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Global Ocean Carbon Uptake: Magnitude, Vaxiability and Trends
Results from a RECCAP synthesis

Qutline

-What we (should) know about anthropogenic carbon uptake by the ocean.

-Why should we care about anthropogenic CO, uptake by the ocean.

-The goals of RECCAP.

-The magnitude and trends carbon uptake by the ocean for the last 20 years based on
observations and models.




What is known about Anthropogenic Carbon Uptake by the Ocean

—

1. “Current estimates of ocean
uptake are sufficiently firm to
exclude the possibility that
appreciably more excess CO, is
dissolved in the sea then has
been estimated through the
use of existing models”

2. The static capacity of CO,
uptake by the ocean is huge

(= 90 % of excess CO,)

3. The uptake rate is controlled
by ocean ventilation and to
lesser extent air-sea gas
exchange limiting the current
uptake to = 25 % (2 Pg C) of
fossil fuel release.

While on 1t order ocean uptake is
well-established, absolute magnitude
and (changing) trends must be
guantified.
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Fate of Fossil Fuel Carbon Dioxide
and the Global Carbon Budget

W. §. Broecker, T. Takahashi, H. ). Simpson, T.-H. Peng

Claims have recently been made tThat
the cutting and burning of forests is cur
rently & major source of carbon diovide
(CO (1-4). These claims come a8 &
shock to those of s engaged in global
carbon budgeting, as we have heen call
ing for a modest increase in the size of
the terrestnal Mosphere (14 in onrder o
schicve a balance i the carbon budget

the atmuosphere has risen by about one
half as much as would be the case if all
the OO, released from fosall fuel com-
bustion had remamed in the air {assum
ing po sigmiBicant change in the terrestrial
homass). In view of the uncertamties in
estimates of both the fuel consmed and
the stmospherc (1

ncrease, the actual
valoe for the airborne fraction of CO,

Summary The late of fossil tuel carbon doxde released Mo the atmosphere de-
ponds on the exchange rates of carbon Detween the atmosphere and Mvee Mage
carbon reservoirs. namely, the occeans. shallow-waler sedsments. and the lerrestrial
Dosphere Varous assumptions and models used 10 estimale the giobal Cartion bug-
et lor the last 20 yeary are reviewed and evalusted Soverdl vedons of recent atmo
sphere-ocean models appear 10 grve relable and mutually conmsstent estimales lor
carbon doride uptake by the oceans On the other hand, there B no compeling ev
dence which establishes thal the lerrestnal biomass has decreased at a rale com
parable 10 that of fossd fuel combustion over the last two decades. as has been re

cently clamed

In this article we review the elements of
the carbon budgel and attempt 1o recon
cile these seemingly conflicting views
The carbon budgeting strategy s as
follows. Since 1955, it has been possible
o measure the secular trends in the al
mospheric (0, concentration with wof
RCient sccurncy 1o permil & quantitalive
assesument of the buddup of C03, in thiv
reservolr (see Fig 1) 19 [0) We have
gunsd records aver this time periosd of the
amount of CUO, released through the
combustion of fossd fucls, that i, coal
oil, and gas (see Fig. 20 (11, 12). These
mventores show that the C0), content of

The suibars sre membwrs of he Lasnomt Doherty
Corctoge ol (Wearrvatory ad the Dwpartmams of Cas
togical Scwacer Cohewbia University  Palivates,
New York 1094

SCOIENCE. VOL. s, 3 OCTOBRER W%

could lie anywhere in the range from 0 48
w 0% We will use the value of
0.52 = 004 adopied by Oeschger o7 ol
)

The peoblem is then to sccount for the
missing CO,. Three possibalities exist
This COy could be siored i the terresin
al bosphere imamly av wood and sl

humus), m the sea imanly as dissolved
morgank carbon), o in shallow-water
sediments (manly as organs residues)
O thesc, seawaler sorage musl Jdomi
nate The results of ocean uptake mod
cling (1o be described below) indicate
that 0.37 = 004 of the fossl Tuel L0,
penerated between 1948 and the present
has been taken up by the sea. Adding
thin wvalee W the airborne [rachos
0.52 = 0.0d4), we obtain & totsl of
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0.8 = 0.08 As we explain below, the
reaction of carbon at
penie phosphorus § orm organs
revadues acce ul 0.02 of the
amoant of fossil fuel CO, released since
1955, Adding thes contnbution o the
ocean and stminphere inventories, we
achieve a total of 0.91 = 0.07

