SOLAS Science Plan and Implementation Strategy

Focus 3: Air-Sea Flux of CO, and Other Long-lived

Radiatively Active Gases

The air-sea CO» flux is a key inter-reservoir exchange within the global carbon cycle. The oceans also
play an important role in the global budgets of other long-lived radiatively active gases including NoO and
to some extent CHy4. The objective of Focus 3 is to characterise the air-sea flux of these gases and the
boundary-layer mechanisms that drive them, in order to assess their sensitivity to variations in environ-

mental forcing.

The ocean acts as a major sink for anthropogenic CO»,
absorbing 25-35% of fossil fuel CO; emissions (Prentice
et al., 2001). The associated net air to sea flux of CO,

is controlled by the solubility of CO; and the rate at
which ‘older’ deep ocean waters are exposed to an atmo-
sphere with elevated partial pressure of carbon dioxide
(pCOy) relative to preindustrial levels. This ‘anthro-
pogenic’ flux is superimposed on a geographically and
temporally varying pattern of large natural exchanges.
These exchanges are determined by a variety of pro-
cesses, including heating and cooling of surface waters,
biological uptake and export of organic carbon from the
surface layer, marine biocalcification, and the upwelling
of carbon-rich deep waters into the surface layer. In the
preindustrial ocean, regions where the net flux of carbon
was from the ocean to the atmosphere (source regions)
were linked to sink regions by carbon transport carried
by sinking particles and ocean circulation. The increas-
ing pCO; of the atmosphere since 1750 has tended

to increase the air to sea flux in COj sink regions and
decrease the sea to air flux in the source regions, leading
to increased carbon storage within the ocean.

The local air-sea CO5 flux can be estimated from
measurements of the partial pressure difference across
the air-sea interface, assuming that gas exchange is well
understood (Activity 2.1). In principle, integration

of such local fluxes permits quantitative estimation of
atmosphere-ocean fluxes on the global scale, and hence
quantification of one of the major inter-reservoir fluxes
in the global carbon cycle. This becomes possible with
the establishment of a global observing network for sea
surface pCO3, plans for which are developing rapidly.
Basic research into the variability of air-sea CO; fluxes is
urgently required to guide both the design of the global
measurement network and the optimal utilization of its
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products. Even in the absence of a global network, char-
acterisation of regional-scale variability when combined
with atmospheric data and models can be used to reduce
uncertainties in both ocean-atmosphere and land-atmo-

sphere CO» fluxes (Activity 3.1).

Future changes in ocean temperatures and circula-
tion, nutrient supply and other alterations in biological
carbon cycling associated with global change have the
potential to alter the anthropogenic and natural com-
ponents of the air-sea CO; flux on regional and global
scales. A prerequisite for the prediction, assessment and
identification of any such change is the characterisation
of the present-day air-sea CO» flux and the processes
responsible for driving it and its variation. Examination
of proxies of surface water pCO5 in the sediment record
can also be used to reveal the sensitivity of air-sea fluxes
to climate variations.

In addition, the ocean plays an important role in the
global budget of at least two other long-lived, radiatively
active gases. Notably, NyO and CHjy are both produced
within the ocean and released to the atmosphere, where
they act as greenhouse gases, as well as participating
actively in tropospheric and stratospheric chemical
cycling. The air-sea flux of these species may be cli-
mate-sensitive, although less field observations exist for
these gases than for CO», and there have been far fewer
process studies that can be used to assess such sensitivity.
Studies of trace gases are particularly lacking in coastal
ecosystems. These areas are extremely diverse, subject to
large exchanges and have extensive zones of very high
N,O and CHy production, often enhanced by anthro-
pogenic activities. An understanding of trace gas fluxes
in these areas is therefore of high importance.
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Activity 3.1 - Geographic and Sub-Decadal Variability of Air-Sea CO» Fluxes

The oceans contribute significantly to sub-decadal variability in the growth rate of atmospheric pCO..

Introduction

The uptake of anthropogenic CO; by the oceans is a
global-scale net perturbation of the ‘natural’ temporal
and geographic variability of air-sea CO; fluxes. Further,
the regional and temporal distribution of CO3 in the
atmosphere is determined by both ocean-atmosphere
and land-atmosphere fluxes. Hence, characterisation of
ocean-atmosphere CO; flux variability is fundamental
to the estimation of net CO; uptake by the oceans and
to the understanding of processes driving atmospheric
CO3 variations.

Increasingly, inverse modelling is being used to infer
unknown regional and temporal distributions of carbon
sources and sinks at the land and sea surfaces, based on
measured atmospheric gradients of the partial pressure
of carbon dioxide (pCO3) and carbon-related proper-
ties (e.g. O, 13C), together with atmospheric transport
models. Geographic and temporal distributions of
atmospheric pCO; (and other carbon-related properties)
arising from known fossil fuel emissions are predicted,
and the magnitude and regional distribution of ocean
and land surface sinks adjusted to match the measured
atmospheric distributions. A major goal of such stud-
ies, driven partly by international attempts to control
carbon emissions, is the characterisation of difficult

to measure net carbon fluxes at the land surface. Such
approaches suffer inevitable limitations arising from
inadequate specification of atmospheric transport and
mixing (e.g. Denning et al., 1999), as well as imperfect
knowledge of atmospheric distributions. Specification of
additional constraints on regional and/or global air-sea
fluxes should allow improved definition of the location
and magnitude of the land-atmosphere fluxes (Tans et
al., 1990; Fan et al., 1998). In order to develop and
apply such constraints, detailed information is required
not only on the mean air-sea fluxes but also their vari-
ability. Specifically, inverse models of atmospheric CO;
and COj-related data will benefit from information
concerning regional and temporal (seasonal to decadal)
variability of the air-sea flux of CO; and carbon-related
properties.

