How will we measure the response of carbon
export in the ocean to climate change?
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Outline:
 Why care about ocean carbon flux?
e Future changes?
 How would we measure changes globally?
* Biogeochemical sensors on profiling floats

« Using float sensors to monitor carbon
export on the scale (almost) of an ocean
basin
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Saturation of the Southern Ocean CO,
Sink Due to Recent Climate Change

Corinne Le Quéré,»*>* Christian Rédenbeck,® Erik T. Buitenhuis,™* Thomas ). Conway,*
Ray Langenfelds,” Antony Gomez,® Casper Labuschagne,” Michel Ramonet,®
Takakiyo I‘slaI':azew'nra,e'1 Nicolas Metzl,m Nathan Gillett,™ Martin Heimann?

Based on observed atmospheric carbon dioxide (CO;) concentration and an inverse method, we
estimate that the Southern Ocean sink of CO, has weakened between 1981 and 2004 by 0.08
petagrams of carbon per year per decade relative to the trend expected from the large increase in
atmospheric CO,. We attribute this weakening to the observed increase in Southern Ocean winds
resulting from human activities, which is projected to continue in the future. Consequences include
a reduction of the efficiency of the Southern Ocean sink of CO, in the short term (about 25 years)
and possibly a higher level of stabilization of atmospheric CO, on a multicentury time scale.

www.sciencemag.org SCIENCE WVOL 316 22 JUNE 2007 1735



The Efficiency of Natural Sinks: Land and Ocean Fractions
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Global satellite time series, but only measure
|_ ETT E R S ocean color and infer productivity.

Climate-driven trends in contemporary

ocean productivity

Michael J. Behrenfeld’, Robert T. O'Malley’, David A. Siegel”, Charles R. McClain®, Jorge L. Sarmiento?,
Gene C. Feldman®, Allen J. Milligan®, Paul G. Falkowski®, Ricardo M. Letelier’ & Emmanuel S. Boss’
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Ocean primary production, VGPM model, March 2005
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http://web.science.oregonstate.edu/ocean.productivity/index.php



122 data points with production and export over 20 years
using common methods (14C uptake, sediment traps....).

DUNNE ET AL.: MODELING THE PARTICLE EXPORT RATIO
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GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 19, GB4026, doi:10.1029/2004GB002390, 2005



Models and satellite
observations alone
will not provide
adequate
constraints on
changing export.

More observations of
the changing system
are required. We
need a new
approach to
biogeochemical
observing at the
global scale.
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DUMNE ET AL.: MODELING THE PARTICLE EXPORT RATIO
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The take home message:

It’s now possible to instrument

the world ocean with a reasonably low-cost chemical
sensor network that would give us the spatial and temporal

variability of net community production, carbon export,
nutrient flux...
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| Profiling floats provide access to the
Antenns open ocean. All we need are sensors
orofi and the scientific inspiration to use the
ng
module data
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Ocean metabolism observed with oxygen sensors on
profiling floats in the Pacific

A collaboration with Steve Riser, UW SasS
SN f / /
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5219 Argo profiles with O, in the past year by a variety of
groups in US, Japan, Canada, Germany, Australla Chile.....
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The Ocean Takes a Deep Breath

Arne Kortzinger,™ Jens Schimanski, Uwe Send, Douglas Wallace

The temperature (7') and salinity (5) of the
deep ocean are established at mid- and high
latitudes where intermediate and deep waters
are formed through subduction and deep
convection. These processes also ventilate
the deep ocean for atmospheric gases such as
oxygen (O,). Although O, is consumed with-
in the ocean by heterotrophic processes, the
ocean has no intemal oxygen sources. The O,
concentration in the ocean’s interior therefore
reflects a balance between supply through
circulation and loss through respiration.

www.sciencemag.org SCIENCE VOL 306

Vol 451|117 January 2008 | dei:10.1038 /nature 06441

We therefore conducted a test deploy-
ment of an oxygen sensor mounted on an
autonomous profiling float (5). Such floats,
which report their data by satellite, are being
deploved in large numbers (there are pres-
ently nearly 1500} to monitor the 7" and §
structure of the oceans. O, measurements
from such floats could provide tens of thou-
sands of profiles in a single year, a multiple
of all data from the unprecedented, 10-year,
ship-based World Ocean Circulation Exper-
iment of the 1990s.

19 NOVEMBER 2004

nature

LETTERS

Net production of oxygen in the subtropical ocean

Stephen C. Riser' & Kenneth S. Johnson®



3 years of O, data near HOT Oxygen [pmol kg ]
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Net Community Production (mmol C m™ y")
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29 Production at HOT =

1.6£0.2 mol C/m?3ly.

