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How is the observed ocean carbon sink changing in
response to increasing pCO,2™ and warming?
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Early models: Positive carbon feedback, damped by
negative warming feedback for 100 yrs after 4xCO,
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_ [ Land carbon-concentration feedback, H'.,

@ Ocean carbon-concentration feedback, H'
[ Change in atmospheric burden, H',
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Hindcast model assessment of ocean sink

change due to climate variability and change
1981-2007 = 0.20 PgC/decade reduction

Warming -20% 90% in North Atlantic alone

Winds -63% >80% in Tropical Pacific
>30% in S. Ocean
Compensation elsewhere

Heat, Freshwater flux +15% In Northern Hemisphere

Nonlinear -32% >65% in Tropics
LeQueére et al. 2010, Global Biogeochem. Cyc.

No biological response to climate



Southern Ocean: Model and atmospheric inversion indicate
reduced carbon sink in recent decades.
Proposed mechanism: Increased ventilation of natural DIC.
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Are modeled
mechanisms accurate?

Boning et al. 2008, Nat. Geo.
Ito et al 2010, Nature
Gent and Danabasoglu 2011, J. Climate

sea-air CO, flux anomaly (PgCly)

AT ENE SR N ERENI AN R RN NN EY LeQuereeta/.2007,SCience
1970 1980 1990 2000 6

Time (y)




Surface ocean pCQO,, for

assessment of feedback
mechanisms




.
pCO.2™ trend vs. pCO,socean trend

dpcozs.ocean/dt S
dpCO,2tm/dt

pcozatm
steeper pCO,s-°cean trend
/ DECREASING ApCO,
pCO,s-ocean dpCO,socean/dt <
dpCO,2tm/dt
- - shallower pCO,s-°cea" trend

INCREASING ApCO,
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North Atlantic: VOS datasets,
linear trend in pCO,s-°%an (uatm/yr)
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pCO, database: >4.5 Million data points
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Regional Trends from Takahashi database
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Research questions

1) What do the available pCO,5-Ocean data tell us ocean
carbon sink change at the gyre scale?

2) What mechanisms drive these trends?

3) Over what timescales does the surface ocean
pCO,5-0cean exhibit a response dominated by the
anthropogenically- forced response?

McKinley et al. 2011, Nature Geosci.
Fay and McKinley 2013, Global Biogeochem. Cycles
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I
GLOBAL BIOMES

ﬂ@lE lce SPSS: Subpolar seasonally stratified
STSS: Subtropical seasonally stratified
STPS: Subtropical permanently stratified
EQU : Equatorial

Created from criteria based on: SST climatology, Chlorophyll-a

climatology, and max MLD 1



Trend Mechanisms

Decompose pCO, into temperature driven
component (pCO,-T) and biological/chemical
component (pCO,-nonT)

pCO, —T = pCO, *exp(0.0423 % (SST - SST))
pCO, — nonT = pCO, #exp(0.0423 % (SST - SST))

Takahashi et al. 2002, DSR I/
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Trend mechanisms

Biogeochemical
change only
pCozatm

Consistent with

pCO,-nonT carbon uptake

pcozs.ocean

pCOZ'T
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Trend mechanisms

If warming
contributes to

pCO,2tm ocean pCO,
Increase, carbon
. PCO,-nonT uptake is
PLO,*> diminished

pCOZ'T
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Are the trends representative of variability or a long-
term response to increasing atmosphere pCO,?

pcozatm

pcozs.ocean

TIMESCALE ?
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Methodology
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pCO, database: >4.5 Million data points
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19



e
Methodology

Calculate monthly means for 1°x1° boxes
Aggregate to large regions (global biomes)

Calculate trends on biome scale, with single harmonic
+ trend y=a + b*t + c*cos(2rt + d)

4. Use models to confirm methodology
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Methodology
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Imeseries

Southern Ocean SPSS Biome t
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e
Methodology

Calculate monthly means for 1°x1° boxes
Aggregate to large regions (global biomes)

Calculate trends on biome scale, with single harmonic
+ trend y=a + b*t + c*cos(2rt + d)

4. Use models to confirm methodology

McKinley et al., 2011
Fay & McKinley, 2013

23



Subtract background mean to
address spatial aliasing
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. Southern Ocean SPSS Biome timeseries .
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e
Methodology

Calculate monthly means for 1°x1° boxes
Aggregate to large regions (global biomes)

Calculate trends on biome scale, with single harmonic
+ trend vy =a+ b*t+ c*cos(2mt + d)

4. Use models to confirm methodology
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- Southern Ocean SPSS Biome timeseries -
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e
Methodology