The potential also exists to utilise an increased knowl-
edge of variability in sea surface pCO, and CO; fluxes
to diagnose the sensitivity of coastal and open ocean
carbon fluxes to perturbations such as climate change.
The variability can be either observed directly (e.g. sub-
decadal variability based on time series measurement)

or reconstructed on the basis of palaeo records (e.g. ice
core data or proxy data recorded in ocean sediments).
Presently, there is controversy concerning the relative
magnitude of the interannual variability of land-atmo-
sphere and ocean-atmosphere surface fluxes (Rayner and
Law, 1999). If the relative oceanic and terrestrial con-
tributions to atmospheric CO; , 13C and O, variability
can be resolved, the observed sensitivity of land-atmo-
sphere and air-sea carbon fluxes to climate perturbations
will become a critical test of the ability of global carbon
cycle models to predict future uptake under an altered
climate.

State of Present Understanding

Surface water pCO; measurements collected over three
decades have been extrapolated and interpolated in
space and time (Takahashi et al., 2002) to estimate the
global distribution of the net flux of CO; between the
ocean and the atmosphere (Figure 16). Climatologies of
seasonal surface water oxygen partial pressures have also
been compiled (Najjar and Keeling, 2000). This type
of information can contribute directly to quantitative
understanding of the contemporary global carbon cycle,
including terrestrial biosphere processes, through the
provision of constraints for use in atmospheric inversion
modelling. However, despite considerable effort, the
available surface water pCO; data remain sparse with
respect to geographical and temporal coverage, and are
compromised by variable measurement accuracy among
the archived data sets employed. At present, it is neces-
sary to collapse or normalise all extant surface ocean
data into one ‘virtual year” in order to produce a global
map. Even assuming invariant physical and biological
controls on surface pCO», such a normalisation is non
trivial because atmospheric pCO3 is increasing. The
corresponding surface ocean pCO); increase may either
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parallel, lag behind or even conceivably slightly exceed
(Wallace, 2001) the rate of atmospheric pCO)j increase,
depending on the circulation and mixing dynamics of
the specific ocean region in question. If surface ocean
pCOy, varies significantly from year to year, the produc-
tion of such flux climatologies from sparse data becomes
even more problematic.

Figure 16. Global climatology of the annual net air-sea CO,
flux based on interpolation of air-sea pCO, differences ref-
erenced to the year 1995 (Takahashi et al., 2002). Reprinted
with permission from Elsevier Science.
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Significant interannual variability as large as

2 PgC yr'! has been observed in the overall rate of
increase of atmospheric pCO; over the past 40 years.
These interannual fluctuations in net CO; sinks and
sources are comparable in magnitude to the mean
accumulation rate of fossil fuel-CO; in the atmosphere.
There is major ongoing controversy concerning the
degree to which such interannual variability is caused by
changes in ocean-atmosphere carbon flux, variations in
the land-atmosphere flux, or both. Time series studies in
the equatorial Pacific Ocean have shown strong interan-
nual variability of the air-sea flux of the order of 0.6 PgC
yr'l (Feely et al., 1999). Studies in the Greenland Sea
have also shown large year-to-year variations in air-sea
CO, flux, associated with variable climate forcing and
ice cover changes (Skjelvan et al., 1999). However, there
are few other extant data sets from regions subject to
large net annual air-sea fluxes, including coastal regions,
with which to evaluate such flux variability directly.

Time series measurements of atmospheric CO», 13C and
O2/Nj can, in principle, be used to separate terrestrial
and oceanic sources of variability of atmospheric pCO5.
Analyses of such data (Francey et al., 1995; Keeling
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et al., 1996; Battle et al., 2000) have apportioned this
variability in different ways, but all such studies imply
that variability of the ocean-atmosphere flux contributes
significantly. On the other hand, ocean modelling stud-
ies (Le Quéré et al., 2001) and attempts to extrapolate
air-sea flux variability globally (Lee et al., 1998) and
regionally (Boutin et al., 1999) imply low ocean-atmo-
sphere flux variability. Terrestrial carbon cycle models
appear able to explain all observed atmospheric variabil-
ity by invoking changes to terrestrial productivity only
(Prentice et al., 2001). Resolving such inconsistencies
and imposing stricter constraints on carbon cycle models
will require continued atmospheric time series measure-
ments of such properties, as well as better understanding
of the magnitude and causes of variability in the air-sea
flux of CO; and carbon-related properties, including O,
and 13C.

Despite the impressive global picture shown in

Figure 16, the relative scarcity of oceanic pCO; data,
which it hides, together with uncertainty in the gas
transfer velocity (Activity 2.1), mean that net flux
estimates are currently subject to uncertainties of as
much as 50-75% (Takahashi et al., 1997; 1999; 2002).
The situation for other important carbon-related tracers
(13C, Oy) is no better. A major goal of SOLAS is to
reduce this level of uncertainty through better param-
eterisation of gas exchange (Focus 2) and the collection
of quality high resolution surface ocean and atmospheric
data. Improvements in both global and regional flux
estimates should be pursued; even in the absence of
global coverage, regional flux estimates from key ocean
regions can be of considerable value as constraints on
inverse models.

Major Issues that Require Resolution

» What is the magnitude and temporal vari-
ability (seasonal, interannual and longer)
of the air-sea flux of CO;, O, and 13C on
regional to global scales? Such information
can provide a powerful constraint for carbon
cycle models aimed at identifying the global
distribution of sources and sinks for atmo-

spheric CO,.

» Is this observed variability accurately rep-
resented in carbon cycle models and what
scales of flux variability (space, time) can be
detected from the inversion of fixed point
atmospheric time series? Numerical models
provide an alternative way to estimate regional
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and global-scale air-sea fluxes and their variabil-
ity. Atmospheric time series of carbon-related
properties integrate air-sea flux variability over
large temporal and spatial scales. These scales
must be defined in order to guide interpretation
of time series and optimise the design of future
measurement networks.

Specific Goals

I.  Support the establishment of surface ocean and
atmosphere carbon observing systems (includ-
ing associated data assimilation schemes) suited
to constraining net annual ocean-atmosphere

CO> flux at the scale of an ocean basin to less
than 0.2 PgC yrl.

