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Global Carbon Balance

Emissions to the atmosphere are balanced by the sinks

Average sinks since 1870: 41% atmosphere, 31% land, 28% ocean
Average sinks since 1959: 45% atmosphere, 28% land, 27% ocean
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Change in pH from ocean acidification already measurable
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In-situ pH change = -0.0019 £ 0.0002 yr-’



Saturation State
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calcium carbonate calcium
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Saturation State

Q Jpoee = [CaICOE]

*
K sp,phase

Q>| CaCOs3 precipitates
Q=] equilibrium
Q<| CaCOQO:s3 dissolves

Common carbonate minerals:
aragonite (more soluble) and calcite (less soluble)



Long-term Impacts of Acidification (after Joos et al., 2011)

Projections
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Figure 14.4 Long-term impact of 21st century carbon emissions. (A) Carbon emissions, (B) atmospheric CO,, (C) global-mean surface air-temperature change,
and (D) global average saturation state of surface waters with respect to aragonite (Q,) for three illustrative emissions commitment scenarios evaluated with the

NCAR CSM1.4-carbon model (Frélicher and Joos 2010). In the high 'A2_c’ case and the low ‘B1_c’ case, 21st century emissions follow the SRES A2 and SRES B1
business-as-usual scenario, respectively. Emissions are set to zero in both cases after 2100. In the ‘Hist’ case, emissions are stopped in the year 2000.



Long-term Impacts of Acidification (after Joos et al., 2011)

Projections
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MOTIVATION

Evolution of ocean acidification during this century
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High latitudes become undersaturated substantially
earlier than the low latitudes

Steinacher et al. (2009)



Changes in saturation state by classes for a high u
21st century carbon emission commitment scenario
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Impact of Acidification on CACO, Production and Dissolution
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Impact of Acidification on the Global CACO, Budget
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Aragonite Saturation State (Qn) &

Aragonite Saturation State (Qar)

o’
w

odeled Ocean
l om0 0 Acidification Time
‘ ' 60°W 0 .
2. i Il ‘l‘\ulllllliil'||‘\’y'|}f|’|'|"’l|||Hm ly Series
I I i 'l'l””w“h I First Occurrence
e T || Ill‘llmmlmmgs ||||||l||1|' 'H‘""”I”Mi"m'
| | [ N R Annual Mean
2000 2025 2050 2075 2100
3_ 30°S
) o T Fully Undersaturated
L 5L T
a b c
2000 2025 2050 2075 2100

Year Sasse et al 2015



2015

*’

T

75°S
Sasse et al

~Winter
-~ Summer

T

50°S

0° 25°S
Latitude

T

Z
0

(e}
(Q\]

T

50°N

™
a]e]S uonelnjeg ajuobely




—-—- -- T

-

Model Estimate of the Time of First Occurrence of Ara - ndersaturation

(a) Annual-mean onset
=

Ocean Data View

d:

s
E
Q
IS
E
3
o

Sasse et al., 2015



Global Ocean Acidification Observing Network (6OA-ON) =
Mom‘ror'mg Physucs Chemls‘rry and Biology of Global Ocean
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(Sources: OceanObs'09, Ocean Acification Network Workshop, 2012)

Volunteer Observing Ship (VOS) Ocean Acidification Platform
(Source: International Ocean Carbon Coordination Project (IOCCP))

== Repeat Hydrography Ocean Acidification Platform
(Source: Global Ocean Ship-Based Hydrographic Investigations Program (GO-SHIP))
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Estimate of current
Anthropogenic CO,

Distributions

Total 2010 Inventory: 150 +
25PgC

~ 6% (8.2 Pg C) stored in
Marginal Seas (including the
Arctic)

Khatiwala et al 2013
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Observed aragonite & calcite

saturation depths

Aragonite Saturation Depth
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Takahashi et al 2014 pH Climatol@gy for 2005

(A) Calculated pH for February 2005
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Takahashi et al Aragonite Saturation Glig fo.Tegyf‘oFZOOS

A) February, 2005
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Aragonite Saturation State.a#50 m
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Aragonite Saturation State aw200 m
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Results: Anthropogenic carbon

P16 (152°W) eMLR
Section

eMLR function without AOU
shows a very large DIC change
in the North Pacific)

The AOU eMLR function
isolates the change in apparent
remineralization rate

Subtracting the AOU eMLR from
the DIC eMLR gives the
atmospheric CO2 uptake

* AOU converted to C units
using Redfield Ratio
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Aragonite Saturation State Change (2005/06-1991)

P16 (152°W) eMLR section of aragonite saturation state changes

(|
As more CO, enters
the ocean, It
dissociates to form
carbonic acid, the
water's acidity
INncreases and

| aragonite saturation
~ state decreases.

