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Introduction. CO, emissions to the atmosphere and effects in the ocean
Chemical equilibria

Transference of CO, from the atmosphere to the ocean. Pumps
Parameters to describe CO, system

Methodology

Measurements of CO, in different regions

Effects of ocean acidification
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CO, and pH
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The oldest direct measurements of CO, in the
atmosphere, in the Mauna Loa Station, Hawaii

Saturation state
Q= [Ca?*][CO;57]

838
a Mauna Loa CO, record <
1833
€0, y=174x-31059
R= 0.9, 5t em = 0.029 | -
pCO__ y=1.86x-3364
A= 03104, 3t e = 0223 ez _
o
818
8.13
8.08
8.03
b Aragonite saturation state
GEOSECS ~-0.0069 + 17.43
-0.057, 5t . = 00017
¢ Calcite.
saturation
state GEOSECS
160W sewl  1sew 0127, 3 erc =~ 00024
-0.12
190 1970 1980 1990 2000 2010 2020
Year

(Doney et al., 2008)

0.1 ~0.08 ~0.06 ~0.04 ~0.02

Changesin sea surface pH, 1700s—1990
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pH changes - Model predictions

pCO, (ppm)
- n
8 8
o

Depth (km)

-0.1

-0.2

Predicted atmospheric CO, concentrations from 1750 to 3000

Decrease in pH (acidification) resulting from the absorption
of excess atmospheric C0, as a function of depth and time.
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Atmospheric CO, Concentration (ppm)

1000 y
900 S, o
800 :

700 -
600 -
500-
400 -
300 v T T T T
2000 2020 2040 2060 2080 2100
Year
Coi\(g) 1XCO, | 2XCO, | 3XCO,  Atmosphere
Gas Exthange 280 560 | 840
Y Surface ocean
€O, (aq)+ H,0 £ H,CO, 8 15 26
Carbonic acid
H,CO, < SH'+HCO,” 1617 1850 | 2014
) :hm; The amount of CO,
HCO; €S H'+CO;” 268 176 | 115 increasesby3
Carbonate
1893 2040 | 2155 DIC
8.15 791 | 776 pH

(Fabry etal., 2008)

The oceanic uptake of CO, after pre-industrial times has led to a reduction of the surface
seawater pH of 0.1 units = 30% increase in acidity



croear carson Global Fossil CO, Emissions

PROJECT

Global fossil CO, emissions: 36.2 + 2 GtCO, in 2017, 63% over 1990
® Projection for 2018: 37.1 + 2 GtCO,, 2.7% higher than 2017 (range 1.8% to 3.7%)

Global Fossil CO; Emissions

40 Gt -
CO. 2010-17
+1 -OO/o/yr Projection 2018
37.1 Gt CO:
A 2.7% (1.8%-3.7%)
35
2000-10
+3.1%/yr
30 -
1990-2000
+1.1%/yr
25 - Uncertainty is +5% for
one standard deviation

(IPCC “likely” range)

20 ., : : : , . |
1990 1995 2000 2005 2010 2015 18
projected

@@ Global Carbor ct ¢ Data NAC/GCP/BP

Estimates for 2015, 2016 and 2017 are preliminary; 2018 is a projection based on partial data.
Source: CDIAC; Le Quéré et al 2018; Global Carbon Budget 2018
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cLosar|carson Fate of anthropogenic CO, emissions (2008-2017)

PROJECT

Sinks

Sources

17.3 GtCO,/yr

34.4 GtCO,/yr
’ 44%
87%

combustion of fossil 2 9 %
S 11.6 GtCO
5‘! '§ﬁ Lahea 3 o

22%

8.9 GtCO,/yr

deforestation
)
Budget Imbalance: 5%
(the difference between estimated sources & sinks) 1.9 GtCO,/yr

Source: CDIAC; NOAA-ESRL; Houghton and Nassikas 2017; Hansis et al 2015; Le Quéré et al 2018; Global Carbon Budget 2018




croear|carson Shared Socioeconomic Pathways (SSPs)

PROJECT

As a consequence of the C emissions, the temperature in the Earth is increasing
The curves in colours represent different scenarios of emissions and their effect in the increase
of T at the end of this century. The dot in black are the real emissions