II. Ciritically evaluate the performance of prognos-
tic carbon cycle models against field observa-
tions of seasonal and interannual variability, in
order to guide model development and gain
insight into the impact of changed forcing.

ITII. Use observation-based estimates of air-sea fluxes
and atmospheric inversion models to improve
determinations of the magnitude and location
of terrestrial carbon sinks.

Promising Approaches and
Implementation Strategy

The accuracy of air-sea CO; flux estimates is critically
dependent on parameterisation of the gas transfer veloc-
ity. However at the same time as an effort is made to
reduce this uncertainty (Activity 2.1 and 2.3), a con-
certed effort should also be made to obtain data suitable
for assessing geographical and temporal variability of the
air-sea CO» flux. This objective is within reach using
currently available technologies and sampling platforms
(see Doney et al., 2002), as well as from the analysis of
palaeo records.

It is not the intention of SOLAS to establish a global-
scale pCO; observing system. Rather, SOLAS will
contribute to the design and support of the measure-
ment infrastructure needed for estimating pCO, fluxes
on basin scales. The basis for such estimates should

be basin-scale surveys of the air-sea pCO; difference
(including measurements in coastal regions). Platforms
that can be used for this purpose include volunteer
observing ships, time series moorings (e.g. tethered
surface buoys and/or sub-surface moorings that are

equipped with near-surface sensor packs) and drift-
ing buoys. The implementation issues associated with
this effort have been worked out in several planning
documents (see links and references to planning docu-
ments at the IOC-SCOR CO; Panel website http:
/lioc.unesco.org/iocweb/co2panelObsProgs.htm#st
rategydocs), including the US-led Large-Scale CO,
Observing Plan (http://www.ogp.noaa.gov/mpe/gcc/
co2/observingplan/). SOLAS will ensure that its efforts
are integrated with other national, regional and global
programs through the International Ocean Carbon
Coordination Project (http://ioc.unesco.org/ioccp).

The logistical demands of such a measurement pro-
gramme, including the need for several streams of
supporting data such as temperature, salinity and meteo-
rological data, implies that this activity should not be
conducted by SOLAS in isolation. Rather SOLAS should,
whenever possible, make use of, and share responsibility
for, basic infrastructure that exists or is planned under
other activities (especially ocean observing system pro-
grammes such as GOOS and GCOS). Of particular sig-
nificance would be linkages to climate and meteorological
observation programmes, for example that of the WMO
and the IOC JCOMM Ship Observations Team. Many
of the supporting parameters required for estimating
CO; fluxes are measured regularly from JCOMM’s global
network. This Team is presently developing a pilot project
to expand the set of measurements to include certain
biogeochemical parameters; SOLAS is a logical partner

in this effort. In addition, regular meridional transits by
Antarctic supply ships provide valuable opportunities to
sample the remote Southern Ocean.

SOLAS can, of course, also establish its own indepen-
dent measurement platforms, in cases where no suitable
sharing of platforms is possible. Any such ‘SOLAS-only’
platforms should be selected carefully in order to:

*  Fill gaps in measurement programmes that are
critical for estimating CO; fluxes.

*  Provide possibilities for synergistic interac-
tions with other SOLAS activities (e.g. support
atmospheric chemistry sampling on volunteer
observing ship lines).

*  Provide a regional and temporal context for

SOLAS process studies and campaigns.

Measurements from all such platforms should include
pCO3 in both surface water and the atmosphere. It
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should be noted that uncertainty in the difference
between bulk mixed layer temperatures and the skin
temperature can lead to significant uncertainty in
estimates of the air-sea CO; flux (Activity 2.1). Hence,
simultaneous measurements of skin temperature will be
of value for refining flux estimates. The GODAE High
Resolution Sea Surface Temperature Pilot Project is
developing this capability. Whenever possible, the atmo-
spheric observations should be of sufficient quality to
enhance the existing atmospheric observation network.
The surveys should also collect data required to calculate
oxygen fluxes and, when possible, carbon isotope fluxes.
The measurements will have to be interpolated between
observing locations and between measurement times.
Remote sensing will be a particularly powerful tool for
the spatial and temporal interpolation of these surface-
layer measurements. Hence, the planned measurement
programme should include key supporting variables that
will prove useful for the extrapolation and interpolation
of pCO;, data using data assimilation modelling and/or
remote sensing (e.g. nutrients, chlorophyll and particu-
late organic carbon).

Understanding of the biological and physical factors
underlying air-sea CO» flux variability has benefited
greatly in recent years from the interpretation of atmo-
spheric and oceanic time series data, as well as the
analysis of palaco records. At present however, there are
few ocean time series located in regions subject to major
air-sea CO; disequilibrium and consequent large fluxes
and, potentially, significant flux variability. SOLAS and
other ocean research projects urgently require additional
oceanic time series in such regions (e.g. high latitude
North Atlantic Ocean, Northern Indian Ocean, South-
ern Ocean, Equatorial Pacific Ocean and coastal envi-
ronments, including upwelling regions). The response
of surface pCO» to large biological and physical forcing
fluctuations is recorded within time series of proxy vari-
ables in ocean sediments. Detailed examination of these
and other palaco archives can be used to examine link-
ages between climate, biological processes and surface
water pCO; over longer time scales. Collaboration with
PAGES will be critical to success in this area.

Finally, time series of atmospheric CO,, O2/N3 and
13C provide valuable alternative, complementary infor-
mation concerning air-sea fluxes. Rapid atmospheric
transport and mixing implies that these time series
integrate the effects of spatially variable fluxes and are,
of course, also affected strongly by exchanges with the
terrestrial biosphere.
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In addition to supporting immediate use of observ-

ing systems based on existing technologies, SOLAS
should pursue technology developments in order to
make observational approaches more efficient, and to
address logistical limitations on improved data coverage
(e.g. use of autonomous instrumentation). Commercial
ships could play a major role in the conduct of SOLAS
as they are excellent platforms for sampling both the
surface ocean and the lower atmosphere. Conducting
science from commercial shipping vessels is not trivial,
however, and requires that measurement systems can

be rapidly installed, easily maintained and not impact
ship’s operations. SOLAS should give high priority to
the development of robust and compact measurement
systems suited for use on volunteer observing ships. This
development programme could extend beyond pCO,
measurement systems to include, for example, compact
mass spectrometry systems for carbon isotope analysis,
biological/bioptical sensors and water sampling devices.
In the longer term, priority should be given to working
with the shipping industry on the design of standardised
installations that can be built into the next generation of
commercial vessels.

