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OCEAN ACIDIFICATION MODELING OVER 
THE PAST 5 YEARS - A RETROSPECTIVE



OUTLINE

MODELS OF OCEAN ACIDIFICATION -WHAT HAVE MODELS BEEN UP TO?

▸ Forecasts and projections - (e.g. early warning  systems, habitat 
changes, climate projections etc) 

▸ Attribution experiments -

• Time of emergence

• Processes - e.g. role of local nutrients and runoff changes; 
freshwater; ENSO; subduction

• Biological impacts
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Figure 3

Fig. 3. Model-mean time series of global sea surface warming
(�C), surface pH change (pH unit), ocean O2 content change (%),
and global NPP change (%) over 1870–2100 using historical sim-
ulations as well as all RCP simulations. Shading indicates one
inter-model standard deviation. All variables are plotted relative
to 1990–1999.

and some greenhouse gases concentrations other than CO2
may differ between models for the same scenario; Szopa et
al., 2012), and in (2) climate sensitivities (Knutti and Hegerl,
2008). For example, the SST warming for the RCP8.5 sce-
nario reaches+3.5 �C in three of the models (MPI-ESM-LR,
IPSL-CM5A-LR and IPSL-CM5A-MR) and only 2.25 �C in
two others (GFDL-ESMs) (Fig. 4). This has been explained
by the differences in climate sensitivity: IPSL-CMs andMPI-
ESM-LR have high 2⇥CO2 equilibrium climate sensitivi-
ties, whereas the GFDL-ESMs are on the low range of cli-
mate sensitivities as demonstrated by Andrews et al. (2012).
Sea surface pH decreases as a consequence of the ocean

taking up a significant fraction of anthropogenic carbon ac-
cumulated in the atmosphere. Even more than for SST, the
magnitude of pH decrease is entirely dictated by the sce-
nario (for a given atmospheric CO2 concentrations). In the
2090s, the drop in global-average surface pH compared to
1990s values amounts to �0.33 (±0.003), �0.22 (±0.002),
�0.15 (±0.001) and �0.07 (±0.001) pH unit, for RCP8.5,
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3, Table 3).
The model-mean projection for RCP8.5 is slightly larger than
that by Orr et al. (2005) for the IS92a scenario, in which
atmospheric CO2 reaches 712 ppmv in 2100 as compared
to 935 ppm in RCP8.5. Projections of surface carbonate ion
concentrations, a better variable than pH to discuss poten-
tial impacts on calcification and calcifiers, are detailed in
Sect. 3.2.2.
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Figure 4

Fig. 4. Individual model time series of global sea surface warming
(�C), surface pH change (pH unit), ocean O2 content change (%),
and global NPP change (%) over 1870–2100 using historical simu-
lations as well as all RCP8.5 simulations.

In contrast to SST projections, the model spread for global
surface pH projections (estimated as the inter-model stan-
dard deviation) is very low (less than 0.003 pH unit). This
is explained by (1) the weak interannual variability in global
mean surface pH (Fig. 4), (2) a weak climate–pH feedback,
as demonstrated in Orr et al. (2005) for earlier Earth sys-
tem models, (3) the similar carbonate chemistry equations
and well-defined constants based on the OCMIP-2 protocol
used by most, if not all, models (Orr et al., 2000) and (4)
the uniqueness of the ocean acidification forcing (i.e., of the
atmospheric CO2 trajectory of each RCP scenarios; Moss
et al., 2010). Indeed, changes in surface ocean pCO2, and
hence corresponding changes in carbonate chemistry, closely
track changes in atmospheric CO2 because the equilibration
time for CO2 between the atmosphere and mixed layer is fast
enough in most areas (global average of⇠ 8 months) to allow
near equilibration.
All models lose O2 from the ocean in response to cli-