Estimates of forest cutting and buraing
sugges! that the amount of COy released
by these processes since |9%8 ranges
from 20 1o 100 percent of that released
by the buming of fossil fuels (/)
If true, the unaccoumted for residual
[that is, (fossil fuel COy) + (forest o
back COy) - ICO, when up by the
ocean) (C0O, wken up in organic ress
dues)] then lies in the range from one-
quarier to the tolal amount of fossil fuel
(O, released (vee Table 1) Thus, if the
forests are decreanng in bomass at any
where near the rates claimed, there must
he a major error in our budgeting

We examme below the svsumplions
associated with estimates of the transfer
of excess CO, from the atmosphere 10
other reservoirs We do not review the
foel commumption or atmospheric in
crease estimates. as they have been dis
cussed and recvaluated by several inves
tagators V-/2). Rather, we will start with
ahe of COL by the

wiiy wilh ant hropo-

s i

LB [

ocean, Our conclesion will be that cur
rent estimales of occan uptake are waffi
cently frm 10 exclude the possibility
that appreciably more excess OO i din
solved n the sea than has been estimated
through the wee of cxintong mgdels (4 -N)

This being the case, we will look 1o the
bsosphere (living and dead) for resobution
of the budgetary contradxclion We con
chade that the regrowth of previously cut
forests and the enhancement of forest
growth resulting from the excess CO, in
the atmosphere have probuably roughly
balanced the rate of forest destruction
durng the past few decmles

Seawater |Uptake of Carbon Diovide

Existing estimates of the amount of
fossil fuel OO, that has thus far been
talen yp by the occan are based entirely
on modeling. The secular increase in the
dissolved imorgank carboa content of
scawnter b ay yet 1oo small 1o be mea-
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Why we care about Anthropogenic CO, Uptake by the Ocean?
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2. Ocean Acidification (the global ocean titration)

‘ acid titrant

CO, +H,0 < H,CO;s

H,CO, _ H*+HCOy

CO,% +H* <, HCoy Atm CO,
<

CO, + CO32' +H ,0 = HCO;"
Ocean

A. Detrimental to (calcifying) organisms S
B. Decreases ocean CO, uptake capacity analyte



Regional Carbon Cycle Assessment and Processes (RECCAP)
(http:// www.globalcarbonproject.org/reccap)

Three key objectives justify the need for a new assessment

of regional carbon fluxes and their drivers:

(1) to provide higher spatial resolution for the global carbon
balance with the aim of improving the quantification and
understanding of drivers, processes, and hot spot
regions essential for predicting the future evolution of
any carbon-climate feed- back;

(2) to address the growing demand for the capacity to
measure, report on, and verify the evolution of regional
fluxes and the outcomes of climate mitigation policies;

(3) to respond to the Group on Earth Observations (GEO), a
partnership of governments and international
organizations, in establishing a global carbon observation
strategy

A. Provide syntheses that can be cited in
international assessments

B. Place close attention to observational
(global) constraints and methodologies

Eos, Vol. 92, No. 10, 8 March 2011
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An International Effort to Quantify
Regional Carbon Fluxes

RECCAP’s Approach
Top.down ;Tm:f r:::g;
ghg observations

Regional Carbon Balance

Bottom-up Land. Ocean | , | Observations

* (in situ +
models remote sensing)




Global Ocean Carbon Uptake: Tools
F=k s ApCO2, F = a <u?> ApCO2
1. pCO, climatology Climsologcl 50 (erwts - 43) o Angast 2000 R 0549
“If this cross check is ever to be effectively carried out,
a decade of preparation and measurement will be required.
It is a complex task “ Broecker et al. Science 1979

e =
Emssmsunn ¢ @ 0 oy e er ooy & o4 O

ES-180-1E5-130-08 50 7S 0 45 30 -5 0 18 30 45 60 TE 80 108 130 138 150 188

ApCO, [Seawater - Alf] (uatm)

