters, we set Fr equal to
zero since heat flux related to sea ice freezing and melting does
not induce temperature changes, which are needed to generate a

Sea-to-air oxygen flux (mol/m?/yr)

latitude

zonal average of World Ocean

Month
Figure 1. Zonal average of the monthly sea-to-air oxygen flux for the World Ocean
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Figure 2. Seasonal variations of Northern and Southern Hemispheric averages of (a and b) the surface ocean oxygen
anomaly (A[O,]) and the individual adjustments for skin temperature (87), sea level pressure (8 ), and bubbles
(A[O;lpyp) and (c and d) the total, thermal, and biological sea-to-air oxygen flux. Averages mclude ice-covered

waters.

thermal oxygen flux. We then computed the biologically induced
oxygen flux (Fp) as the total flux minus Fp

All of the terms on the right-hand side of (1) were computed in
terms of pumol kg and converted to mol m™ using a constant sea-
water density of 1025 kg m™. All of the calculations were carried
out on the nearly equal-area grid of Najjar and Keeling [1997],
which is 2° x 2° at the equator. Calculations are made for each
month of the year using monthly-mean values for all inputs.

3. Results and Discussion

3.1. Seasonal Variations

We begin the discussion of the results with the zonally aver-
aged air-sea oxygen flux for the World Ocean, shown in Figure 1.
Oxygen is released to the atmosphere during the spring and sum-
mer and taken up by the ocean during the fall and winter in both
hemispheres, consistent with thermal and biological forcing of the
flux associated with seasonal variations in mixed layer depth [Naj-
Jjar and Keeling, 1997]. Along the equator, the annual cycle fol-
lows that of the Southern Hemisphere with a lag of several
months. Examination of individual basins (not shown) reveals that
the equatorial cycle is dominated by the eastern Pacific and is con-

sistent with upwelling of cold, oxygen-depleted water, as revealed
by seasonal variations in the eastern equatorial Pacific cold tongue
[Wyrtki, 1981]. The greatest seasonal variability occurs between
50° and 60° latitude in both hemispheres. Despite increasing sea-
sonal variations of the oxygen anomaly poleward of 50°-60° lati-
tude in both hemispheres [Najjar and Keeling, 1997], seasonal
variations in the flux decrease because of decreases in the transfer
velocity associated with increased sea ice extent and decreased
wind speeds. .

Figures 2a and 2b show hemispheric averages of the surface
oxygen anomaly and the sea level pressure, skin temperature, and
bubble adjustments in ice-free waters. The seasonal amplitude of
the hemisphere-averaged oxygen anomaly is slightly larger in the
Southern Hemisphere. Seasonal variations in the pressure and skin
temperature adjustments, although small, are not insignifican.
A[O3 )y has little seasonal variation because Fi; and k,, have
similar dependencies on SST and wind speed. The hemisphere-
averaged sea-to-air oxygen flux (Figure 2¢ and 2d) generally mim-
ics the hemisphere-averaged oxygen anomaly, both being positive
in the spring and summer, and negative in the fall and winter. In
the Northern Hemisphere, the seasonally asymmetry seen in the
anomaly is absent in the flux because of counteracting seasonal
variations in the transfer velocity. The seasonal variations in the
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Figure 3. Seasonal variations of averages over each of the major ocean basins of (a and b) the biological sea-to-air
oxygen flux and (¢ and d) satellite-based primary productivity estimated by Antoine et al. [1996] for individual
ocean basins in the Northern (Figures 3a and 3c) and Southern Hemispheres (Figures 3b and 3d). Averages of the
biological oxygen flux include ice-covered waters. The conversion from carbon to oxygen for primary production

used an O,:C ratio of 1.45 [Anderson and Sarmiento, 1994].

hemisphere-averaged flux are greater in the Southern Hemisphere
than in the Northern Hemisphere, unlike the zonal averages,
because the zone of maximum seasonal variation (between 50°
and 60° latitude) is a larger fraction of the hemispheric area in the
Southern Hemisphere.

In each hemisphere, the average thermal oxygen flux leads and
has a somewhat smaller amplitude than the average biological
oxygen flux. The lead may be more apparent than real because full
equilibration has been assumed in computing the thermal oxygen
flux using (3). The amplitude of the thermal oxygen flux is slightly
overestimated for the same reason, and so the amplitude of the
biological oxygen flux is slightly underestimated.

The pattern of seasonal variation in the biological oxygen flux
is similar among all of the major ocean basins (Figures 3a and 3b),
mimicking the hemispheric pattern (Figure 2), with the exception
of the North Indian Ocean, which departs from the other basins in
the summer with a large influx of oxygen. This reflects the pres-
ence, of the Asian summer monsoon, which causes coastal and
open ocean upwelling as well as vertical mixing [Bauer et al.,
1991] that bring oxygen-depleted waters to the surface.

