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Time-series of ocean acidification
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    Figure 3.1  Time series of surface-ocean  p CO 2 , pH T , and [CO 3  
2– ], as well as for atmospheric mole fraction of CO 2  (xCO2) at Mauna Loa (black), at three 

ocean time-series stations ALOHA (green), BATS (red), and ESTOC (blue).     
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Long-term perspective

Barker & Ridgwell (2012)



Rapid progression of ocean acidification in the 
California Current System (EBUS)
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15 declarative statements 
assessed:

• Chemical aspects
• Biological and biogeochemical 
responses
• Policy and socio-economic 
aspectsocean  

acidification
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Summary on statements

•Chemical effects: robust evidence and high certainty

•Biological and ecological effects: much less 
certain
– calcification, primary production, nitrogen fixation and biodiversity will 

be altered but with an unknown magnitude
– some cannot be assessed

•Biogeochemistry, society and the economy may 
change; whether it will be significant or not is also 
unknown



Systems at risk

•Polar areas

•Deep-sea environments

•Coral reefs

•Nearshore ecosystems



Warming up, turning sour, losing breath: ocean 
biogeochemistry under global change

The triumvirate of ocean change (Gruber, 2011)

• OA not acting in isolation
• Warming increases 

oxygen loss and 
stratification 
(deoxygenation)

• Warming, acidification, 
and deoxygenation in 
21st century

• Only begun to fathom 
ecological and 
biogeochemical effects

Deoxygenation

Aragonite 
undersaturation

Lower 
productivity

Lower 
produc-

tivity
Deoxy-

genation

Hotspots

Aragonite 
undersaturation



Changes in biogenic carbon flow in response to sea 
surface warming

the transfer of organic matter and energy to higher trophic levels
and the efficiency of the biological carbon pump in sequestering
carbon from the surface ocean to depth, with far-reaching
implications for the sustainability of global fisheries and the
ocean’s mitigating effect on anthropogenic climate change.

In a changing future ocean, direct effects of rising sea surface
temperature, as observed here, will interact with indirect effects
via increased surface layer stratification, leading to higher light
availability and reduced nutrient supply. The interplay of these
effects is likely to exert the strongest impact in temperate and
high latitude regions. These are characterized by a seasonally
high availability of nutrients caused by deep winter-mixing and
include some of the most productive ocean areas. Spring blooms,
as investigated in this study, are a dominant feature in the
seasonal cycle of these systems, caused by a temporal decoupling
of autotrophic and heterotrophic processes due to a stronger
temperature limitation of the latter. The fate of the organic
matter accumulating during these events is largely controlled by
zooplankton grazing and export below the winter-mixed layer. In
a warming ocean, the interplay of reduced nutrient supply with
shifts in food web structure and a more rapid cycling of organic
matter and nutrients through the microbial loop, as reminiscent
of the oligotrophic ocean provinces at lower latitudes, will likely
reduce both the transfer to higher trophic levels and the export
potential in these areas.

Our findings are consistent with model results (15) suggesting
that especially the productive parts of the ocean may be sensitive
to sea surface warming in terms of organic matter export. The
model shows that in areas of moderate to high productivity the
ratio of export production to total primary production (i.e., the
ef-ratio) is controlled mainly by and negatively correlated with
temperature. At temperatures !20 °C a steep transition from
high to low ef-ratios occurs as the productivity of the system
declines. Thus, the interaction of direct and indirect effects of
rising sea surface temperature may shift mid- to high-latitude
ocean areas from high to low ef-modes and significantly reduce
global carbon export.

In addition to sea surface warming, CO2-induced ocean
acidification and its effects on planktonic calcification (16–18)
and primary production (e.g., ref. 19) will further complicate the
picture. Together, these changes in the physical and chemical
environment may, aside from their impact on biogeochemical
cycling, also modify pelagic ecosystem functioning, for instance
through shifts in the abundance and biogeographical distribution
of key species or in the phenological coupling of different trophic

levels (‘‘match—mismatch’’) (e.g., refs. 20–25). Surface-ocean
warming is therefore bound to be one of the most powerful
drivers for future changes in ocean productivity, biogeochemical
cycling, and air-sea CO2 exchange. To project the impacts of
these changes on marine ecosystem services and the climate
system it is imperative that we gain a quantitative understanding
of the underlying processes. These are presently not well con-
strained, partly because of the lack of data providing an inte-
grated representation of upper-ocean, biotically-driven pro-
cesses, and partly because of the lack of realistic biological
simulations in Atmosphere Ocean General Circulation (AOGC)
modeling. Understanding the full suite of interrelated responses
and predicting their impacts on ecosystem dynamics, biogeo-
chemical cycling, and feedbacks to the climate system requires a
multidisciplinary effort of seagoing and experimental marine
scientists in concert with modelers covering the range from
ecosystem to AOGC modeling.