140 1 . 1 1 1 L 1

Scenario group

Forcing target and temperature range in 2100 I S5°C
S 6.0 W/m2 (3.2-3.3°C)

. M= (9.£-9.9 U
8 100 - | ] +s5°C
- _
gl 3.4 W/m2 (2.1-2.3°C)
%) 2.6 W/mz?(1.7-1.8°C)
S 1.9 W/m? (1.3-1.4°C)
.8 50 ] 3-4°C
£
@
N [
Q
O
© 0 ‘
i
net-negative global emissions
-40 -

1980 2000 2020 2040 2060 2080 2100

This set of quantified SSPs are based on the output of six Integrated Assessment Models (AIM/CGE, GCAM, IMAGE,
MESSAGE, REMIND, WITCH). Net emissions include those from land-use change and bioenergy with CCS.
Source: Riahi et al. 2016; Rogelj et al. 2018; IASA SSP Database; IAMC; Global Carbon Budget 2018



CO2 equilibria
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COyp <> COyyq K, (1)

COyuq)+ H,0 < HCO;5 + HY K, (2)
HCO; < CO;>-+ H* K, 3)
Ca? + CO;* < CaCO;, K, 4)
CO,+H,0 < CH,0 + 0, (5)

Carbonate speciation as a function of the pH

T S N LTy

At pH =8, the most important species
1s the HCO3-

log [A]

g
[COs™]

s\ [HCOyT]
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Tropical Pacific/Indic North Atlantic L .

pr—— Solubility pump (Physical pump)

Ocean PCO,(ATM) pCO,(ATM)
§ Warming — Cooling —mM8 > COZ(Q)Q C02(aq)
g ........................................................................
= FCO, =024 -k-s- (fCOY — fCOX™).
[a

=(0.222-W? +0.333-w) - (Sc/660) /2,
Tropical Pacific/Indic North Atlantic
Atmosphere

l Biological pump (organic carbon)
Primary Production
CO, 2> Cype \ | COZ + H20 < CH20 + 02

Particle Export

Remineralization

Core > €O,

OrganicC-Pump

Tropical Pacific/Indic North Atlantic

Atmosphere

Biocalcification

Ca?" + 2 HCO; = CaCO; +CO, + H,0

CaCO3(s)¢> Ca2++ CO32'

Particle Export

Carbonate dissolution

Inorganic C-Pump

CaC0; +CO, + Hy0 > Ca?* + 2 HCOy
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THC and seasonal mixing ULPGC

pCO, (patm)
200 600 800 1000 1200
1000 -
E 2000 -
oo
E 3000 -
a
The thermohaline circulation and the oo L
: : —O— North Atlantic
seasonals changes in the MLD explain @ North Pacific
CO, entrance to the surface waters and 00 |
also the content of CO, in the different . . . .

basins

Winter Summer

C

Pacific waters are more concentrated in
CO, than Atlantic because they are older
due to the THC, higher remineralisation

Flg ] — Natural carbon cycle and representation of biclogical and
physical pumps (Bopp et al. 2002).
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Partial pressure of CO, or fCO,
[CO* a ] fCO,when CO; is considered areal gas and interactions
CO _ 2( q)

between CO,-H,O molecules are takenintoaccount
H

Total dissolved inorganic carbon (DIC, Cy, TCO,, 2CO,)

0.5% 88.6% 10.9%
C =[co’;]+[Hco;]+[cog-]=[coz]+[H2co3]+[Hco;]+[co§-]

Total alkalinity (TA, Ay)

76.8%  18.8%  4.2% _ 0.2%
4, =[HCO; |+ 2|co? ]+[B(0H);]+[OH—]+[HP03;]+ 2[Poi-]+[Sio(OH);]+[NH3]+[Hs-]+...
-1+ - [mso; - [1F)- [11,p0. ]
pH

pH = ~log|H"|
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Vertical profiles ULPGC

pCO, (patm) pH

6?9 8?0 ]0100 1200 7.6 7.8 8.0 8.2

1000

g

E g 2000
: :
& 000 g 3000
A =]
wer —O— North Atlantic 4000 _
78 North Pcific e Paciic Ocean
000 1 T 5000 |- i

pCO, Low surface values due to photosynthesis
High values at 1000m dueto the greater remineralization at this depth

Pacific waters are more concentrated in pCQO, and acid than Atlantic because they are
older due to the THC and higher remineralisation



Vertical profiles

TA (uM) NTA (uM)

2500 2350 2400 2450 2500
T T T T

6300 2350 2400 2450
T 1

1000 |- - 1000

2000 - - 2000

North
Pacific

North
Pacific

North
Atlantic

3000 - - 3000

DEPTH (m)
DEPTH (m)

— 4000

4000
North

Atlantic

5000 - = 5000

At The surface waters of the Atlantic have
higher alkalinity than those of the Pacific due
to their higher salinity.