The patterns of the amplitude and phasing of the seasonal O,
cycles are similar to the patterns seen in primary productivity

determined from space (Figures 3¢ and 3d) by Antoine et al.
[1996]. Ocean basins with greater primary productivity tend to
have larger amplitudes of the annual cycle in the biological oxy-
gen flux. For example, the North Atlantic has a higher primary
productivity and a greater amplitude in the annual cycle of the bio-
logical oxygen flux than the North Pacific. A similar difference is
seen between the South Atlantic and South Pacific, though the
South Indian does not fit this trend. Differences between hemi-
spheres also do not seem to fit this trend. The distinctive character
of the North Indian Ocean shows up in the oxygen flux and the
primary productivity in a consistent fashion: The period of strong
oxygen influx to the ocean coincides with the period of upwelling
and intense vertical mixing of nutrients, which results in high pri-
mary productivity.

3.2. Seasonal Net Outgassing

3.2.1. Comparison to Keeling and Shertz [1992]. Keeling and
Shertz [1992], hereafter KS, define seasonal net outgassing (SNO)
as the areally and temporally integrated flux of O, from the ocean
to the atmosphere over the spring/summer period, when the
areally integrated flux is upward. They computed the biological
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Table 1. Biological and Thermal SNO for the Northern and
Southern Hemispheres.

Biological SNO Thermal SNO
- Phdstimiahied

This work  calibrated® KsP ECMWF KsP
NH 1.90 2.23 46 1.54 1.56
SH 3.23 4.03 6.8 2.87 1.80
Total  5.13 6.26 114 4.41 3.36

SNO is given in 10 mol O,. NH, Northern Hemisphere; SH, South-
ern Hemisphere.
a. Fluxes without bubble correction increased poleward of 30° latitude
following Keeling et al. [1998].
b. Keeling and Shertz [1992].

component of SNO in both the Northern and Southern Hemi-
spheres from seasonal variations in the atmospheric O4/Nj ratio,
from estimates of air-sea heat fluxes, and from two assumptions
about atmospheric mixing: (1) there is insignificant interhemi-
spheric mixing on the seasonal timescale and (2) mixing within
each hemisphere is such that the seasonal increase in atmospheric
oxygen at the surface stations is about twice what would be
expected if the air in one hemisphere were well mixed.

We computed biological SNO from the hemisphere-averaged
biological oxygen flux (Figures 2¢ and 2d) by first subtracting off
the (small) annual mean flux from each monthly value and then
integrating the flux over the months in which the flux is upward.
Thermal SNO was computed in the same fashion. The comparison
with KS is shown in Table 1. Our estimates of biological SNO are
39 and 46% of those of KS in the Northern and Southern Hemi-
spheres, respectively. Part of the discrepancy may be due to the
underestimate (15% in the Northern Hemisphere and 23% in the
Southern Hemisphere) of the seasonal variations in the flux fields
poleward of 30" latitude, as found by Keeling et al. [1998]. How-
ever, if the total fluxes (without the bubble correction, as in Keel-
ing et al. [1998]) are accordingly increased poleward of 30°
latitude, our SNO estimates are still much lower than those of KS:
48% of KS in the Northern Hemisphere and 59% of KS in the
Southern Hemisphere.

The difference in the Northern Hemisphere can be partly
explained by different weighting given to the observations at La
Jolla by KS and Keeling et al. [1998]. La Jolla was only one of
two stations available to KS in the Northern Hemisphere and was
taken to be representative of midlatitude stations in their Northern
Hemisphere estimate. In contrast, the results from La Jolla were
ignored in the more recent study by Keeling et al. [1998] in favor
of three other stations in the Northern Hemisphere. The results
from La Jolla were ignored on the grounds that the sampling strat-
egy used probably leads to an upward bias in the seasonal ampli-
tude that is not reproduced in the atmospheric transport model and
on the grounds that the model could not be adjusted to yield simul-
taneous agreement at La Jolla and any of the other three selected
Northern Hemisphere stations. The discrepancy at La Jolla there-
fore probably does not indicate problems with the air-sea flux
maps so much as indicating that the La Jolla results are not charac-
teristic of midlatitudes in the Northern Hemisphere, in contrast to
the assumption of KS.