The development of improved technologies for fixed
point moored measurements and profiling sensor
platforms should also be supported. Sensors and mea-
surement systems for the autonomous measurement of
near-surface pCO» are already commercially available
but can certainly be improved. Problems exist with the
deployment of such sensors for long periods in the ocean
surface layer. These problems include biofouling, as well
as risks to near-surface sensors and moorings associated
with wave action, ship traffic and ice. SOLAS should
encourage further development of methodologies for
making long-term autonomous measurements in the
oceanic surface layer, and work collaboratively with
CLIVAR and others on the design and deployment of

near-surface moorings.

At least three main classes of models are relevant to this
activity:

I.  Data assimilation into models offers the pos-
sibility to combine surface ocean observations,
as well as remotely sensed data, with informa-
tion derived from the model, to extrapolate/
interpolate sparse pCO> observations in space
and time. In principle, this should provide
a more comprehensive picture of the air-sea
carbon flux distribution. Basic experimental,
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statistical and theoretical work is required to
develop such approaches. Links to operational
oceanography and modelling programmes will
be encouraged.

Inverse modelling of atmospheric observations
will continue to play a major role in improving
our estimates of the contribution of the ocean
to variability of atmospheric CO;. Such model-
ling should explore the sensitivity of inversions
of atmospheric CO;, O2/N; and 13C data to
constraints imposed by observation-based esti-
mates of the air-sea flux.

Understanding of the processes governing the
air-sea carbon flux should be incorporated into
advanced, prognostic, coupled atmosphere-
ocean carbon cycle models. These models will
ultimately permit the analysis of the effects

of future forcing variability on air-sea carbon
fluxes. They can be tested and refined through
direct comparison with observed variability and
against the palaco record, in cooperation with

PAGES.
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Activity 3.2 - Surface Layer Carbon Transformations in the Oceans:

Sensitivity to Global Change

Carbon transformations within the ocean’s surface layer are sensitive to global environmental changes

predicted for the next 100 years.

Introduction

The ocean is a large sink for anthropogenic CO; due to
the partial re-equilibration of surface and interior ocean
waters with the increased atmospheric pCO of the
industrial era. Most studies and models of anthropogenic
CO uptake have treated this uptake as a perturbation
superimposed on top of a steady state, natural oceanic
carbon distribution. With such approaches, the mecha-
nisms and rates of the processes controlling the natural
cycle of carbon in the ocean are assumed to remain
unaffected (e.g. Sarmiento et al., 1992). Future changes
in ocean circulation and stratification, may strongly affect
this anthropogenic perturbation of the air-sea carbon flux
(e.g. Sarmiento and Le Quéré, 1996). It remains an open
question as to what extent the mechanisms and rates of
processes involved in the ocean’s natural carbon cycle
may also alter as a result of future climate change or other
environmental forcing, and whether such changes might
significantly affect atmosphere-ocean carbon partition-
ing. As the coastal oceans are generally net heterotrophic
bodies, future alterations in rates of biological processes
may affect whether these regions will be net sources or

sinks of atmospheric CO,.

That the natural partitioning of carbon between the
atmosphere and the ocean and land is sensitive to climate
is clear; the ice core record of atmospheric pCO» varia-
tion over glacial-interglacial periods shows this unequivo-
cally (Petit et al., 1999). At present, there is no single
agreed-upon and comprehensive explanation for these
changes. An improved understanding of such dramatic
natural changes will help reveal the carbon cycle mecha-
nisms that are sensitive to climate variability, and that
need to be evaluated in the context of future change.

An understanding of the mechanisms underlying past
change is necessary to guide the research required for pre-
diction of carbon cycle behaviour in the future. However,
the future may look quite different from the past. For
example, the global-scale climate forcing associated with
anthropogenic climate change is potentially more rapid
than that which occurred over glacial-interglacial transi-
tions. Further, atmospheric CO has already reached
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levels that are unprecedented for the past 15 million

years (Prentice et al., 2001). Chemically, this implies an
atmosphere-ocean system that is in a state of significantly
reduced buffer capacity. The effect of this on the climate
sensitivity of air-sea carbon partitioning cannot be assessed
straightforwardly. In addition, if climate predictions are
correct, the Earth will become significantly warmer in the
next few centuries than it has been for at least the past
400,000 years. The glacial-interglacial changes of pCO;
(peak to peak change of less than 100 ppmv) reflect transi-
tions into climates cooler than present. The maximum
atmospheric CO; level recorded in ice cores (less than

300 ppmv) are also significantly lower than the present-
day level of ~370 ppmv. Hence there is no recent palaco
analogue for a rapid (i.e. decade to century) transition into
a significantly warmer, high pCO, world.

However, in terms of identifying and understanding the
processes responsible for ocean pCO; changes, these
should be similar now and in the future to those that oper-
ated in the past. Thus, although unprecedented system
changes are in prospect, palaco studies offer an important
means to identify key processes and develop understand-
ing and models of the operative processes.