Materials and Methods
Experimental Set-Up. The indoor-mesocosm study was conducted between
January 6 and February 5, 2006 at the Leibniz Institute of Marine Sciences.
Eight mesocosms with a volume of 1,400 L were set up in 4 temperature-
controlled climate chambers and filled with unfiltered seawater from Kiel
Fjord (Western Baltic Sea) containing a natural winter/spring plankton
community. Mesozooplankton was added from net catches in natural
overwintering densities of "10 individuals L#1. The temperature of the 4
climate chambers was adjusted to 2.5 °C, 4.5 °C, 6.5 °C, and 8.5 °C, respec-
tively. The lowest temperature of 2.5 °C (in situ treatment T$0) was derived
from a 10-year (1993–2002) meteorological database for Kiel Bight. The
elevated temperature regimes, in situ $2 °C (T$2), in situ $4 °C (T$4), and
in situ $6 °C (T$6), were chosen according to the projected increase in
surface temperature of 4 –10 °C during winter in the Baltic Sea region
(based on AOGCM climate model simulations as summarized in ref. 26).
Light was supplied by a computer-controlled illumination system, gener-
ating a diurnal triangular light curve with maximum light intensities at
midday and an overall 12:12-h light/dark cycle (see also Table S1). The
illumination system contained full-spectrum light tubes [10% JBL T5 Solar
Tropic (4,000 K), 2% JBL T5 Solar Natur (9,000 K)], which covered the full
range of photosynthetically-active radiation (PAR; 400 –700 nm). Based on
the light measurements at midday, a daily photon flux of 1.93 mol
photons!m#2!d#1 was calculated for the mesocosms (see Calculations sec-
tion). This value compares well with latitudinal-averaged community com-
pensation irradiances of 0.9 –1.75 mol photons!m#2!d#1 estimated to gen-
erate the initiation of the North Atlantic spring bloom (27). Initial
concentrations of dissolved inorganic nutrients were 0.9 !M phosphate
(PO4

3#), 8 !M nitrate (NO3
#), 5.6 !M ammonium (NH4

$), and 20.4 !M silicate
(Si(OH)4). Because of the unusually low NO3

# concentration in this year,
another 13 !M NO3

# was added to ensure bloom development. The water
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Fig. 4. A schematic illustrating the surface layer carbon flow during an algal spring bloom under present (Left) and elevated (Right) sea surface temperature.
Boxes (&DIC, &POC, &DOC) represent the change in the respective reservoir over time, arrows depict processes (P ' primary production, E ' exudation, R '
respiration, S ' sinking, A ' aggregation). Processes found to be sensitive to warming in this study are marked in red. According to our findings, rising sea surface
temperature leads to enhanced respiratory consumption of organic carbon relative to autotrophic production, already occurring during the build-up of the
spring bloom. This results in a decline in net DIC consumption (&DIC) and a lowered availability of organic carbon for export processes. Additionally, the
partitioning of organic carbon between the dissolved and particulate pools is affected, with enhanced accumulation of dissolved organic matter. Together, these
changes in biogenic carbon flow have the potential to alter the efficiency of the biological carbon pump.
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Changes in biogenic carbon flow in response to sea 
surface warming

the transfer of organic matter and energy to higher trophic levels
and the efficiency of the biological carbon pump in sequestering
carbon from the surface ocean to depth, with far-reaching
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ocean’s mitigating effect on anthropogenic climate change.
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Fig. 4. A schematic illustrating the surface layer carbon flow during an algal spring bloom under present (Left) and elevated (Right) sea surface temperature.
Boxes (&DIC, &POC, &DOC) represent the change in the respective reservoir over time, arrows depict processes (P ' primary production, E ' exudation, R '
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Very limited impact of climate change on the
carbonate system

scribed CO2 emission and concentration cases, we also
performed sets of experiments in which atmospheric CO2

concentrations are specified following the WRE1000 stabi-
lization pathway. To investigate the effect of climate change
on ocean chemistry, three different climate sensitivities were
used for the perturbation simulations of the period 1765-
2500, i.e., DT2x = 0.0!C, 2.5!C, and 4.5!C warming for
each doubling of atmospheric CO2 concentration. In the
simulation with DT2x = 0.0!C ocean chemistry is only
influenced by increased atmospheric CO2, whereas in the
simulations with DT2x = 2.5!C and 4.5!C, ocean chemistry
is affected by changes in atmospheric CO2 and climate.