Another factor contributing to differences in our SNO esti-
mates from KS are estimates of thermal SNO in the Southern
Hemisphere. Ours is 59% higher than that of KS and accounts for
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~25% of the discrepancy in biological SNO in the Southern Hemi-
sphere. This difference is due to the large difference in the heat
fluxes used to compute thermal SNO. The amplitude of the annual
cycle in heat flux estimated from the meteorological analyses
(used here) is much larger than that inferred from the storage of
heat computed from hydrographic data (used by KS).

A final factor, probably the most important, is that the transport
model calculations of Keeling et al. [1998] require somewhat
smaller SNO to account for the seasonal atmospheric O,/N,
increase than assumed by KS. KS assumed that the effective dilu-
tion in the atmosphere of the oxygen outgassed from the ocean
could be estimated based on an analogy with the annual cycle of
atmospheric CO; in the Northem Hemisphere, which is driven
largely by exchanges with land biota. The situation is not strictly
analogous, however, because most of the observation stations (for
both CO, and O,/N,) are located in the marine boundary layer,
where a gas flux of terrestrial origin will result in a smaller con-
centration change than the same flux of oceanic origin.

3.2.2. New production and the f ratio. As has been frequentty
suggested, the biological sea-to-air oxygen flux should closely
approximate new production within the mixed layer during the
shoaling period [Jenkins and Goldman, 1985; Emerson, 1987
Keeling and Shertz, 1992; Bender et al., 1996]. Here we estimate
spring-summer new production for 10° latitude bands in each
major ocean basin using the biological air-sea oxygen flux.
Because much of the new production in tropical regions is advec-
tively driven and not reflected in biological SNO, we do not
include the North Indian Ocean and regions equatorward of 20°
latitude. Biological SNO for each of the zones was computed in a
manner exactly analogous to the computation of hemispheri¢
SNO: We spatially averaged the flux in each zone for each month,
subtracted off the annual mean, and then added up the positive
monthly values. These calculations were done without increasing
the middle-high latitude fluxes to agree with atmospheric Oy/N,
variations. The result is shown in Figure 4.

For comparison, we have also plotted an estimate of the verti-
cally integrated remineralization rate in the shallow aphotic zone,
which was calculated as follows. First, the mean annual cycle of
the oxygen anomaly of Najjar and Keeling [1997] was averaged
over 12° latitude bands in each basin at each depth. Second, an
annual harmonic was fit to each annual cycle. Finally, the peak-to-
trough amplitude of this fit was vertically integrated between the
oxygen nodal depth, which should approximate the community
compensation depth [Najjar and Keeling, 1997], and 450 m. No
attempt has been made to “scale up” the amplitudes of the deep
oxygen cycles to reflect undersampling. As A[O,] generally
decreases throughout the spring and summer in the aphotic zone,
this calculation is an estimate of remineralization during this time
period. Assuming this remineralization represents the decomposi-
tion of organic matter exported from the euphotic zone above, it
should be equivalent to new production. The equivalence is not
strictly valid because of dissolved organic carbon (DOC) trans-
port, which can decouple production at a given location from the
remineralization directly below. But DOC export is thought to
account for only ~ 20% of new production globally [Hansell and
Carlson, 1998]. Further, this DOC has a lifetime of only ~ 2
months [Archer et al., 1997], which would prohibit transport over
great horizontal distances.

In general the two estimates of new production (outgassing and
aphotic zone oxygen decrease) integrated over the spring and sum-
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Figure 4. Biological SN0, primary production during the outgassing period, and vertically miegrated rermneralizi-
tion as a funclion of latitude, poleward of 20° latitude, and excluding the North Indian Ocean, See text [or computa-
tion of bialogical SNO and primary production. Remineralization wis computed by vertically integrating the
amplitiedes of the annual cyele of the averige oxXygen anomaly in 127 Jatitude bands from the climatology of Najar
and Keeling [1997], The integration is from the oxygen nodal depth to 450 m. The nodal depth was taken (o be 40 m
poleward of 667 latitude, 62.5 m between 42° and 667 latitude, and 87,3 m between |8 and 427 latitude, The error is
the weighted quadrature sum of the RMS errar of the annual hermonie L. New production estimates of Jenking and
Geledman [1985], Emerson et al, [1991, 1997] are indicated by solid circles

mer correspond well with each other, except in the high southern
latitudes of the Atlantic and Pacific Oceans, where the outgassing
is much smaller than the remineralization. The difference may
suggest that a greater fraction of new production at high latitudes
is stored in the ocean as opposed to outgassed, possibly owing to
ice cover limiting air-sea gas transfer. The estimates of new pro-
duction of the oxygen climatology are also in reasonable agree-
ment with those made at individual sites in the subtropical North
Pacific [Emerson et al., 1997], the subtropical North Atlantic [Jen-
kins and Goldman, 1985] and the subarctic North Pacific [Emer-
son et al., 1991].