State of Present Understanding

The potential for future alteration of the large natural
component of the air-sea carbon flux is hard to predict
with our current level of understanding of processes or
from comparisons with the past. Factors that can drive
changes in the partitioning of carbon between the ocean
and the atmosphere can be subdivided into two cat-
egories: physico-chemically mediated and biologically
mediated. The physico-chemical factors are relatively well
understood and can already be parameterised in ocean
models. They include:

Warming

CO;, is less soluble in warmer water. Any global warm-
ing will tend to increase surface water temperatures and
progressively reduce the effectiveness of the ocean sink
for CO;. Temperature changes can also drive biologically
mediated effects (see below).
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Buffering changes

The ability of surface waters to dissolve anthropogenic
CO; tends to decrease as more CO)j is taken up. Future
decreases in ocean buffering, associated with higher CO,
concentrations, will inevitably and significantly decrease the
effectiveness of the ocean sink (e.g. Sarmiento et al., 1995).

Sea ice extent

Changes in sea ice extent in the Southern Ocean are
hypothesised to have caused large changes in atmo-
spheric pCO» over glacial-interglacial time scales
through controls on the rate of air-sea exchange (Ste-
phens and Keeling, 2000). A rectification of the bio-
logically driven air-sea carbon flux has been proposed
for seasonally ice covered regions associated with the
timing of biological production, gas exchange and sea
ice cover (Yager et al., 1995). Large-scale changes in

ice cover are predicted to occur under global warming
scenarios (Houghton et al., 2001) and may even already
be observable in the Arctic (e.g. Parkinson et al., 1999).
Climate-driven changes in sea-ice extent should there-
fore be evaluated for their direct and indirect roles in
altering future air-sea fluxes (Activity 2.1).

Fresh water input

One of the scenarios emerging from global climate
models is that the global water cycle will change consider-
ably both in terms of geographical variations and strength.
In addition, there is expected to be an increased melt
water flux from ice covered areas. These projections will
have a significant effect on ocean circulation, ecosystems
and surface water chemistry. The effect of such projec-
tions needs to be analysed in terms of changes in air-sea

gas exchange. This work will benefit from cooperation
with GEWEX and the use of its global data sets.

Windiness/storminess/climate variability

Storms are important in the open ocean for driving
exchanges across the air-sea interface (e.g. Bates et al.,
2002) and for deepening of near-surface mixed layers.
The latter is associated with entrainment of nutrients as
well as dissolved inorganic carbon into surface waters.
Wind patterns also determine the overall distribution
and strength of Ekman pumping and suction, as well

as coastal upwelling, therefore controlling additional
important vertical transfers of COj, nutrients, etc.,

in and out of the surface mixed layer. To date, climate
model projections of future changes in storminess show
no clear agreement, although there are suggestions that
there may be fewer small extra-tropical storms but a

larger number of larger, stronger storms. Such changes
in the frequency and intensity of storm events will have
consequences for mixed layer ecosystem dynamics,
carbon cycling, and fluxes that should be explored using
biogeochemical models.

Natural modes of climate variability have been shown
to have strong effects on air-sea CO; fluxes (e.g. ENSO
and more recently, the North Atlantic Oscillation).
Future changes in these modes, associated with climate
change, are therefore also likely to impact future atmo-
sphere-ocean fluxes.

Biologically mediated processes

To date, these have generally been viewed as having
played little or no direct role in the uptake of anthropo-
genic CO,. However Falkowski et al. (1998) list three
classes of biologically mediated factors that could alter
the future air-sea flux and carbon partitioning:

*  Changes of nutrient inventories within the ocean;

*  Changes in the utilisation efficiency of major
nutrients at the ocean surface;

*  Changes in the elemental composition of
biogenic material sinking from the surface
ocean (including the organic carbon to calcium
carbonate ‘rain ratio’ of material exported from
the surface layer).

The two main classes of processes operating within the sur-
face ocean that might lead to changes in these factors are:

I.  Changes in the external supply of biologically
limiting nutrients (Fe, Si, N and P; see Activities

1.4 and 1.5).

The potential for short-term control on pCO; has been
dramatically illustrated by iron-enrichment experiments
(Figure 17). Alteration of fixed nitrogen supply from
internal sources and sinks as a result of % sizu nitro-

gen fixation (or denitrification) can also alter nutrient
inventories, carbon export and surface water pCO,.

A relationship between nitrogen fixation and external
inputs of iron has been hypothesised (Falkowski, 1997)
but is contested (Sanudo-Wilhelmy et al., 2001), and
has not been experimentally tested (Activity 1.4). Nitro-
gen fixation in surface waters of the North Pacific Ocean
sub-tropical gyre has been suggested to be climate-sensi-

tive (Karl et al., 1997).
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Figure 17. Surface water carbon dioxide fugacity (fCO,)
during SOIREE (Watson et al., 2000). Reprinted with per-
mission from Nature, Macmillan Magazines Limited.
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II. Changes in surface marine ecosystems can directly
affect air-sea CO, fluxes.

For example, the distribution of calcareous versus
siliceous planktonic organisms may have had significant
consequences for surface water alkalinity, pCO; and
air-sea fluxes in the past (Archer and Maier-Reimer,
1994). Marine ecosystem structure, in turn, is affected
by climate-related factors including temperature, cloudi-
ness, nutrient availability, mixed layer physics and sea
ice extent. Over the next 100 years, at least two direct
forcing changes on surface ocean biogeochemical pro-
cesses should be considered: increased temperature and

decreased pH.

Current IPCC scenarios and coupled atmosphere-ocean
climate models lead to mean predicted increases in
surface air temperatures of 2.2 to 3 °C over the next 100
years. This implies surface water temperature changes

of similar magnitude. In contrast to studies of the
terrestrial biosphere, where the effects of warming on
plant growth and soil respiration have been extensively
studied, there has been remarkably little analysis to date
of the potential consequences of systematic warming

on surface ocean processes. Laws et al. (2000) found
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that the ratio of carbon export to total production in
the ocean surface layers varies inversely with ambient
temperature. This implies that the “export efficiency”
will decrease in response to the expected warming of
surface waters. This is consistent with the finding that
bacterial growth efficiency decreases and bacterial respi-
ration increases with increasing temperature (Rivkin and
Legendre, 2001). Since bacterial respiration represents
a large fraction of community respiration, warming of
surface waters should result in more rapid near-surface
respiration of organic material, consistent with a lower-
ing of export efficiency. Additional research into the
response of surface-layer processes to warming, includ-
ing examination of the response to past climate change
recorded in palaeo records, is warranted.