mate change under every RCP scenario (Fig. 3). The model-
mean reduction in global ocean oxygen content reaches
�3.45 (±0.44), �2.57 (±0.39), �2.37 (±0.30), and �1.81
(±0.31)% in the 2090s relative to the 1990s, for RCP8.5,
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3 and Ta-
ble 3). For RCP8.5, this translates into a�9.03 (±1.15) Tmol
O2 or �6.13 (±0.78)mmolm�3 decrease in the 2090s rela-
tive to the 1990s, based on the reference global O2 inventory
fromWOA 2009. This long-term decline in O2 inventory is a
consistent trend simulated in many coupled climate–marine
biogeochemical models (e.g., Sarmiento et al., 1998). Our

Biogeosciences, 10, 6225–6245, 2013 www.biogeosciences.net/10/6225/2013/
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a. Sea surface temperature change

c. Oxygen concentration change at 200-600m

b. Sea surface pH change

d. Integrated net primary productivity change 
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RCP8.5: 2090-2099

Figure 5

Fig. 5. Change in stressor intensity (defined as the change in the magnitude of the considered variable) in 2090–2099 relative to 1990–1999
under RCP8.5. Multi-model mean of (a) sea surface warming ( �C), (b) surface pH change (pH unit), (c) subsurface dissolved O2 con-
centration change (averaged between 200 and 600m,mmolm�3), and (d) vertically integrated NPP (gCm�2 yr�1). Stippling marks high
robustness. Robustness is estimated from inter-model standard deviation for SST and pH, from agreement on sign of changes for O2 and
NPP. Dark red color shading is used to mark the change in stressor that is detrimental for the marine environment.

amplifies the decrease of surface pH due to the uptake of an-
thropogenic carbon, consistent with Steinacher et al. (2009).
Changes in subsurface (200–600m) O2 are not spatially

uniform, and there is less agreement among models. But
despite a strong difference in magnitude, the complex pat-
terns of spatial changes are very similar across the two sce-
narios and reflect the influence of changes in several pro-
cesses (ventilation, vertical mixing, remineralization) on O2
levels (Figs. 5 and 6). The North Pacific, the North At-
lantic, the Southern Ocean, the subtropical South Pacific and
South Indian oceans all undergo deoxygenation, with O2 de-
creases of as much as �50mmolm�3 in the North Pacific
for the RCP8.5 scenario. In contrast, the tropical Atlantic
and the tropical Indian show increasing O2 concentrations
in response to climate change, in both RCP8.5 and RCP2.6
scenarios. The equatorial Pacific displays a weak east–west
dipole, with increasing O2 in the east and decreasing O2 in
the west. Apart from changes in the equatorial Pacific, these
regional changes in subsurface O2 are consistent across mod-
els under the RCP8.5 scenario (stippling in Fig. 5), and they
are quite similar to those from a recent inter-model com-

parison of the previous generation of Earth system models
(Cocco et al., 2013).
Over the mid-latitudes, patterns of projected changes in

subsurface O2 are broadly consistent with observations col-
lected over the past several decades (Helm et al., 2011; Sten-
dardo and Gruber, 2012; Takatani et al., 2012). Yet there is no
such model–data agreement over most of the tropical oceans.
Observed time series suggest a vertical expansion of the low-
oxygen zones in the eastern tropical Atlantic and the equato-
rial Pacific during the past 50 years (Stramma et al., 2008),
conversely with models that simulate increasing O2 levels
with global warming over the historical period (Andrews et
al., 2013). A more detailed analysis of the simulated evolu-
tion of volumes of low-oxygen waters is given in Sect. 3.2.4.
Similar to subsurface O2 and in line with previous mod-

eling studies (Bopp et al., 2001; Steinacher et al., 2010),
projected changes in NPP are spatially heterogeneous. A de-
crease in NPP is consistently simulated across models and
scenarios in the tropical Indian Ocean, in the west tropical
Pacific, in the tropical Atlantic and in the North Atlantic
(Figs. 5 and 6). This decrease reaches as much as �150 g