The favorable agreement of biological SNO with remineraliza-
tion estimates and site-specific new production estimates encour-
ages us to use it make larger-scale estimates of new production.
Adding up the individual 10" latitude bands leads to a global esti-
mate of extratropical spring-summer mixed layer new production
of 540 Tmol O, (1 Tmol = 10'2 mol), or 4.5 Gt C, using an O5:C
ratio of 1.45. If we scale up the O, fluxes following Keeling et al.
[1998], we find that these values increase to 670 Tmol O, and 5.6
Gt C. These estimates are somewhat lower than the 6.60.4 Gt C
determined by integrating the remineralization estimates presented
in Figure 4. The difference may be due to production in the sea-
sonal thermocline, which is not reflected in SNO but which con-
tributes to aphotic zone remineralization.

We can compare the estimate of new production based on bio-
logical SNO to a corresponding estimate of primary production
based on the analysis of satellite observations by Antoine et al.
[1996]. Using their analyses, we have computed primary produc-
tion averaged over 10° latitude bands in each basin, integrated over
the same months over which biological SNO was computed; these
are also plotted in Figure 4. The pattern of primary production

generally mimics that of biological SNO poleward of 20° latitude.
Clearly, however, a greater fraction of primary production is new
in high latitudes compared to middle latitdues. Spatially integrat-
ing the seasonal primary production in the same way as the bio-
logical SNOQ yields a value of 11.8 Gt C for the extratropical
mixed layer, and thus an fratio of 0.38-0.46.

3.2.3. Coastal versus open-ocean biological SNO. It has been
suggested that a disproportionate fraction of new production
occurs in coastal waters, where primary production and fratios are
high [Eppley and Peterson, 1979]. It might therefore be expected
that biological SNO has a coastal bias as well. To check this, we
computed the fraction of biological SNO that occurs in coastal
waters, defined by those grid points whose mean depth is less than
600 m (13% of the ocean area in the Northern Hemisphere (NH)
and 5% in the Southern Hemisphere (SH), on our grid). We found
that the percent SNO that is coastal is approximately equal to the
fractional area (14% in the NH and 5% in the SH), revealing no
coastal bias. There are several possible explanations of this para-
dox. It may be that the O, flux maps do not properly resolve
coastal waters or that strong vertical mixing in coastal waters pre-
vents a large export of organic carbon from the mixed layer, which
is required in order to produce SNO. It is also possible that coastal
new production has been overestimated.

3.2.4. Relationship between thermal and biological SNO.
The thermal and biological components of the air-sea oxygen flux
are correlated not only temporally (Figure 2) but also spatially.
This is seen in Figure 5, a plot of biological SNO as a function of
thermal SNO in 10° latitude bands in all of the major ocean basins
(except the North Indian Ocean) poleward of 20 latitude. Such a
relationship is expected if, as Keeling et al. [1993] speculated, the
biological air-sea oxygen flux is related to the heat flux on the sea-
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Figure 5. Scatterplot of biological SNO as a function of thermal
SNO averaged over 10° latitude bands poleward of 20° latitude in
all of the major ocean basins except the North Indian Ocean. The
line is a visual fit to the data and has a slope of 1.6.

sonal time frame. On the basis of observed nutrient-temperature
relationships, Takahashi et al. {1993] suggested that biological
(new) production and heat flux were linked because solar radiation
drives both processes. A relationship between heat flux and new
production is also expected on the seasonal timescale because a
large seasonality in heat flux implies a large seasonality in mixed
layer depth, which causes a large entrainment of nutrients into the
euphotic zone. Here we see to what extent the relationship
between the latitudinal patterns in thermal and biological SNO is
consistent with observed phosphate-temperature relationships.

Mixed layer new production during the shoaling period can be
expressed as

Fg

Pl =5 @

where P has units of mol P m™ s, & is the mixed layer depth,

[PO,] is the mixed layer phosphate concentration, Fp is the bio-

logical air-sea oxygen flux, and r is the O,:P Redfield ratio. The

corresponding mixed layer heat balance for the shoaling period is

aTr

Q = hC, it &)

Combining the last two equations with (3) leads to the following

estimate of the phosphate-temperature relationship in the mixed
layer:

d[PO,] 1910, F,

dr  ~ r dT Fy’