2. Ocean biogeochemistry ocean general circulation models (OBGCMs)

Abbreviation Name Key Reference Years used
BER MICOM-HAMOCCv1 Assmann et al_ (2010) 1990 to 2009
CSI CSIRO-BOBGCM Matear and Lenton (2008) 1990 to 2009
BEC CCSM-BEC Doney et al. (2009a, b) 1990 to 2009
E.THE1 s CCSM-ETHy 5 Graven et al_(2012) 1990 to 2007
]?,'I‘[-If:lgl CCSM-ETHy 10 - 1990 to 2007
Ls5C NEMO-PISCES Aumont and Bopp (2006) 1990 to 2009
UE‘AI‘d-'CEP NEMO-PlankTOMS5ycEp Buitenhuis et al. (2010 1990 to 2009
“*CMWF NEMO-PlankTOMSgovwE  — 1990 to 2009
UEAcpp NEMO-PlankTOMS5 copp - 1990 to 2009

(9 model runs, 4 lineages)
3. ApCO, empirical (interannual variability directly or indirectly controlled by
temperature, Park, Lee, Wanninkhof et al. )



Global Ocean Carbon Uptake: Magnitude,

A. Look at time period 1990-2009 (consistent global forcing)
B. With consistent approaches the global flux for 2000 is:

Median sea—air anthropogenic CO, fluxes for the different approaches centered on year 2000.

]
Approach Anthr CO, flux  Uncertainty IAVe  SAVE Trend
PeCyr ! |PgCyr! PgCyr!  (PgCyr})
decade !
Empirical 920 +06* 020 0861 —0.15
OBGCM ey 403> 016 038 —0.14
Atm. Inversion g +03° 040 041 —013
Ocean Inversion s +0 34 —05J
Interior (Green function)® —24 405 - - —035
0,/NE —22 106
0,/N} 22 407
—25

Best estimate 2000 =2.0 £ 0.4 Pg C yr!



Global Ocean Carbon Uptake: Magnitude,

Appreciable differences within approaches, in part, due to differing inputs as
mundane as surface area of the ocean

Table A1. Twenty-year mean sea-air anthropogenic CO, fluxes from the OGCM and the
adjusted flux normalizing for area (Pg C y17).

Abbreviation OGCM Area (10" m*)" Provided flux Adjusted flux®
UEAx~cep NEMO-PlankTOM Sxcep 35.0 -2.08 -2.03
UEAecmwr  NEMO-PlankTOM Seemwr 35.0 -2.48 -2.46
UEAccmp NEMO-PlankTOMScemp 35.0 -2.16 -2.12
LSC NEMO-PISCES 31.9 -1.93 -2.03
CSI CSIRO-BOGCM 343 -1.93 -2.00
BER MICOM-HAMOCCvI 36.1 -2.58 -2.54
BEC CCSM-BEC 30.6 -1.39 -1.71
ETHys CCSM-ETHy;s" 33.0 -1.49 -1.67
ETHyo CCSM-ETHyyo" 33.0 -1.53 -1.73
Median (6-model runs)® -1.93 -2.01
Average -1.90 -1.99
St. dev. (6-model runs)* 0.43 0.31

“For the period of 1990-2007

®The areas used in the models. They differ slightly from those described in the model
documentation due to the transposition of the original grid area to 1° x 1° grid area

°Using the areas as provided in the OIP with a total surface area of 34.00 x 10" m? (35.87 total-
1.87 (ice cover) x 10" m?) (see Table A2)

4Using UEAxcep, LSC,CSL, BER, BEC, and ETHys




Global Ocean Carbon Uptake:

50-year model runs using
different types of models show
increases in uptake. Models
based on ocean interior
measurements show
appreciably greater trends in
uptake

“Is the ocean sink saturating?”
Fraction of FF CO, taken up by
ocean differs dramatically
between methods with interior
approaches showing less
change (ie. The fraction of FF
taken up by the ocean is nearly
unchanged)

50-year records of
environmental forcing used for
OBGCM are not reliable

Uptake (PgC yr')

Mro

Ocean C

ar

Trends

CSi
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s FE CCAP Median_OGCM

— ‘ )
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0.55 | e [ ECCAP OBGCM MedianF
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Global Ocean Carbon Uptake:
20-year RECCAP interval