Biogeosciences, 10, 6225–6245, 2013 www.biogeosciences.net/10/6225/2013/

Bopp et al., 2013



FORECASTS - REGIONAL

Seasonal Forecasts - J-SCOPE

Data courtesy of NOAA-PMEL (Alin and Feely)

5 month 
forecast

WCOA  
2016  
cruise

Depth of the Ω Saturation Horizon

Siedlecki et al., 2016



FORECASTS- REGIONAL

SHORT TERM FORECASTS (WEATHER)
LiveOcean on the NANOOS NVS

“Comparator!”

http://nvs.nanoos.org/Explorer?action=overlay:liveocean_temp

US IOOS/MARACOOS nowcast/forecasts  

http://dev.oceansmap.com/ches-bay/ 
 

MARACOOS Developmental 
Operational Forecast: 

•  Mid-Atlantic Regional Assoc 
Coastal Coastal Ocean 
Observing System 

•  OceansMap platform 

•  Main site: 

http://oceansmap.maracoos.org. 

•  Developmental site: 

•  VIMS SRM/ECB daily nowcasts/ 
forecasts posted since Jan. 2018 

 

 



HENSEN ET AL. (2017) [CARTER ET AL. (2016); MCKINLEY ET AL (2017)]

TIME OF EMERGENCE

Talk about this at OSM this week…..

Multi-model median of the year when annual extrema exceed the climate change trend (see ‘Methods’ section) for (a) SST, (b) PP, (c) 
pH and (d) interior oxygen content in the ‘business-as-usual’ scenario (RCP8.5). Note the different colour scales for each variable. (e–
h) The pace of climate change: the number of years between the start of climate change and the signal emerging (see ‘Methods’ 
section). White areas indicate where ecosystem stress does not emerge above the range of variability for that parameter by 2100.

Emergence of Anthropogenic Signals in the Ocean  (312401)
Sarah Schlunegger1, Keith B Rodgers1, Jorge L Sarmiento2, John P Dunne3 and Thomas L Froelicher4, (1)Princeton University, Princeton, NJ, United States, 
(2)Princeton University, Atmosphere and Ocean Sciences, Princeton, NJ, United States, (3)Geophysical Fluid Dynamics Laboratory, Princeton, NJ, United States, 
(4)Universtity of Bern, Climate and Environmental Physics, Bern, Switzerland

ATTRIBUTION OF GLOBAL CHANGE

https://agu.confex.com/agu/os18/preliminaryview.cgi/Paper312401.html


PROCESS ATTRIBUTION 

ESM2M Superior Mode Water pH Allows Detection 
of Largest Ocean Acidification in Tropical Mode 

Waters, not the Surface

1

ESM2M Pacific Section (190°E)

Resplandy, L. L. Bopp, J. Orr, and J. Dunne (2013)

The achievement in GFDL’s ESMs illustrates the importance of including dynamical, 
chemical and biogeochemical interactions

ESM2M Superior Mode Water pH Allows Identification of 
Largest Ocean Acidification in Tropical Subsurface Waters

Mode Water - hot spots for physically amplified vulnerability 

Frenger, I., Bianchi, D., Stührenberg, C., Oschlies, A., Dunne, J., Deutsch, C., Galbraith, E. and Schütte, F., 2018. 
Biogeochemical role of subsurface coherent eddies in the ocean: Tracer cannonballs, hypoxic storms, and microbial stewpots. 
Global Biogeochemical Cycles.