Taking values of 170 for r [Anderson and Sarmiento, 1994], 6

pumol O, kg'! K*! for the second term (the average between 0 and

20°C), and 1.6 for Fg/Fr (Figure 5), we arrive at phosphate-tem-
perature relationship of 0.06 umol P kg! K\ Tukahashi et al.
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[1993], in their comprehensive study of middle and high latitude
surface waters in all of the major ocean basins, found phosphate-
temperature slopes of 0.05-0.11 umol P kg'! K1, with little sea-
sonal variation. Qur estimate is at the low end of this range, and
we expect this for two reasons. First, biological SNO has been
underestimated because of the overestimate of thermal SNO, as
discussed earlier. Second, the biological O, flux most consistent
with atmospheric O,/N, cycles should be slightly increased pole-
ward of 30° latitude. '

3.3. Annual Mean Fluxes

We now turn to the annual mean air-sea oxygen fluxes, as
shown in Figure 6 for each of the major ocean basins, along with
the thermal and biological components of the flux. Although the
thermal compouent of the flux is significant, the overall pattern of
the total flux is dominated by the biological component. The total
flux averaged over the World Ocean (Figure 6a), which is domi-
nated by the Pacific, is roughly symmetric about the equator, with
oxygen entering the ocean in subpolar (~60°) and equatorial lati-
tudes and leaving the ocean in middle latitudes. A distinct double
peak is apparent in middle latitudes with maxima at ~ 45°-50° and
15°-20°. The pattern of the zonally averaged annual-mean oxygen
flux generally reflects the corresponding pattern of the surface
oxygen anomaly (Figure 7), which includes significant adjust-
ments for sea level pressure variations, bulk-skin temperature dif-
ferences, and bubble injection.

Following the interpretation of marine biogeochemical models
of Stephens et al. [1998], we can qualitatively explain the World
Ocean zonal mean biological oxygen flux largely from the wind-
driven Ekman circulation. Nutrient-rich, oxygen-depleted water
upwells near the equator and in subpolar waters causing an influx
of oxygen from the atmosphere. In high latitudes, convection also
contributes to the upward flux of oxygen-depleted water. As the
water travels toward the subtropics, oxygen absorbed from the
atmosphere and oxygen produced from new production brings sur-
face waters close to equilibrium with the atmosphere. As the
waters continue toward the center of downwelling in the subtrop-
ics, new production continues, causing waters to become supersat-
urated. Some of the new nitrogen is probably also supplied by
eddy-pumping and nitrogen fixation [Falkowski et al., 1991;
Capone et al., 1997]. As nutrients become very low in the subtrop-
ics, however, new production slows, and air-sea transfer of oxygen
brings surface waters close to equilibrium again. These waters
downwell in the subtropics with very low nutrient content and
close the cycle by travelling meridionally in the aphotic zone,
increasing their nutrient content and decreasing their oxygen con-
tent. ’

There are a number of interesting differences in the annual
mean flux between the major ocean basins (Figure 6b-6d). The
influx in the high northern latitudes is much more intense in the
Atlantic than in the Pacific, consistent with the difference in ther-
mohaline circulation between the two oceans. Deep water forma-
tion, which is present in the North Atlantic but not the North
Pacific, causes a large thermal influx of oxygen from the atmo-
sphere. Similarly, deep convection in the North Atlantic creates a
biological influx by bringing deep, oxygen-depleted water to the
surface. The North Pacific shows a much smaller biological influx
but a much larger efflux at around S0°N, possibly due to the pro-
ductivity supported by the southward Ekman transport of high-
nutrient water (characteristic of the North Pacific) across the
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Figure 6. The zonal- and annual-mean sea-to-air oxygen flux and its thermal and biological components for the

major ocean basins and the World Ocean.

boundary between the subpolar and subtropical gyres. At the
equator, there is an efflux of oxygen from the Atlantic Ocean and
an influx into the Pacific ocean. The equatorial Pacific influx likely
reflects upwelling of oxygen-depleted water. Although upwelling
of cold, nutrient-rich, oxygen-poor water also occurs in the equa-
torial Atlantic, it does so to a much smaller degree, as evidenced
by the weaker SST minimum and nutrient maximum in the equa-
torial Atlantic as compared to the equatorial Pacific [Levitus and
Boyer, 1994b; Conkright et al., 1994]. More to the point, it
appears that nutrients that are upwelled in the equatorial Atlantic
are almost completely locally utilized, thereby causing the equato-
rial Atlantic to be an O, source to the atmosphere.

Support for the annual mean flux distribution can be found in
the three-dimensional marine biogeochemical models of Stephens
et al. [1998], which provide completely independent estimates of
the air-sea oxygen flux. The models and observations show the
same basic pattern of minima and maxima for the World Ocean,
the Atlantic, and the Pacific. Similar Pacific-Atlantic differences
are present in the model and observations, including the Atlantic
efflux and Pacific influx at the equator and the relatively strong
influx in the subarctic Atlantic. Throughout the southern high lati-
tudes, however, the models show a strong influx, while the obser-
vations show a weak influx or an efflux. This may reflect a
problem with the models, as suggested by simulations of atmo-

spheric potential oxygen [Stephens et al., 1998], or a problem with
the flux climatology, as discussed in Section 4.1 below.