Trends

Methods relying on surface
flux information show: - P
A. Smaller trend in absolute uptake < e /N LTy
B. Significant variability that will affect & o R { Rl NN A
NN,y T ; = /
trends over short time periods K T : o
= - 4 /
C. Differences between approaches is ) OGCMs -
© Green function
the same as for 50-year record 3.0 PARK
—= Atm_Inversion
e Ocean Inversion
-3.5 ' T ' T r
1992 1985 1988 2001 2004 2007
Year
Vedian sea—air anthropogenic CO, fluxes for the different approaches centered on year 2000.
Approach Anthr CO, flux Uncertainty IAVE SAVE Trend
PeCyr!  PgCyr! PgCyr! |@PeCyr?)
decade !
Empirical -20 +06* 020 061 —0.15
OBGCM -19 +03®> 016 038 —0.14
Atm. Inversion Xy +03° 040 041 -0.13
Ocean Inversion - +0 3d —05J
Interior (Green function)® -22 +05 - - -035
0,/N} ~22 +06
02/N} -25 407




Global Ocean Carbon Uptake: Magnitude, Variability and Trends

Concluding remarks:

Global ocean uptake (2000) : 2.0 = 0.4PgCyr! “bestestimate”

Global trends: 0.15 Pg Cyr “best estimate”

Uptake decreasing (as % of total ff release) but magnitude uncertain:
-The ocean cannot keep up with rate of fossil fuel release
-The buffer capacity of the ocean is decreasing

Rate of uptake decreasing much faster in OBGCMs and empirical approaches compared to
inventory based estimates:

- In last two decades ocean circulation, biogeochemistry and wind patterns have changed
decreasing rate of uptake



Global Ocean Carbon Uptake: , Variability

Interannual variability

Median sea—air anthropogenic CO- fluxes for the different approaches centered on year 2000.

Approach Anthr CO, flux Uncertainty IAV® SAVE Trend
PeCyr! PeCyr! PgCyr!  (PeCyr))
decade !
Empirical —20 +06* 020 061 —0.15
OBGCM -19 +03b 016 038 —0.14
Atm_ Inversion -21 +03° 040 041 -013
Ocean Inversion -24 +0 3d —054
Interior (Green function)® -22 +05 - - —035
0,/N3 ~22 106
02/N}, —25 +0.7
0 : : : : : 0
®  Ocean_lnversion —— UEA.. —- LsC BEC
—  Median UEAL e Csl ETH, .,
==+ UEAer BER ETH,,,

CO, flux (Pg C yr')
ra

CO, flux (Pg C yr')
[

[T \
31 I 31— LSCE_an_v2.1 If" —— CTRACKER US -~ rfigc_pata
—  LSCE_wvar v1.0 ' —— CTRACKER EU JMA_2010
-=- C13_CCAM_law — - JENA_s88 v3i3 TRCOM_mean
-—-  C13_MATCH_raymner ——  Median ——  MICAM_niwa
-4 1 T T T T T -4 1 T T T T T
1992 1995 18948 2001 2004 2007 1992 1995 1998 200 2004 2007
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Global Ocean Carbon Uptake: , Variability

Sub-annual (seasonal) variability

Median sea—air anthropogenic CO- fluxes for the different approaches centered on year 2000.

Approach Anthr CO, flux Uncertainty IAV® SAvVE Trend

PeCyr!  PgCyr! PeCyr! (PsCyr))

decade ]

Empirical 20 +06* 020 061 —0.15

OBGCM 19 +03» 016 038 —0.14

Atm_ Inversion -21 +03° 040 041 —0.13

Ocean Inversion —24 +03d —05J

Interior (Green function)® —272 1405 - - 035
0,/NE 22 106
0,/N} —25 +0.7




Global Ocean Carbon Uptake: , Variability

Seasonal Interannual

(a) Annual sea-air !1'302 flux

2,1 "
0° BO°E 120°E 180°W 120°W BO°W O° [mol C m™yr] (a) 20-year mean annual sea-air CO, flux FRERE
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5 .
(b) Sub-annual variability o
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Fig. 4. Global pattern of the temporal trend of the second moment u? (mPrs)

nfmnfacewjndspeedccﬂz} for the 20 yr CCMP wind product
(1990-2009). Regions where trends are at less than 90 % confidence

level are masked.



Part of the SOCAT effort

Surface COocean Carbon Atlas —— Version 2.0

J103 eruizes
sample of 194248 (72321 missing)
zampled from 14580307 total obs
T23E

16—Mov—1868 1o Z6—Dec—2011
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