Keeling et al. (2004)
summarized 11 other
measurements that
average 1.9+0.6 mol
C/m3ly.

At 22 S, vertical integral
of NCP = 0.9£0.4 mol
C/m?ly. About %2 the
magnitude of NCP at
HOT, as expected.



Cycle of Dissolved Inorganic Carbon at surface looks

very similar to O, cycle below mixed layer. DIC

equilibrates with atmosphere 10x more slowly than O.,.
KEELING ET AL.: SEASONAL CYCLES AND TRENDS AT STATION ALOHA
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Solution to measuring annual cycles near the surface
would be a good pH sensor on a float.



An Aanderaa oxygen optode on a vertical profiling float in the North Atlantic is
stable to 295.0+0.7 umol/L over nearly two years at 1800 m depth (Kortzinger et
al., 2006; Tengberg et al., 2006). Much of the oxygen variability may be real!!!
These sensors could be precise to 0.1%. That's fantastic!!!!
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Number of Argo O2 profiles/year

Number of O, profiles per year in Argo

data system is doubling every 15 months

2002

Profiles/y = 11.03 * .
(Year-2001)"3.3232

2004 2006 2008
Year



ISUS
. 7 watts continuous o
e can operate at >3 hz

 measurement cycle from

cold startis ~3 s
e 12 months of hourly obs.

. precision ~ 0.07 uM (1 sd) Johnson and Coletti,
Deep-Sea Res., 2002
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Wy measure nitrate”? Nitrate is a key phytoplankton
nutrient. The concentration of nitrate regulates
phytoplankton growth in much of the ocean. Ina
wArming climate, the transport of nitrate from deep water
may diminish and reduce primary production in the
ocean.

The |SUS nitrate sensar is integrated into the body of a
YWehb Research Apex profiling float that is of the type
used in the Argo array. These floats are designed for an
expendable deployment in the ocean.

w Floats park at 1000 m depth and profile to the
surface at programrmed intersals, typically 5 to
10 days. Measurements are made as the float
rises. Results are transmitted to orbiting
satellites and then to shore when the float
reaches the surface. The float then returns to
its parking depth.

w  The ApewISUS float makes 60 measurements
of nitrate and oxygen on each profile, and it
measures temperature, salinity and pressure
at 2 mintervals.

w EBattery life is sufficient for approximately 260
wertical profiles from 1000 m depth.

w At acycle time of 5 days, each float should
profile for nearly four years.

w The precision of the ISUS nitrate sensaris
near 0.2 micromoles per liter (1 507,

w Absolute accuracy is about 0.8 micramoles per
liter and can be improved by comparison to
laboratory analyses to remove offsets.

w Data is available in real-time.
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Integration of
I15US into the
WWehh Apex
float was done
by Dana Swift
(L), Luke
Coletti and
Hans Jannasch
(MBARI).

The Argo array consists of approximately 3000 profiling floats that
are distributed throughout the world ocean. These floats are used to
monitor the heat and salt budget of the ocean. Equipping such an
array with biogeochernical sensors would allow scientists to maonitar
rates of primary production.

A plan to equip the Argo array with 0xy0en SENSOrs now exists.
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Five nitrate injection events drive
increase in oxygen production rate.
NO, contours at 0.5 and 0.75 pM = 2
SD and 3 SD of data in upper 100 m.
All NO;" data corrected for drift using
900 to 1000 m data. Lines on O, plot
are least squares fits to data in the
range spanned by the line. 5 day
cycle time barely resolves these
events.
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Dec 2007 to April 2008 was a fairly extreme period for mesoscale events.
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E. Boss et al., in press. Show 3 yrs of data for a
fluorometer on a profiling float in the Labrador Sea.
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Time series of POC
variability from SOLO1128
and SOLO1175 in Subarctic
N. Pacific inferred from
transmissometer
measurements (Bishop et
al., 2002).

Bishop, J.K.B., R.E. Davis
and J.T. Sherman. 2002.
Science, 298: 817-821.

Bishop, J. K. B., T. J. Wood,
R. E. Davisand J. T.
Sherman. 2004. Science,
304, 417-420.
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Ocean metabolism observed with oxygen sensors on
profiling floats in the South Pacific
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« 18 floats at 40°S
» 66-72 profiles from Nov 2005 — Apr 2007
Arxgo vs. WOCE

70 depth intervals per profile

« 1,212 stations; 83,816 measurement points
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Pacific Argo floats:

annual cycles 8 a
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Pacific Argo floats: Oxygen Utilization Rate

*Dec-April rates show a clear
negative signal - 4-5 months
of export production directly
observed by Argo floats.