The dissolution of anthropogenic COj in surface sea-
water since preindustrial times implies that the global
average surface water pH has decreased by 0.12 units. A
further decrease of 0.25 units will occur during the next
century if atmospheric CO; concentration rises to 750
ppmv (Figure 18). This downward shift is comparable in
magnitude to the full present-day range of surface water
pH (7.7 to 8.2). The potential effects on marine ecosys-
tems are not well understood, but are likely to include
deleterious effects on calcite and, particularly, aragonite-
forming organisms, with potential consequences for
surface water alkalinity and pCO,. Recent studies with
corals and coralline macroalgae have shown that calcifi-
cation rates are significantly reduced by changes of this
magnitude (Gattuso et al., 1998; Langdon et al., 2000;
Riebesell et al., 2000). Laboratory experiments carried
out on planktonic calcifying microalgae demonstrate
that biocalcification rates are also very sensitive to pH
changes in these organisms. Initial results suggest that
planktonic calcification could decrease by 16-83% for
an increase of surface water pCO> to 700-800 ppmv
(Figure 19). Such changes would represent potentially
important feedbacks on oceanic uptake of CO», as well
as having significant impacts on oceanic life. Decreases
in pH could also, conceivably, have more complex
effects, such as increased mobilisation of trace nutrients,
with possible implications for biological productivity

(Activity 1.4).

To these relatively direct global-scale forcings of temper-
ature and pH, the effects of altered dust deposition on
iron and nitrogen limitation and surface ocean biologi-
cal production can be added. The effects of these cli-
mate-related forcings on upper ocean carbon cycling are
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discussed in Activities 1.4 and 1.5. There are additional
classes of carbon transformations that may respond to

climate forcing in more subtle ways. One example is

the conversion of dissolved organic carbon (DOC) to

particulate organic carbon (POC) that is mediated by

aggregation on bubbles. On a global scale, this con-

version rate has been estimated to be of the order of

Figure 18. Equilibrium seawater pH for
equilibration with various atmospheric
pCO, levels, including levels character-
istic of glacial periods. The calculations
assume no changes in surface alkalinity.
Also shown are summer time pH values
from the North Atlantic Ocean, calculated
from measurements made during the
Transient Tracers in the Ocean expedi-
tions in the early 1980s (small circles).
Image: D. Wallace.

8.4 4

2 PgC yr'! (Monahan and Dam, 2001). This physical/
chemical process, which may in turn affect the lifetime

of DOC in the surface ocean and the overall rate of

microbial respiration, is potentially sensitive to the fre-

quency of storms and the process of wave breaking and

bubble formation (Focus 2). The overall significance of

such a process on large-scale carbon cycling is presently
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Figure 19. Scanning electron microscope pictures of coccolithophorids grown under low and high CO, condi-
tions, corresponding to pCO, levels of about 300 ppmv (a-c) and 780-850 ppmv (d-f). Note the difference in
the coccolith structure (including malformations) and in the degree of calcification of cells grown at normal and
elevated CO, levels (Riebesell et al., 2000). Reprinted with permission from Nature, Macmillan Magazines
Limited.
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unclear, implying a need for basic experimentation, but
also a consideration of the role of such small-scale and
intermittent processes at larger scales.

The integrated effect of such mechanisms on the net
air-sea CO» flux and ocean carbon sequestration is a
very complex scientific issue involving many research
areas (e.g. deep ocean circulation, sub-surface remin-
eralisation, top down controls on ecosystem structure,
interactions and biogeochemical dynamics in coastal
zones and global ocean carbon cycle modelling). Many
of these research areas are beyond the scope of SOLAS
alone, as summarised in the statement of its goal and
domains in the Introduction. This implies that study of
the effects of such processes on global carbon budgets,
the associated modelling studies, and other activities
will not necessarily be conducted directly or entirely as
part of SOLAS, but rather under the auspices of or in
association with other projects/programmes. Neverthe-
less, the special focus of SOLAS on the surface ocean

and processes operating therein can be harnessed to
address several key processes (or aspects thereof) that are
relevant to the larger carbon cycle questions. Examples
of potential SOLAS contributions to process-oriented
carbon cycle science are presented in Table 1.

Major Issues that Require Resolution

» What is the sensitivity of surface ocean carbon
cycling and the air-sea carbon flux to the large
changes in carbonate system speciation, tem-
perature, and sea ice cover that are projected
to occur over the next 100 years? Significant
changes in oceanic and coastal biocalcifica-
tion rates, and hence surface alkalinity, appear
possible based on recent experimental findings
and may act as a negative feedback on future
atmospheric CO levels. Possible climate-driven
changes in surface ocean ecosystem processes
are at present poorly understood and quantified.
Basic research into these processes can guide the

Table 1. Key carbon transformations that take place in the ocean surface layer, together with their forcing sensitivity and the
extent to which study of these transformations is compatible with the overall SOLAS goal.

Surface-Layer Carbon Relevant Forcing SOLAS Programme Links

Transformation/Transport Role

Calcification/PIC export pH, temperature, ecosystem Major IMBER, GCP,
LOICZ, PAGES

Air-sea CO, flux

wind/wave, ice

Temperature, pCO,,

IMBER, CLIVAR,
WGSF, WGCM,

Food chain C transfer Ecosystem

CLIC, GCP, LOICZ

Minor IMBER, GLOBEC,

GCP

Carbon fixation, respiration,

export river, circulation

Temperature, ice, dust, ecosystem,

Shared IMBER, GLOBEC,

CLIVAR, GCP, LOICZ

POC-DOC conversion Wind/wave, aggregation, Shared IMBER, GCP, LOICZ
ecosystem

Continental shelf C cycling

Wind, atmospheric deposition,

Shared LOICZ, IMBER, GCP

temperature, [O,], ice, ecosystem,
riverine input, upwelling
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development of parameterisations of such effects
for use in ocean carbon cycle models.