NA; To correct the effect of salinity,
alkalinity is normalized

NTCO, (uM)

2000 2100 2200 2300 2400

2500

1000

2000 North

Atlantic

3000

DEPTH (m)

4000 —

5000 —

North
Pacific

NAT = AT)C

35
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Processes that affect to the CO, system in the ocean ““ CCAG Giece

2400

(1) Release of CO2 into the

2350 | atmosphere

(2) CO, uptake by the ocean

9 2300 - (3) Primary production
©

5 (4) Respiration

EE 2250

(5) Calcification

(6) Carbonate dissolution
2200

2150 b—m—m—— A2
1900 1950 2000 2050 2100

D |C [IJmOI kg_1 ] A. Kortzinger, Der globale Kohlenstoffkreislaufim Zeitalter des
Anthropozans —eine Betrachtung aus meereschemischer
Perspektive, Chemie in unserer Zeit, 2/2010



Measurable parameters of the marine CO, system — accuracy/precisions

Table 8. Estimates of the Analytical Precision and Accuracy of
Measurements of pH, TA, TCO,, and pCO;

analysis precision accuracy ref
pH (spectrophometric) +0.0004 +0.002 42
TA (potentiometric) +1 umolkg™!  +£3 umolkg™! 29
TCO; (coulometric) +1 umol kg™! +2 umol kg™! 96
fco, (infrared) +0.5 natm +2 patm 97

From the measurements of two of the parameters, the other two can be determined

Table 9. Estimated Probable Errors in the Calculated
Parameters of the Carbonate System Using Various Input

Measurements
TA TCO, fco,
input pH (umol kg )  (umolkg™')  (uatm)
pH—TA +3.8 +2.1
pH—TCO; +2.7 +1.8
pH—fco, +21 +18
Jfeo,—TCO,  +0.0025 134
fco,—TA +0.0026 +32
TA—-TCO, +0.0062 +5.7

Millero, F.J., Chemical Reviews 107, 2007



Difference between accuracy and precision

You can repeat a

> measurement several

Precision (Reproducibilidad) Precise
but not accurate

Accuracy (Certeza, Precision)

times and get the same
values (reproducibility)

but this does not mean the value be correct (accurate).

Precise .

and accurate 3 .D

A

The accuracy is calculated
using certified reference
material or standard gases
for pCO,




Methodology

Research vessels

Mooring: Fixed point Observatories
Open Ocean
Coastal area

VOS lines: Observations from a
‘Voluntary Observing Ship’
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Research vessels
Direct measurements of pH, A, Ct, continuos pCO,

pH-potentiometric

pH-spectrophotometric
SP101-LB High Accuracy Lab/On ship pH sensor

VINDTA system: A;y C;
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Mooring: Fixed point Open Ocean Observatories
A buoywith T, S, pCO, and pH sensors

coz pH
CO2 pH

Microcat 10 m chain (20 mm)

10m swivel . 0 10 m chain (20 mm)
icrocat 10m
7Sm

rope (20mm)

swivel o
ADCP HH Microcat 40m

01 Microcat 60m
500 m |
4 spheres
rope (20mm) E‘Elﬂw each !1 Microcat 80m
1000m y Fluorometer [J] NAS2 NO3
rope
1090 m (20m O microcat 100m
500 m ™ Microcat 160m
10 m chain rope (20mm)
1000 m rope
{20 mm)
(H Microcat 350m
I 1090 m
500 mrope 1000 m
(20 mm) rope (20mm)
3590 m
6 spheres
20 mrope %
(20 mm) 2 releases

10 m chain

Anchor
3630m E 2,2 Tm

pH and pCO2 sensors

SP101-SM High accuracy Submarine pH sensor



Methodology - ULPGC

VOS lines: Observations from a ‘Voluntary Observing

Ship’
QUIMA-VOS line, was set up within the framework of :

- CARBOOCEAN Project (Marine carbon sources and
sinks assessment) from July 2005 to 2010

- CARBOCHANGE Project (Changes in Carbon uptake
and emission by oceans in a changing climate) from
2011to0 2015.