3.4. Implied Meridional Oxygen Transport in the Atlantic
Ocean

The annual mean air-sea oxygen flux provides a means for
computing the annual mean meridional transport of oxygen in the
ocean, assuming that the vertically and annually integrated biolog-
ical source/sink function for oxygen is equal to zero. This assump-
tion is valid if most of the organic matter produced in the water
column is not transported across large (basin-scale) horizontal dis-
tances—such as would be the case if fast-sinking particles and
semilabile dissolved organic matter dominate the downward flux
of organic matter and sedimentary burial is small. From our analy-
ses, we computed the meridional transport of oxygen in the Atlan-
tic Ocean and compare with transport estimates made from
hydrographic sections and water mass analysis [Brewer et al.,
1989; Rintoul and Wunsch, 1991; MacDonald, 1993; Martel and
Wunsch, 1993; Keeling and Peng, 1995; Saunders and King,
1995]. We do not show results for other basins, where the flux
maps are less certain and independent transport estimates are few.
The net northward transport of oxygen in the Atlantic Ocean
(north of 35°S) at a given latitude is computed by horizontally
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Figure 7. Zonal and annual averages of the adjustments for sea
level pressure variations (8,) and skin temperature (87), and the
oxygen anomaly with (A[(gz]) and without (A[O,]") the adjust-
ments.

integrating the annual mean air-to-sea oxygen flux north of that
latitude (including the Arctic Ocean). There is a component of the
oxygen transport in the Atlantic due to flow through Bering Strait.
Some hydrography-based estimates of the transport include this
term, and we adjust them to make comparison with the air-sea
flux-based estimate straightforward. We estimate the O, transport
through Bering Strait as the product of the net flow (0.8 x 10° m?

s'! to the north [Roach et al., 1995]) and the mean oxygen concen-
tration. Because the sill depth at the strait is only 50 m, the water
flowing through the strait is mainly mixed layer water which
therefore has an oxygen content close to equilibrium with the
atmosphere. The oxygen saturation concentration at the average
temperature and salinity of Bering Strait seawater (0°C and 33 %o
[Roach et al., 1995]) is ~ 350 mmol m™. Thus there is a northward
flux of oxygen through Bering Strait of ~ 9 Tmol yr'l. The results
of the air-sea flux computation show that the meridional oxygen
transport in the Atlantic is generally to the south and in broad
agreement with independent estimates of the transport based on
inversion of hydrographic data and water mass analysis (Figure 8).

Although the annual mean oxygen transport at 30°N is to the
south, ice-free surface waters north of this latitude in the Atlantic
are supersaturated with oxygen, on average. A southward trans-
port exists in spite of this because the transfer velocity in winter,
acting on undersaturated waters, is substantially greater (due to
higher wind speeds) than in summer, when surface waters are
supersaturated. This point is highlighted by computing the meridi-
onal transport with different wind speed () dependencies of the
transfer velocity (k,,), which is also shown in Figure 8. In the Wan-
ninkhof formulation, k,, is proportional to u?. We also computed
transport with k,, proportional to u raised to powers of 0, 1, and 3
and kept the same temperature dependence. In all cases, k,, was
forced through the value of k,, predicted using the Wanninkhof
formulation at 7 m 5™, the approximate mean wind speed over the
ocean. The bubble injection flux was not changed. The results
show very large sensitivity to the functional dependence of &, on
u. This finding provides additional support for the Wanninkhof
[1992] formulation of k,, and compliments the finding by Keeling
et al. [1998], who were able to constrain the annual mean transfer
velocity for oxygen poleward of 30° latitude but not its wind speed
dependence.
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Figure 8. The meridional transport of oxygen implied by the air-sea oxygen flux in the Atlantic Ocean, along with
direct estimates of the meridional transport from inversions of hydrographic data and water mass analysis. The num-
bers on the four curves indicate the exponent of the wind speed in the gas transfer velocity formulation. See the text
for details. The southward transport driven by the flow through Bering Strait is not included in the estimate based on
the air-sea flux. The transport estimates from hydrographic sections, except for those of Martel and Wunsch [1993]
and MacDonald [1993], also do not include Bering Strait transport. The transports from these two studies have been
increased by 9 Tmol yr'! in order to be consistent with the other estimates.
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4, Uncertainties and Possible Biases in the Flux
Climatology

Uncertainties in the oxygen flux climatology related to sam-
pling, bubble-induced supersaturation, short-term (submonthly)
covariances between k,,, and A[O,], and the bulk-skin temperature
difference are now discussed. Our emphasis is on the potential
errors in the annual mean flux because biases in the seasonal vari-
ations have been effectively accounted for by the “calibration” of
the fluxes to measurements of atmospheric O,/N, [Keeling et al.,
1998].