Specific Goals

I.  Design and conduct experiments (in coopera-
tion with Activities 1.4 and 1.5) to address the
effect of altered atmospheric dust supply on
surface water pCO», Nj-fixation and export
production.

II. Conduct experiments to examine the effect of
future pH changes on surface ocean carbon
cycling, particularly biocalcification.

III. Determine the sensitivity of upper ocean
carbon cycling pathways and net fluxes to
projected changes in surface water temperature
using experimental, field and modelling studies.

IV. Examine, using models and time series field
observations, the effects of projected changes
of fresh water input, wind stress, and ice cover
on upper ocean carbon cycling and air-sea CO»
fluxes.

Promising Approaches and
Implementation Strategy

These important issues need to be tackled by a combi-
nation of field and laboratory experimental studies and
modelling. In many cases, the basic physiological and
mechanistic basis for assessing global change effects is
incomplete. The studies of temperature effects on export
and bacterial respiration cited above illustrate the impor-
tance of the synthesis of experimental and field data.
Some possible experimental approaches have been dis-
cussed in Focus 1. For example, with respect to the role
of iron, there is a need for improved basic understanding
of the effects of iron supply on the physiology of marine
organisms, species succession, etc. This can be attained
through a combined programme of laboratory investiga-
tion and field iron-fertilisation experiments (pulse or
continuous) in key areas (e.g. in oligotrophic or HNLC
areas). Alternatively, plumes of iron-rich waters “down-
stream” of islands located in the deep ocean could, for
example, be exploited as natural laboratories.

With respect to the supply of major nutrients, labora-
tory and field investigations are required into poorly
understood factors such as the magnitude and controls
of N fixation, and the role of B, N and Si limitation in
determining surface ocean ecosystem structure, species

composition, functional types and their respective
C:N:P ratios. A combination of oceanic time series stud-
ies, together with controlled perturbation experiments
in the laboratory (e.g. mesocosms) and the field, has
the potential to advance knowledge in these important
areas. It is highly desirable that CO, measurements are
included in these experiments, particularly in concert
with Activities 1.4 and 1.5, and should also include
consideration of export of carbon out of the bio-reac-
tive zone (sedimentation). Close links to IMBER and
LOICZ will be of value for addressing these questions.

With respect to the effect of decreasing surface ocean
pH, there is a need for additional physiological and
experimental study of the response of key calcifying
species to changes in pH. The possibility that organisms
may be able to adapt to such changes in the longer term
should be investigated. At larger scales, the relationship
between the production and export of organic carbon
and the products of biocalcification must be better
understood. For example, mesocosm experiments can
be used to investigate whether pCO; increases trigger
systematic changes in community composition, includ-
ing changes in the ratio of organic carbon production to
biocalcification. It may even be possible to conduct such
studies at larger scales in the open ocean by, for example,
deliberately manipulating the surface ocean pH within
an eddy through CO; or acid addition. It may be pos-
sible to utilise coastal upwelling regions that have a large
pCO; range (200-700 ppmv) as natural laboratories in
this context.

The general approach is to encourage small-scale pro-
cess studies and experiments in laboratories or/and in
mesocosms, and link these studies to larger scales by
modelling and field-scale experimentation. The com-
bined approach should allow us to assess potentially
important feedbacks on atmospheric CO; and provide
a basis for modelling such effects in order to assess their
global significance. SOLAS can be of particular value by
promoting 1) coordination and guidance of small-scale
experimental teams; and 2) multi investigator experi-
ments in mMesocosms.

Understanding of processes gained in such laboratory and
field studies should be translated whenever possible into
parameterisations suited to incorporation into numeri-
cal models. In this way knowledge gained from SOLAS
experimental research can be used to assess the magnitude
of effects of surface ocean process changes on overall
within-ocean and atmosphere-ocean carbon cycling.

67



SOLAS Science Plan and Implementation Strategy

Activity 3.3 - Air-Sea Flux of NoO and CHg

The sea to air fluxes of No,O and CH, are sensitive to climate forcing, as well as to human-induced

changes in the coastal zone.

Introduction

Nitrous oxide (N,O) significantly influences, both
directly and indirectly, the Earth’s climate. In the tro-
posphere it acts as a major greenhouse gas, and in the
stratosphere it is also the main source for NO radicals,
which are involved in ozone reaction cycles. Present

day as well as palaco records of tropospheric NyO show
significant long and short term variability that is not yet

fully explained (e.g. Fliickiger et al., 1999).

Atmospheric methane (CHy) is a major greenhouse

gas that also plays an important role in controlling the
abundance of the hydroxyl radical. Ocean surface waters
are generally supersaturated with CHy, for reasons that
are still not well understood. Presently, the world ocean
appears to be a relatively modest natural source of CHy4
to the atmosphere (Lelieveld et al., 1998).

State of Present Understanding

Source estimates indicate that the ocean plays a sig-
nificant role in the global budget of atmospheric N,O
(Khalil and Rasmussen, 1992; Bouwman et al., 1995;
Nevison et al., 1995). Of the global oceanic source, estu-
aries, coastal upwelling regions and continental shelves
cover only a small part of the ocean area yet are assigned
15-60% of oceanic NO emissions in various studies
(Bange et al., 1996; Seitzinger and Kroeze, 1998; Naqvi
et al., 2000). Additionally, NoO emissions from the
Southern Ocean might have been considerably underes-
timated in previous studies, as suggested by Bouwman
etal. (1995). Hence, estimates of even the long-term
mean N>O source from the ocean are still considerably
uncertain in spatial and temporal terms (Bouwman et

al., 1995).