- ATLANTOOS2017-2018

- CanOA, January 2019

pCO, in the atm and sw
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Time series studies

Temporal variability in a fix point
OceanicTime Series Station

Spatial and Temporal variability in a transect
VOS line

Regional studies
Oceanographic cruises
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Time series studies

Temporal variability in a fix point
OceanicTime Series Station
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Joint Global Ocean Flux Study
A Core Project of the International Geosphere-Biosphere Programme

emtific Committes
Oceanic Research

The firsts time series stations to measure the CO, system and biogeochemical processes in
the ocean were stablished in 1989 in BATS (Bermuda) and HOT, (Hawaii) with JGOF



European Station for Time Serie in the Ocean Canary Islands

QCAG /7
ULPGC

GUIMA
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’ Station M

4 “cis 3
* ALOHA | HOT N
' ™ o ESTOC e
: M3ALigurian - .
\ Hidrostation S s SN Y -a Spanish-German } e [ Surctie Stadics Saharan Dust
BATS time-sertes station north sl 1CCM
ESTO& of the Capary Islands J | GeoB
X ok e o) i
| Primary Prodiction i
TENATSO a [ = Upwelling
m . y
. /
T @ Export Proguction ‘.“ E
Monthly Saampling | o
ICCM
10(0] [~
< |ULPGC e
Process Cruises Wl Lateral Particle Adveotion -
TfM: Hydrography, water inass transport, —
Thorium Moared -
ICCM: Hydrography, nutrients, chlorophyll, — - Current
oxygen, stable isotopes, production rates S .\!fmm; """";"" Studies Measurements ) =
GeoB: Drifiing particle traps, production rates, »mm::;;rfm M e
B Tt e s 002 | T 4wt Cuvent et wit /
iy Lapd = aptical sensors
oxygen et
ULPGC: CO2, trace metals e /d -
UOL: Bio-optics c
UHH: Dissolved organic matier g
UBOZ: Tracer gases
ETHZ: Coceolithophorids | =

Resuspension

GeoB-Geosciences, Umiversity of Bremen: M-Institnte for Manne Sciences, Kael; ICCM-Cananan Institute for Marme Sciences, Gran Canana:
IEO-Spanish Institate of Ocennography, Temenfe; ULPGC-University of Las Palmas, UOL-University of Oldenburg;, UBOZ-University of
Bremen, Tracer Ozeanography: UBCH-University of Bremen, Manne Chemistry: AWI-Alfred Wegener Institute, Bremerhaven:

ETHZ: Swiss Techmical University, Ziinch;, UHH: Umversity of Hamburg.

In 1994, the ESTOC station was stablished as an initiative of
German program JGOF with the U. Bremen, U. Kiel, ICCM, IEO .
and in 1995 ULPGC was incorporated to study the CO2 system = @J © = 0

ESTOC, Actual g BB 0w ol ESTOC, 1994-2004 J G@ F S




ESTOC

Latitude
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Longitude

\"UA' CCAG
ULPGC

Frequency
1995-2004 (monthly)

2004-2012 (seasonal)
Actual (2-3 times/year),

2008- Buoys with sensors

Location =» Canary Current. Transitional zone between the North-West African coastal
upwelling region and the open ocean oligotrophic waters of the North East Atlantic

subtropical gyre
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ESTOC — Hydrographic properties
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Temperature
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. The convective mixing during
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(Santana-Casiano et al., 2005)




Fluxes of CO, in ESTOC site

15
T’U 10 i
‘e 51
g 01
)
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100 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
2 501
E -
E
g -50 -
S -100 A
S -100
=
-150 T T T T T T T T T T
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
20
- 0 i
'
N>> 20 1
E
E -40 -
g -60 -
o' -80 -
2 o0 ™= Fcuad
mmm | Cubic
-120

1996 1997 1998 1999 2000 2001 2002 2003 2004

(Santana-Casiano et al. 2007)
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SOURCE June-November

pCO,(ATM)