5. Results

[8] Model simulated atmospheric CO2 concentrations
based on the specified CO2 emissions for the simulations
with different climate sensitivities are shown in Figure 2b.
Model predicted CO2 concentrations for the simulation with
DT2x = 0.0!C are the same as that for the WRE1000 CO2

concentration pathway. The simulations with DT2x = 2.5!C
and DT2x = 4.5!C predict higher CO2 concentrations than
that of DT2x = 0.0!C, i.e., concentrations of 1040 and
1150 ppm respectively in year 2500. The increased atmo-
spheric CO2 concentrations are a result of reduced oceanic
CO2 uptake associated with increased temperature, enhanced
ocean stratification, and reduced North Atlantic overturning
circulation. With a climate sensitivity of 4.5!C under pre-
scribed CO2 emissions, our model predicts an increase in
average sea surface temperature of 5.3!C and a reduction in
sea surface salinity of 2.1 per mil by year 2500 relative to
year 1765. At the same time, the maximum intensity of the
North Atlantic overturning circulation decreases by about
46%. The global mean vertical density gradient at the base of

the first model layer (50 m) decreases by about 30%,
indicating increased stratification of the upper ocean. Asso-
ciated with these changes, simulated biogenic carbon export
is decreased by about 32% in year 2500 relative to year
1765.
[9] Projected ocean surface pH and Waragonite decrease

with increasing CO2 concentrations. The rate of decrease
largely follows the rate of CO2 increase (Figures 2c and 2d).
From a pre-industrial ocean mean pH value of 8.17, our
simulations predict a reduction in surface ocean pH of
0.31 and 0.47 units by year 2100 and 2500 respectively
without the inclusion of climate change. From pre-industrial
time to year 2100, Waragonite decreases from 3.34 to 1.91,
and then to 1.39 by year 2500. Consideration of climate
change does not alter the trend of changes in pH and
Waragonite, but modestly modifies their magnitudes. Inclu-
sion of climate change amplifies the decrease in projected
pH (Figure 2c) and diminishes the decrease in predicted
Waragonite (Figure 2d). In the simulation with DT2x = 4.5!C
with prescribed CO2 emissions, the global mean surface
ocean pH is reduced by 0.51 by year 2500, compared with a
reduction of 0.47 predicted without considering climate
change. At the same time, the global mean surface ocean
Waragonite is reduced from the pre-industrial value of 3.34 to
1.62, compared with a value of 1.39 in the case without
climate change (Table 1). These changes in ocean chemistry
predicted by our model are comparable with other relevant
studies. For example, Harvey [2003], by taking into
account the effect of increased CO2 and temperature in a
1D ocean model, predicted a reduction in surface pH and
Wcalcite of 0.6 and 3.2 respectively by year 2500 when
atmospheric CO2 reaches about 1600 ppm in his model.
Caldeira and Wickett [2005], by accounting for the CO2

effect only in a 3D ocean model, projected a reduction in
surface pH and Waragonite of 0.48 and 2.1 respectively by
year 2500 under the WRE1000 CO2 concentration scenario.
[10] To investigate the relative importance of different

climate change effects in ocean chemistry, sensitivity
experiments were performed to quantify the time-dependent
contribution of individual factors to changes in pH and
Waragonite as a result of climate change. Figure 3 shows the
direct effects on pH and Waragonite of changes in sea surface
temperature (SST) and sea surface salinity (SSS) (through
changes in the carbonate dissociation constants), and indi-
rect effects through changes in alkalinity (ALK) and DIC
induced by changes in temperature, ocean circulation, and
marine biology. As shown in Figure 3, direct temperature
effects and changes in DIC play a dominate role in affecting
pH and Waragonite, while the effect of changes in salinity and
alkalinity is much smaller. The direct SST effect is to
reduce pH and increase Waragonite, while the indirect DIC
effect is to cause a smaller decrease in pH and Waragonite,
which appears as a net increase as shown in Figure 3. These
dependencies of pH and Waragonite on SST and DIC can be
readily understood with the aid of Figures 1c and 1d. In the
case of Waragonite, the SST and DIC effect reinforce each
other, leading to a net increase in Waragonite, while for pH the
SST effect dominates the DIC effect, resulting in a net
reduction in pH. By year 2500 the DIC effect increases pH
by 0.03 for a climate sensitivity of 4.5!C, whereas the SST
effect reduces pH by 0.07, leading to a net reduction in
ocean pH of 0.04.