4.1, Temporal Biases

There may be two temporal biases, a summertime bias and a
daytime bias, in the oxygen anomaly climatology of Najjar and
Keeling [1997] that could influence the results and interpretation
of the air-sea oxygen flux given above. Because there are many
regions with inadequate sampling during winter months, the
objective analysis routine of Najjar and Keeling {1997] fills in
such regions with neighboring months, causing a summertime bias
in the oxygen anomaly. Generally, this means that seasonal varia-
tions will be underestimated and that the annual mean oxygen
anomaly (and sea-to-air flux) will be overestimated. However, it is
certain that the summertime bias is greatest inhigh latitudes of the
Southem Hemisphere, as indicated by the SST analysis discussed
Najjar and Keeling [1997] and Keeling et al. [1998]. Since surface
waters in winter tend to be anomalously low in oxygen anomaly,
the annual mean influx of oxygen in high latitudes has probably
been underestimated, and the annual mean efflux in middle lati-
tudes has probably been overestimated, particularly in the South-
emn Hemisphere. Accounting for this would bring the flux
climatology in better agreement with the marine biogeochemical
models discussed earlier.

There may also be a bias in the computed air-sea oxygen flux
due to the diurnal cycle in the oxygen anomaly. This cycle comes
about as a result of diurnal variations in SST due to surface heat
flux and in oxygen due to photosynthesis and respiration. SST
generally peaks in the early afternoon and is at a minimum around
sunrise {Delnore, 1972; Price et al., 1986; Ravier-Hay and God-
frey, 1993]. Oxygen has essentially the same phasing, though the
maxima are reached in the late afternoon [Oudot, 1989; Robertson
et al., 1993]. While typical (trough to peak) amplitudes in SST are
of the order of a few tenths of a degree Celsius [Delnore, 1972;
Price et al., 1986], it is not unusual to find amplitudes as high as
1°C [Cornillon and Stramma, 1985; Price et al., 1987; Deschamps
and Frouin, 19841 and occasionally 3°C [Ravier-Hay and Godfrey,
1993} when winds are very weak. Thus amplitudes in the oxygen
saturation concentration can be of the order of several umol kg™'.
The amplitude in the oxygen concentration can also be consider-
able. Oudor [1989] and Robertson et al. [1993] both found ampli-
tudes of ~ 5 pmol kg'!. We expect therefore that the oxygen
anomaly could have a diurnal amplitude of 10 pmol kg'!, under
certain conditions, with the anomaly peaking in the midafternoon
and reaching its minimum value around sunrise. Many, though not
all, of the stations containing oxygen in the National Oceano-
graphic Data Center (NODC) archives include the time of day
when the cast was started. Of these, there is a clear preference for
casts to begin at 0900 local time. Around this time, there are twice
' the number of casts per hour than there are during the least favor-
able time to begin a cast, 0200 local time. As the oxygen anomaly

and the number of stations per hour are ~ 90° out of phase, it
appears that there should be very little bias in the NODC data set
due to the diurnal cycle.

4.2. Influence of Bubbles

The Spitzer and Jenkins [1989] model yields a global mean O,
bubble injection flux of about 2 mol m2 yr‘l, with seasonal varia-
tions typically of the order of * 20% (not shown). These fluxes, as
suggested by other investigators, are comparable to the biological
fluxes that are of primary interest. Models of gas injection vary
greatly, and no single model can capture the spatial and temporal
variability in measurements of gas supersaturation in the surface
ocean, sparse as those measurements might be. Thus, as noted by
Emerson et al. [1993], until better agreement with observations
can be found, “determination of the air injection flux from wind
speed and empirically determined parameters alone will be a risky
exercise.” Here, however, our large-scale seasonal fluxes are less
impacted by these uncertainties due to the constraint imposed by
the atmospheric O,/N, observations.

4.3. Short-Term Covariances

Using one-dimensional ecosystem models, Keeling et al.
[1998] suggested that seasonal net outgassing and ingassing is
overestimated when computed from monthly means of &, and
A[O,], the reason being that high wind events drive the surface
ocean toward saturation. Short-term variability, however, is much
greater in the winter time, when storms are more frequent and
intense. Thus it is likely that the ingassing overestimate due to
ignoring short-term covariations is larger than the corresponding
outgassing overestimate, leading to an overestimate of the annual
mean air-to-sea oxygen flux. The overestimate would also be
greater at higher latitudes, causing an overestimate of the equator-
ward transport of oxygen in the ocean.