SINK December-May

pCO,(ATM)

FCO,=-51 = 36 mmol m yr-!



pHT is

8.14

8.12 -

8.10 -

8.08 -
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ESTOC — pH and pCO,

s L > f R
PR AANS,
LYY VY TR
s U
| e ] 420
A - 400
i ars - 380
8 IR 5360
y v . 340
. , , , , , , 320
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Year

pCO, (natm)

QUIMA

OUIMICA MARINA

CCAG
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Seasonal variability
pHr;s 0.03-0.05

»CO, 60-70 patm
minimum values (320-340 patm) mn
winter and maximum values (390-
410 patm) in summer.

Annual trends
pHr;s - 0.0019 + 0.0003 pH
units yr!

pCO,0f1.9£0.3 patm yr!



ESTOC — NG; and NA;
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1996 1998 2000 2002 2004 2006 2008 2010

Year

(C+ and At, normalized to a contant salinity of 35)

2012

2300

- 2298
- 2296
- 2294
- 2292
- 2290
- 2288

2286

2014

NA,; (umol kg

\.)th

OJIMIC}\ MARIN/\
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NCr has increased by 0.9 £0.1
umol kg! yr! linked to the
pCO, increase

NA: remains constant with a
value 0£2292 £ 2 umol kg™!

Introducir NATy CT
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ESTOC

pHT, 25 (Mmol kg )

8.02
8.01 1
8.00 1
7.99 1
7.98 1
7.97 1

7,96 T T T T T T T T T
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

The average values in the first 200 m

The pH decreases at a rate of
0.0012 £ 0.0004 pH units yr!

The change in pH is observed in the first 200 m but also throughout the entire water column

» .
) ° [ ' L o ) . " . o
goo{ ¢ °° e ." = & P T et
. o
M{“\'JA\/ ‘.“*{\4 [ \"/ : \’*1/" ‘? S ’ B2
7.95 - T s /* o
~ e MLD
e 200 m
-~ n
= 7.90 300 m
5. 600 m
= 1000 m
£1 7485 1 i 1500 m
z = 5 2000 m
7.78 /2500 m
* 3000
7.76 - *  3500m
7.74 -
7.72 T T T T T

1998 1999 2000 2001 2002

Year

2004
Gonzalez-Davila et al., 2010
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Integration and enhancement of key existing European deep-ocean observatories

(EuroSITES). VII Programa Marco de la Union Europea ENV.2007.4.1.3.2. Grupo 13

(2008‘2010) EuroSITES is part of the international

OceanSITES network
EuroSITES open ocean time-series
Capabilities for atmospheric and ocean variables R . e
Spring, 2011 EuroSITES ' : g - - 7
§ L N e
[] Atmospheric : &_;_- e e e - Thea | @
M rco. . ¥ x '
D Nitrate .S =l OCQ&HS'TES
uﬁm ‘ ‘ Egmm()!
B chi-a e '"l:?'s"’:"
O o, o mmmmIi B
B Physics M
(T/S, currents) —A ' ‘ }
RT: Capability for :_:r‘ -_-:_~~~- = o
transmittingdatain {_".;.. e
near real-time gt S
WS: Water sample %_;-__ +;._.: oonpon
only, no sensor - \ E// e Quatier
See www.eurosites.info for full information on time-series and sensors/samplers used = | o W im
In 2008, participation in the European project EUROSITES and - e [
the ICCM (now PLOCAN) installed a buoy con T and S sensors e
and QUIMA included the pCO2 and pH sensors.
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150°'W 120w

ESTOC forms part of a network of oceanic CO, time series stations

Batesetal.,2014
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Increase in
the ocean
pCO,

The trends are similar in all
stations with the exception of:

Irminger Sea
The most changing, where the
beginning of the THC and sink

of the water take place 2.37

Cariaco

It has special characteristics for
being in an upwelling region in
the Caribbean 2.95

Batesetal.,2014



1000 1004 1008 2002
Year

I

006 2010

Reduction in
the pH

pH has decreased in 0.1 after
1780

- 30% increase 1n acidity

- 16% reduction in [CO;%7]

Batesetal.,2014
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+0.61 and +1.78 umol kg yr-!
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1982 1986 1990 1994 1998 2002 2006 2010 Bates et al., 2014
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2005-2012
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Figure 2. Time series of upwelling index (UL, x 103 m?s~1) in

the Mauritanian—Cap Vert upwelling region along the ship track
computed following Nykjaer and Van Camp (1994). Blue colors are
related to upwelling events and red colors to downwelling events.