300+

1000

) ‘
Feely et al. (GBC, 2012)
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Feely et al., GBC 2012



pH and Q

aragonite

State Changes

Region pH Cbangt: Dacagni Sli?aling Qaagni C_Illange Study Study Period
(pH units yr ) (myr) % yr)
Pacific Southern Ocean (S4P) —0.0022 + 0.0004 1.8 (Q=1.3) —-0.47+0.10 this study 1992-2011
Pacific Southern Ocean (P16S) —0.0024 £0.0009 2.0 (Q=1.3) —-0.50£0.20 this study 1995-2011
Polar Zone Southern Ocean  —0.0020 £ 0.0003 Midorikawa et al, 2012 1963-2003
Drake (PZ) —0.0015 £ 0.0008 -046+04 Takahashi et al., 2014 2002-2012
Drake (SAZ) -0.0023 £ 0.0007 —0.69 £ 0.4 Takahashi et al., 2014 2002-2012
S.W. Pacific (Munida) —0.0013 +0.0003 -0.43+£0.13 Bates et al., 2014 1998-2012
S. Pacific 1.9+£0.8 (Q=1.0) —0.35+0.05 Feely et al., 2012 1991-2005
S. Pacific —-0.0016 Waters et al., 2011 1994-2008
N.W. Pacific —0.0015 £ 0.005 Midorikawa et al., 2010 1983-2007
N.W. Pacific —0.002 —0.34 Ishii et al., 2011 1994-2008
N. Pacific —0.0017 Byrme et al., 2010 1991-2006
N. Pacific 1+£0.6(Q=1.0) -0.34+£0.04 Feely et al., 2012 1994-2004
N. Pacific (ALOHA) —0.0018 £ 0.0001 -0.28 Dore et al., 2009 19882007
N. Pacific (HOT) —=0.0016 £ 0.0001 —0.28 £ 0.04 Bates et al., 2014 19882012
N. Pacific (HOT) —0.0018 £ 0.0001 —0.27+£0.03 Takahashi et al., 2014 1988—-2009
Iceland Sea —0.0023 £ 0.0003 4(Q=1.0) —-0.48 £0.07 Olafsson et al., 2009 1985-2008
Irminger Sea —0.0026 + 0.0006 —-0.40£0.20 Bates et al., 2014 1983-2012
N. Atlantic (BATS) =0.0017 £ 0.0001 —-0.26 £ 0.02 Bates et al., 2014 1983-2012
N. Atlantic (BATS) —0.0018 £ 0.0002 —0.34 £ 0.03 Takahashi et al., 2014 1983-2010
N. Atlantic (ESTOC) —0.0018 + 0.0002 -0.34£0.07 Bates et al., 2014 19952012
N. Atlantic (ESTOC) =0.0017 £ 0.0001 -0.36 Gonzalez-Davila et al., 2010  1995-2004
N. Atlantic (ESTOC) —0.0020 + 0.0004 —-0.29 £ 0.06 Takahashi et al., 2014 1996-2010
Carribbean (CARIACO) —0.0025 £+ 0.0004 —-0.18 £ 0.08 Bates et al., 2014 1995-2012
E. Equatorial Indian —0.0016 £ 0.0001 —-0.25+0.01 Xue et al., 2014 1962-2012

Williams et al, Mar Chem, in press



Natural processes that could accelerate ocean
acidification in coastal waters

Offshore
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Long-term Impacts of Acidification In the California Current Ecosystem
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Evolution since 1750 and projection until 2050

44°N

42°N

40°N

38°N

36°N

34°N

32°N

1 1 1 1

1750

pH (surface)

130°W 128°W 126°W 124°W 122°W 120°W

=500

132°W 130°W

128°W

126°W  124°W

122°W

132°W 130°W

128°W

>

:;Pﬁgwﬁuw)

T T T T T

126°W  124°W  122°W  132°W  130°W  128°W

T T T T T

130°W 128°W 126°W 124°W 122°W 120°W

126°W  124°W  122°W

Strong shoaling of the saturation horizon from 1750 to 2050

8.19
8.16
8.13
8.1

8.07
8.04
8.01
7.98
7.95
7.92
7.89
7.86
7.83

PROGRESSION

1750

2000

2050

arag

Gruber et al. (2012)



“--

Conclusiof§ -

@ pH decreases in surface oceans range from O. 0013 to 0.0026 yr.
€ Surface Q)_, decreases in surface oceans from 0.18 to 0.47% yr.

@ Seasonally, surface Q, above 40° latitudes was about 0.1 to 0.5 higher
during warmer months than during colder months in the open-ocean
waters of both hemispheres.

€ Decadal changes of Q. in the Atlantic and Pacific Oceans showed that
Q. in waters shallower than 100 m depth decreased by 0.10+0.09 (-
0.40+0.37% yr~!) on average between the decade spanning 1989-1998 to
the decade spanning 1998-2010.

€ Strong shoaling of the aragonite saturation horizon will occur in the
upwelling, arctic and antarctic regions over the next few decades.