4.4. Thermal Skin Correction

Using the Hasse [1971] formula, the oxygen skin temperature
correction, 87, has a global mean value of ~ 1 umol kg'1 and sea-
sonal variations typically of the same magnitude. Since 1 pmol kg”
! translates into an air-sea oxygen flux of ~ 2 mol m yr'1 (using a
transfer velocity of 20 cm hr'l), the skin temperature correction is
not trivial. Models of the bulk-skin temperature difference vary
greatly and generally make predictions that have errors as large as
the signal [Wick et al., 1996; Donlon and Robinson, 1997]. Thus
we suspect the uncertainty in the air-sea oxygen flux due to the
skin-temperature computation is at least 1 mol m™ yr'1 and possi-
bly larger.

5. Conclusions

We have presented a global climatology of the mean annual
cycle of the air-sea oxygen flux constructed from separate clima-
tologies of the surface oxygen anomaly and wind speed. In quali-
tative terms, we confirm a global pattern that was suggested many
decades ago by Richards [1957, page 190], based on earlier work
by Redfield {1948] on the annual O, cycle in the Gulf of Maine:

The general ideas presented by Redfield must apply to the sea as a
whole, with oxygen entering the sea surface for most of the year in
polar regions and in regions where upwelling brings oxygen-deficient
water to the surface, and leaving the sea surface most of the year in the
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tropics, where photosynthesis and high temperatures favor excesses of

oxygen. Seasonally alternating periods of oxygen exchanges in oppo-

site directions would be expected in the temperate zones.

In addition, the flux climatology is seen to be generally consis-
tent with a suite of independent data sets and models. Specifically,
we find the following:

(1) Seasonal variations in the flux are consistent with seasonal
variations in the atmospheric O,/N, ratio, as simulated in two dif-
ferent atmospheric transport models [Keeling et al., 1998; Maloir,
1998].

(2) Large-scale interbasin differences in the mean annual cycle
of the biological component of the flux are qualitatively consistent
with the primary productivity atlas of Antoine et al. [1996].

(3) The thermal and biological components of the air-sea oxy-
gen flux are correlated, suggesting a relationship between heat flux
and new production that is quantitatively consistent with observed
surface phosphate-temperature relationships on the seasonal
timescale.

(4) Spring/summer mixed layer new production, inferred from
the biological air-sea oxygen flux in the extratropics, is quantita-
tively consistent with the drawdown of oxygen in the aphotic zone
due to respiration during the same time period.

(5) Latitudinal and interbasin variations in the air-sea oxygen
flux are qualitatively similar to those variations simulated by
three-dimensional marine carbon cycle models, though there are
significant differences in the Southern Ocean.

(6) The meridional oxygen transport inferred from the air-sea
oxygen flux is consistent with transport estimates made from
water mass analysis and inversion of hydrographic data in the
Atlantic Ocean.

A secondary conclusion is that extratropical mixed layer new
production estimated for the spring/summer period is 4.4-5.6 Gt
C, with a corresponding f ratio of 0.38-0.46. Finally, we find that
the estimates of seasonal net outgassing of Keeling and Shertz
[1992] are too high by at least 100% in the Northern Hemisphere
and 70% in the Southern Hemisphere.

Despite the overall consistency of the O, flux climatology with
other independent data ‘sets and models, there are a number of
improvements that are needed if the climatology is to be used for
finer-scale studies in addition to the basin-wide and global-scale
analyses of the type made here. With few exceptions, the oxygen
measurements are too sparse to be used very effectively for
regional analyses of the mean annual cycle of the air-sea oxygen
flux. Thus better coverage, particularly in the Southern Ocean is
needed. A second area of improvement is in modeling the air-sea
gas transfer velocity. This is needed particularly for making reli-
able estimates of the annual mean air-sea oxygen flux. The large
sensitivity of meridional O, transport to the wind speed depen-
dence of the transfer velocity highlights this difficulty. Third,
models of bubble-induced O, supersaturation must be improved.
The potential error here is quite large. For the models of the trans-
fer velocity and bubble-induced supersaturation to be useful for
large-scale analyses of the type made here, they must be able to
exploit data sets available at global scales, such as those retrieved
by satellite. Fourth, and finally, better understanding and quantifi-
cation of the thermal skin effect and short-term covariances are
needed in order to accurately assess their impacts on the air-sea
oxygen flux.
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