North of 20°N, upwelling conditions were favorable throughout the year, the
highest upwellings were observed from March to September with a
northward shift from 20° to 22°N.

South of 20°N, marked seasonality with favourable upwelling conditions
during autumn and winter (maximum intensity January and February).
Downwelling is present between May-November (summer trade winds are
replaced by the monsoonal winds advecting warm water northward along
the shore).
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QUIMA VOS-line: Mauritanian upwelling Cc“ﬁ ip

Latitudinal distribution of fCO," grouped by seasons
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fCO2 =>» spatial and temporal variability dominated by the presence of the upwelling,
reaching maximum values of 750 pwatm at 21°N (Cape Blanc) during spring

(Gonzalez-Davilaet al., 2017)
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pH = 21°N (Cape Blanc)

Using the pCO, and the alkalinity data, the pH have
been computed and the corresponding trend calculated
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pH rate decreases at —0.003 = 0.001 yr!
One of the highest rate values determined 1in CO, time series stations

Gonzalez-Davila etal.,2017
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Fluxes of CO, in Mauritanian-Cape Vert
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The annual FCO, for the full domain is
positive

THE AREA IS A SOURCE OF CO,

Cap Blanc 3.3 molCO2 m™
North of 24°N, +0.14 £ 0.03 mol CO, m™?
(area not affected by the coastal upwelling)

For all the area, 2005-2012

Increase of 0.6 Tg yr! in CO, outgassing
due to increased wind speed, despite
increased primary productivity.

FCO, =024 -k-5- (fCO;w _ fcoglm

= (0.222- W* +0.333 - w) - (Sc/660) /2,

(Gonzalez-Davilaet al., 2017)
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Regional studies

Canary Region

Coastal studies
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THE COASTAL REGIONS?
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Changes in the CO2 system "Q“I%M’“‘Q CCAG e

1/CO, —y | pH mm) G

C02 + HzO — H2CO3 — H+ + HCO3_ H+ + CO32_ — HCO3_
HCO; — H* + CO,? CO, + CaCO;+H,0 — 2 HCO; + Ca?*

Inorganic carbon and boron speciation
Buffer intensity

Revelle factor

Calcium carbonate saturation state

Other chemical reactions
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Inorganic carbon and boron speciation
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Buffer intensity

1996 1997 1998 1999 2000 2001 2002 2003 2004
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PH, in situ

Changes in the pH affect to the acid-base
equilibria of the carbonic and boric
systems, the two most important buffer
systems in seawater
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Buffer intensity

capacity of the solution to maintain the pH in arange
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Two regions of high buffer intensity
(around 1200 pmol kg-1) at the pH values
corresponding with the pK* values of the
carbonic acid.

As the pH decreases and moves out
of the maximum buffer capacity, the
increased CO, levels 1n the
atmosphere will produce higher
changes in the pH

The pHy in the ocean ranges from 8.1 to 7.4
which are located out of the region of

maximum buffer intensity of the seawater.

B =2303(C,K HHK'K, + 4K HI(H* + K H+ K'K.  +

B,K.H/K, +H + H + OH}
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Revelle factor

efficiency of the ocean to take up CO2

R = dlnpCO, _ C, ApCO, Interannual variability 0.02 £ 0.002 yr!
dInC, ACT "pCO,

10.0 b bt E— E— bt E— bt E— b
9.9 1
9.8 1
9.7 1
9.6 1
9.5 1
9.4 -
9.3

Revelle factor

1996 1997 1998 1999 2000 2001 2002 2003 2004

When R increases, the ability of the ocean to absorb more CO,
from the atmosphere decreases.
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Saturation state of calcium carbonate
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r3.7
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3.2

ARAGONITE

i i i : From
FIGURE 15.2. Crystalline forms of (a) aragonite and (b) calcn_c. Source
Marine Chemistry, R. A. Horne, copyright © 1969 by John Wiley & Sons, Inc., New

York, p. 214. Reprinted by permission. After Mineralogy, 2nd ed., L. G. Berry, B.
Mason, and R. V. Dietrich, copyright © 1983 by W. H. Freeman and Co., New

York, pp. 330, 340. Reprinted by permission.