Extended to annual rates 200
using satellite seasonality
(i.e. no decoupling of EP 400 ¢
from PP).
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Integrated O5 (mol O3 m'2)
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®  Argo
® Feelyetal. (2004)
power law fit, b =-0.2
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Derivative of the particle flux
attenuation function

Martin et al. (1987)

Martin ‘b’ exponent found using
binned oxygen rates appears to be
larger than trap-based values
(usually -1.3 to -0.6).

This can be reconciled by: oxygen
gradients, trapping efficiency,
active transport.



POC flux (mg m?d™) Normalized POC flux
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Revisiting Carbon Flux Through
the Ocean’s Twilight Zone

Ken 0. Buesseler,’* Carl H. Lamborg,® Philip W. Boyd,® Phoebe ). Lam,' Thomas W. Trull,?

Robert R. E.idigareﬁ James K. B. Bishop,™® Karen L. Casciotti,” Frank Dehairs,” Marc Elskens,
Makio Honda,” David M. Karl," David A. Siegel,” Mary W. Silver,"® Deborah K. Steinberg,**
Jim Valdes,** Benjamin Van Mooy," Stephanie Wilson™
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Chapter 10
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Fig. 10.9. Temporal variations of primary production (measured by the "C technique) and carbon flux (measured using free-drifting
sediment traps positioned at the base of the euphotic zone) for an 11-year period at BATS and HOT time-series sites. Also shown at the
bottom is the corresponding e-ratio (flux + production). The solid symbols represent the individual cruise data for each parameter and
the heavy solid line is the 3-point running mean. Left: BATS data sets showing the climatological mean values (horizontal lines): pri-
mary production = 416 mg C m-2d-!, carbon flux = 27.2 mg € m-2d-!, and e-ratio = c.o72. Right: HOT data sets showing the climatological
mean values (horizoneal lines): primary production= 480 mg C m-2d-Y, carbon flux= 283 mg C m-2d-1, and e-ratio= o.062
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. (c)
e-ratio (= C-

exported/Pri.
Prod.) based on an
Inversion of oxygen

and nutrient data S/
collected over S
decades.
Argo e-ratio =
0.15+0.05
(95% ClI)
T/
PERGAMON Deep-Sea Research 11 49 (2002) 16231644
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Carbon export fluxes in the Southern Ocean: results from
inverse modeling and comparison with satellite-based estimates

Reiner Schlitzer

P T P B B S I - . F o T R - I T T A ) =y o= e F g



Depth (m)

Musgrave et al (1988)

model

Model NCP =2.1 mol C m-2 yr1

Consumption zone SOM

M “%WWW'WV - frﬂ'v-

Nov Mar Mar

time

Model/Data synergy

Oxygen & PWP physical

[0,] (umol kg™

[0,] (umol kg™)

300

280 1

260 r

—s— Argo
——— model

0m|

240 -

75 m
280 t
260 t
C
| | | | |
125 m
d
| | | | |
Nov Mar Jul Nov Mar

time

300

1280

1260

240

280

1260

240

[0,] (umol kg™)

[0,] (umol kg™)



Production zone SOM at 22°N
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Low productivity STG
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pPH sensors allow TCO2 and NCP to be estimated in
mixed layer: lon Selective Field Effect Transistor -

ISFET

P Bergveld/ Sensors and Actuators B 88 (2003} 1-20
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Fig. 3. Schematic representation of MOSFET (a), I5FET (b}, and electronic diagram (c).
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Merged satellite, in situ
and model based system
would ocean primary
production, carbon export
. to be observed with
detail not possible before.
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What would it cost?



I0CCP | | carbonbalance&terrestrialv... [LJ
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Biological Benefits

+ Terrestrial and marine exchanges currently
remove more than 4 Gt C yr' from the
atmosphere (95% of anthropogenic emissions)

+ This free service provided by the planet
constitutes an effe 0% emissions
reduction, worf of $$ per year if we
had to provide Xitl
measurements.

$400 Billion —
$4OOX109




What would it cost per year?

e Current US Argo cost $10,000,000; world is
probably double that = $20,000,000

« Adding oxygen to Argo estimate in Friends of
Oxygen on Argo Floats report (Gruber et al., 2007) to
Increase operating costs 50% = $10,000,000

* Adding chlorophyll is probably a similar cost. =
$10,000,000

e Adding nitrate would probably be order of 100% =
$20,000,000 (or more)

e Total is $60,000,000 and assume US share is
$30,000,000
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