Figure 2. (a) Model predicted CO2 emissions under the
WRE1000 CO2 concentration pathway in the absence of
climate change (i.e., DT2x = 0.0!C). (b) Model predicted
atmospheric CO2 concentrations under this emission path-
way for simulations with different climate sensitivities:
DT2x = 0.0!C, 2.5!C and 4.5!C. Model predicted temporal
evolution of (c) global mean surface ocean pH and (d) global
mean surface ocean aragonite saturation state (Waragonite)
with different climate sensitivities: DT2x = 0.0!C, 2.5!C,
and 4.5!C.
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Interaction between ocean warming and acidification
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Interaction between ocean warming and acidification

across and along the GBR were nonsignificant
and were omitted from all models (SOM); and
year, SST-SPAT, and SST-ANOM were retained
(Fig. 3). The models showed that calcification
varied little between 1900–1990, followed by a
decline since 1990 from 1.76 to 1.51 g cm−2

year−1, or 14.2% (SE = 2.3%). As with the purely
temporal model, this was largely due to a de-
cline in extension rate from 1.43 to 1.24 cm year−1

(13.3%, SE = 2.1%). The variation in density over
this period was indistinguishable from the pure-
ly temporal model. Calcification also increased
linearly with SST-SPAT at a rate of 0.122 g cm−2

year-1 oC−1 (SE = 0.041), corresponding to an in-
crease of 0.36 g cm−2 year−1 from south to north
of the GBR due to the 3°C mean temperature
difference. Calcification also decreased with nega-
tive SST-ANOM values but was highly variable
for positive SST-ANOM.

The causes for the GBR-wide decline in coral
calcification of massive Porites remain unknown,
but this study shows that the causes are prob-
ably large-scale in extent and that the observed
changes are unprecedented within the past 400
years. Cooper et al. (18) previously demonstrated
a 21% decline (1988–2002) in the calcification
rate of 38 small Porites colonies; however, the
study was limited to two GBR inshore locations;
comprised short time series, thereby preclud-
ing comparison with earlier periods; and local
environmental effects such as coastal influences
could not be excluded. Factors known to de-
termine coral growth and calcification include
competition for space, water quality, salinity, dis-
eases, irradiance, currents, large-scale and long-
term oceanographic oscillations, SST, temperature
stress, and carbonate saturation state (6, 10, 19).

Fig. 2. Partial-effects
plots showing the varia-
tion of calcification (grams
per square centimeter per
year), linear extension (cen-
timeters per year), and
density (grams per cubic
centimeter) in Porites over
time. Plots (A) to (C) are
based on 1900–2005
data for all colonies, and
plot (D) on data for the
10 long cores. Light blue
bands indicate 95% con-
fidence intervals for com-
parison between years,
and gray bands indicate
95% confidence inter-
vals for the predicted value
for any given year. Calcifi-
cation declines by 14.2%
from 1990–2005 (A), pri-
marily due to declining
extension (B). Density de-
clines from 1900 onward
(C). The 1572–2001 data
show that calcification in-
creased weakly from ~1.62 before 1700 to ~1.76 in ~1850, after which it remained relatively constant (D) before a weak decline since ~1960.
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Fig. 3. Partial-effects plots showing the variation of calcification (grams per square centimeter per year), linear
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colonies from 1900–2005. Light blue bands indicate 95% confidence intervals for comparison between years or
SST, and gray bands indicate 95% confidence intervals for the predicted value at a chosen level of the predictor.
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Reconstruction of coral calcification 
on the GBR (De’ath et al., 2011)
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Changes -> possible 
changes?

Ocean
Temperatures, frontal positions, 

circulation and connectivity, mixed 
layer depths, variability (SAM, Ozone, 

Greenhouse?), eddies?

Sea ice
Extent, timing, thickness, drift, 

variability

Biogeochemistry
CO2, upwelling, iron inputs, pH?

Murphy & Hofmann
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