Calculate monthly means for 1°x1° boxes

Aggregate to large regions (global biomes)

Calculate trends on biome scale, with single harmonic
+ trend y=a + b*t + c*cos(2rt + d)

4. Use models to confirm methodology
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90°E 180°W 90°w 0°

- Sample model as data

- Calculate sampled model
trend and true model trend

- If sampled and true trends
are within 10 uncertainty, it is
“confirmed”

Model Sampled as Data Trend (uatm/year)

N
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RECCAP models are
used to confirm
sufficient sampling
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Results




T

dpCO,socean/dt > dpCO,2m/dt

steeper pCO ,S-ocean
DECREASING
ApCO,

dpCO,s-ocean/dt < dpCO,2m/dt 1 981 '201 0

shallower pCO,s-ocean

INCREASING
ApCO,

+++++++ >y

ot cortme 000072 Lz

Not confirmed
dpCOJdt < dpCOtfl oo : R oo} s dpCOjdt > dpCOjdt

with model
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Does warming contribute to pCO, trend?

pcozatm

pCO,-nonT
pcozs.ocean
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—— e

Not confirmed
with model

dpCOJ/dt < dpCO JatlRta ool WU el il dpCO/dt > dpCO Jat
warmingtrend |7
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Timescale for long-term response”?

(C) NA-STSS
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dpCO/dt < dpCO JdtfRes ool W ele} sl dpCO/dt > dpCOJdt
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Southern Ocean
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Southern Ocean: Model and atmospheric inversion
iIndicate reduced carbon sink in recent decades.
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CO, alone observations

sea-air CO, flux anomaly (PgCly)
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start year
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start year

1981
1982
1983
1984
1985

SO-SPSS

19
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On timescales <20 years, fluctuations in pCO_s-°ceanys
pCO,2™ trends at high latitudes

Parallel or shallower trends for longer timescales in
Southern Ocean - consistent or increasing ApCO,

Taryear

dpCOJdt < dpCOjatlls elol/. W ele} sl dpCOJdt > dpCOjdt

warming trend
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Equatorial Pacific




start year
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East Equatorlal Pacific

1981-82 §§E§E§E§ =

Slgnals of strong EL Nlno (1997-98) and La Nina
events (1998-99) are evident on timescales <15 yrs

On timescales >15 yrs, nearly all pCO,s-°c¢an trends
are parallel to the atmosphere
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end year
dpCO./dt < dpCO . Jdt[l: e : IR S ele}:l dpCO./dt > dpCO./dt

cooling trend
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start year

North Atlantic Subtroplcal Permanently Stratlfled
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10 yrs
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end year

dpCO /dt < dpCO /dtll:INeloll: deé‘Q’d dpCO /dt > dpCO /dt

:i:iiiiizizl warming trend
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Subtropical North Atlantic




North Atlantlc Subtropical Permanently Stratlfled

1981 53515553 :f:f:f:% soiniit :f:f:f:f :-:-:-:I :-:-:I:I o
1982 §§§§§5§5 §5§5§5§5 SRR MR E ]

R e

On timescales >20 yrs, pCO s.ocean frends parallel
pCO.,2' trends in subtropical regions

In NA-STPS biome, warming is evident for most
timeseries longer than 15 years in length

ctart vear

10 yrs

2001 2002' 2003' 2004 2005 2006 2007 2008 2009 2010
end year

dpCO /dt < dpCO /dtll:Iele)/: WUR: " ele}/:l dpCO Jdt > dpCO, /it

iziziiizizi warming trend

~~ 2 cooling trend
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For 30 years, what is the relative impact of chemical
trend (pCO,-nonT)?
Remainder is temperature.

pCO,-nonT trend as percent of total

¥
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Conclusions

1981-2010

|______J ’/Il’;}?]W/,:‘/f/f " 573 PP 7
Not confirmed W

with model

dpCOYdt < dpCOJdtR IS R oL dpCOydt > dpCOjat

warming trend 2= =1 cooling trend
Variability dominates for periods <20 years

For 30 yrs, pCO,s-°cean trends are the same or slightly
shallower than atmospheric

- Globally consistent with a positive carbon feedback
- Regions of shallower trends are consistent with ocean ventilation

Warming in subtropical North and equatorial Atlantic
persists on long timescales - a negative feedback

Data limitations are significant in many regions
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QUESTIONS?

gamckinley@wisc.edu

oceancarbon.aos.wisc.edu
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pCO,-nonT trend as percent of total”

1981-2010

pCO.,-T trend as percent of total

T %
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SAM Index grid
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e
HOT and BATS grids
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I ' ... | Warming reduces uptake
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