The pathways of formation and consumption of N7O in
the oxygenated ocean and their sensitivity to changes in
environmental forcing also remain poorly understood.
Sources of N»O in the water column include shallow
sources (e.g. base of the euphotic zone) associated with
bacterial nitrification (Dore and Karl, 1996; Dore et al.,
1998), as well as deeper sources associated with nitrifica-
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tion and (in proximity to suboxic waters) denitrification
(Codispoti et al., 1992). The two formation mechanisms
may differ with respect to their sensitivity to climate
perturbations. Karl (1999) has recently suggested that
the effects of climate variability on the ecosystem of

the North Pacific Ocean subtropical gyre might lead to
enhanced N7O emissions, thus suggesting a conceptual
framework for an open ocean-atmosphere feedback
mediated by N»O. The air-sea flux of N>O from coastal
waters, estuaries and marginal seas may also be climate
sensitive, conceivably via changes in nitrification and
denitrification pathways. In this regard, climate change
impacts may be particularly strong in coastal systems
associated with changes in several compounding vari-
ables (sea level rise, changes in riverine inputs, storms
and other episodic events). To this should be added the
idea that human intervention, through sewage and other
discharges to coastal waters has already increased NoO
production (e.g. along the western seaboard of India,
Nagyi et al., 2000); an effect that is certain to increase in
future with further coastal urbanisation.

A particularly powerful tool in resolving issues concern-
ing the tropospheric budget of N, O is its stable isotope
composition (Kim and Craig, 1990), including, most
recently, its “isotopomeric” composition (i.e. the intra-
molecular position of 15N in the linear NNO molecule,
Yoshida and Toyoda, 2000). Such tools have the poten-
tial to resolve ocean, terrestrial and stratospheric contri-
butions to global budgets, as well as, within the ocean,
to help identify the specific mechanisms responsible for
N,O production.

With respect to CHy, less productive open ocean areas
presently make a small contribution to overall oceanic
emissions, whereas biologically productive regions (e.g.
estuaries and coastal areas) appear responsible for approxi-
mately 75% of the total oceanic CH4 emissions (Bange
etal., 1994; Bates et al., 1996; Upstill-Goddard et al.,
2000). Despite microbial CH4 production (i.e. metha-
nogenesis) being possible only under anoxic conditions,
the results of several studies have indicated that the

well oxygenated surface layer of the open ocean can be
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enriched considerably with dissolved CHy (see overview
by Bange et al., 1994). Diffusion and mixing processes
could generally be excluded as CHy sources, and various
in situ CHy4 production mechanisms have been proposed,
such as CH4 formation during zooplankton grazing (De
Angelis and Lee, 1994), or CH4 formation in anoxic
microenvironments within particles (Karl and Tilbrook,
1994). However, no mechanism is yet able to fully explain
the so called “oceanic methane paradox” of CH4 accumu-
lation in the fully oxygenated ocean surface layer.

In summary, basic information required to resolve the
tropospheric budgets of both of these gases is lacking.
Further, the controls on N,O and CHy surface water
concentrations remain poorly understood. A close interac-
tion is required between Activity 1.5 and this Activity.

Major Issues that Require Resolution

» What are the key factors determining the
abundance and variability of N,O and CHy4
in the ocean surface layer and hence their sea
to air fluxes? It will be necessary to resolve the
relative roles of physico-chemical processes (e.g.
solubility changes, diffusion, mixing, air-sea
exchange) and biological processes (e.g. nitrifica-
tion, denitrification, methanogenesis, methane
oxidation, species composition changes). Are
there additional, presently unrecognised, pro-
cesses that may contribute to NyO and CHy for-
mation or consumption in the surface ocean (e.g.
assimilatory nitrate reduction, N fixation)? Such
considerations will allow the possibility of sig-
nificant ocean-atmosphere feedback mechanisms
operating via NyO exchanges to be assessed.

» What are the effects of eutrophication and
other human-induced changes in the coastal
zone on the emissions of N;O and CH4? This
is an area of growing concern in highly devel-
oped coastal regions (Naqvi et al., 2000). Specific
attention should focus on whether coastal envi-
ronments are adequately represented in current
global budgets of N»O, including whether the
stable isotopic composition of N,O in coastal
waters matches that of the open ocean surface
layer.

Specific Goals

I.  Determine the contribution of oceanic emis-
sions, particularly from coastal regimes, to the

global N>O budget.

II.  Improve understanding of factors regulating surface
saturation of N»O and CHy, including assessment
of sensitivity to climate change and anthropogenic
riverine input.

Promising Approaches and
Implementation Strategy

SOLAS should utilise a mixture of time series studies,

in situ rate measurements and experimental investigations
in order to examine the key factors controlling the air-

sea flux of these compounds. The application of modern
biological methods, including molecular techniques, as well
as advances in isotope geochemistry has the potential to
provide considerable new insight.

Specifically, Activity 3.3 will be focused on studies in coastal
regions (in collaboration with LOICZ) where upwelling
occurs and well developed O, minimum zones are reach-
ing the point of anoxia. Other major regions where N>O is
released are in open ocean upwelling systems. In order to get
a complete global budget of fluxes of N>O and CHj4 and the
mechanism that control release of these components into the
atmosphere from the ocean, SOLAS should collaborate with
the IMBER and GLOBEC projects for studies on deep open
ocean denitrification regions down to the required depth,
normally 1000 metres.

Within the context of these time series studies, research into
processes and metabolism should be conducted to identify
and quantitatively characterise production and removal
processes, including identification of the organisms and
metabolisms involved. Use of molecular probes will help in
identifying the role of specific microorganisms in the cycling
of such gases in the ocean. As described for previous Activi-
ties, in addition to field-based process studies, controlled
laboratory and mesocosm experiments can be used to evalu-
ate the influence of specific environmental factors on rates of
N;O and CHy4 production and degradation.

Considerable information concerning budgets and
production/removal processes can be extracted from the
stable isotope composition of N2O and CHy. Hence, when-
ever possible, the i situ and experimental studies should
include measurements of stable isotope signatures. In the
case of N7O, the isotopomeric composition should be char-
acterised. In support of such isotopic studies there is likely to
be a need for additional basic experimental characterisation
of fractionation factors as well as reference materials and
inter calibration of stable isotope measurements.
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