CaCO; ) is found as calcite and aragonite
Q = [Ca?*][CO;*]

-0.018%+0.006 unityr!

-0.012%0.004 unityr!

Aragonite is more soluble than calcite



Calcium carbonate saturation state

1/CO, ) | pH
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m) 1 Cp

= B

COZ + CaCO3+ H20 — 2 HCO3- + C32+

Kep

€200, + 00, +H;0 st Co+ 2HCO;

7

(Kleypas et al., 2006)

Marine organisms
need CO;? to build
CaCO; structures,
skeletons and shell

Organisms that have aragonite in
their structure are more affected
than those that have calcite
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Organisms and ecosystems (Calcification)

Emilianaia huxleyi  Gephryocapsa oceanica

Oceanic Food Web

Phytoplankton Zooplankton

300 ppmv CO,

'

Bacteria

800 ppmv CO,

Protozoan

Phytoplankton changes could affect marine trophic chains

Future research challenges
To study the response of many planktonic organisms and the food webs
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Surface date for the saturation state of calcite and aragonite at the ESTOC station
considering two different IPCC scenarios

ESTOC Qcalcite =5.2 Qaragonite= 3.4
IPCC scenarios (-0.018!0.006 unit yl"l) (-0.012:0.004 unit yr'l)
1S92a (788 ppmv, 2100) Qcalcite =2.97 Qaragonite =1.93
S650 (563 ppmv, 2100) Qcalcite = 3.81 Qaragonite = 2.48 26 % low
Aragonite Saturation Levels in 2040 Aragonite Saturation Levelsin 2100
- =
S0°E  100°E  150°E  160°W 110°W  60°W  10°W S0PE 100°E 150°E 160°W  110°W  60°W  10°PW
Bk Shallow Coral N DL E——
3k Deep Coral 05 1 15 2 25 3 35 4 45 5

Extremely Low Low  Marginal Adequate Optimal

Estimated aragonite saturation states of the surface ocean for the years 1765, 1995, 2040, and 2100 (Feely et al., 2006)
based on the modeling results of Orr et al. (2005) and a Business-As-Usual CO5 emissions scenario. The distributions of deep-sea
coral banks are from Guinotte et al. (2006).

An important reduction in all cases is observed that are in agreement with the model predictions
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Other chemical reactions

ACID-BASE
NH,* <> NH; + H* RCOOH < RCOO- +H*

REDOX
NO3-+2H++23_<=>N02-+H20 02+4e-+4H+<=>2H20

COMPLEXATION
Fe’t + H,O <> FeOH?** + H* Cu?** + H,0 < CuOH*+ H*

SORPTION
= S-OH + Pb?* < = S-O-Pb* + H*
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Chemistry of trace metals and nutrients

Dust plume

Future research challenges
Changes in the biogeochemical cycles and in the chemistry of trace metals
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Organisms and ecosystems (Calcification)

: 1

Response of organism

Dynamic of food webs

Chemistry of trace metals and nutrients
TR l

Biogeochemical cycles
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Fondo Europeo de
DerrIIRegI al

“Una manera de hacer Europa”

Studies on such effects are future
research challenges
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- The CO, chemistry of the surface waters is changing as a direct consequence
of the increase in the atmospheric CO, concentration due to the anthropogenic
activities, producing OA.

- Atthe ESTOC site (1995-2019), SW pCO, has increased at a rate of 2.0 £ 0.3
patm yr' and the pH; s has decreased ata rate of - 0.0019 + 0.0003 unit yr.

- At 21°N, in the Mauritanian upwelling region (2005-2012), the SW pCO,
increased at a rate of 2.5 + 0.4 patm yr' and the pH ;s decreased at a rate of -
0.003 £ 0.001 unit yr'. The highestregistered.

- OA decreases the buffer intensity and increases the Revelle factor, decreasing
the ability of the ocean to absorb more CO,, while the calcium carbonate
saturation state is decreasing.

- Open questions are the impacts of OA in the marine ecosystems and in the
biogeochemical cycles
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