PROCESS ATTRIBUTION

LARGE SCALE CLIMATE - WINDS; PDO; ENSO

Turi et al., 2016; 2018

period (roughly 17 μatm dec−1; black line in
figure 2(b)). This trend is very close to our modeled
pCO2 trend for the CalCS of 18.8±3.5 μatm dec−1

(table 1).
The ocean acidification signal penetrates deeply

into the thermocline of the CalCS, causing a sig-
nificant domain-wide shoaling of the aragonite satur-
ation depth (d ;as i.e., the depth below which

1aragW < ) by an average rate of −33 ±6 m dec−1

(figures 1(c) and (f)). The strongest upward migration
of das occurred in the northern nearshore regions
around Cape Mendocino (∼40°N), with regional
values ofmore than 50 m dec−1. This result is compar-
able to the das trend of 50 m dec−1 inferred by Feely
et al (2012) from two repeat hydrography sections
measured in 1994 and 2004 along a transect line cross-
ing through the CalCS. These changes occur at a mean
depth of around−200 m in themodel, which is some-
what shallower than the observed depth (Feely
et al 2008, Gruber et al 2012). Nonetheless, both mod-
eled and measured results indicate that this shoaling is
likely responsible for the substantial compression of
habitat suitability for organisms sensitive to ocean
acidification across the entire CalCS (e.g., Feely
et al 2008, Bednaršek et al 2014, Bednaršek and
Ohman 2015).

Substantial regional differences exist in the trends
across the CalCS. In particular, we findmuch stronger
trends in the nearshore areas, although to different
degrees in the two simulations. In the HCast-ERAI
simulation, the region of largest trends is located
between San Francisco Bay, California, and Cape
Blanco, Oregon (∼38–43°N; figures 1(a)–(c)), whereas

in the HCast-CCMP simulation, the region of stron-
gest increase extends further to the north and to the
south (∼35–45°N; figures 1(d)–(f); see figure 2(a) for
geographical locations). In these areas, we have recon-
structed maximum decreases in pH and aragW of up to
−0.03 dec−1 and −0.15 dec−1, respectively, and a
maximum shoaling of das of up to −40 to
−50 m dec−1. In contrast to the trends in pH, which
show a strong cross-shore gradient, the regions of
strongest trends in aragW and das extend up to
500–600 kmoffshore.

To quantify these trends in more detail, we focus
our analysis on three regions within our model
domain (figure 2(a)). In both HCast simulations, the
largest trends occur in the northern coastal region
(R1), where pCO2 trends are on average 5 μatm dec−1

larger than in the southern coastal region (R2;
figure 2(b)). Similarly, pH and aragW decrease by about
−0.005 dec−1 and −0.01 dec−1 more, and das shoals
by about −13 m dec−1 more in R1 compared to R2
(figures 2(c)–(e)). Trends in the offshore region (R3)
are the smallest for all three variables in both HCast
simulations.

The HCast-CCMP simulation consistently exhi-
bits larger domain-wide and regional trends in pCO2,
pH, aragW and das than the HCast-ERAI simulation
(table 1). This can partly be explained by the larger
alongshore wind stress trends in CCMP compared to
ERA-Interim (figure 6(c)), especially in the nearshore
100 km. This could have a more offshore-reaching
effect on ocean acidification due to the anomalous
upwelling and subsequent offshore transport of waters
high in DIC and low in pH and carbonate ion

Figure 1.Trends per decade in pH, aragW and das from (a)–(c) theHCast-ERAI simulation (1979–2012) and (d)–(f) theHCast-CCMP
simulation (1988–2011). pH and aragW trendswere averaged over the top 60 mof thewater column.Negative trends in das denote a
shoaling. All trends are significant at the 95% level.

4

Environ. Res. Lett. 11 (2016) 014007 G. Turi et al.: Response of O2 and pH to ENSO in the CalCS in a high-resolution climate model 77

Figure 6. ESM2.6 FMA warm–cold high-pass-filtered standardized anomalies (unitless) for (a) sea surface temperature, (b) surface
O2, (c) surface pH, (d) 100 m temperature, (e) 100 m O2, and (f) 100 m pH.

itive between the coast and ⇠ 300–500 km offshore, as well
as offshore north of 40� N and south of 28� N, with anoma-
lies of up to 2� (Fig. 6a). Offshore between ⇠ 28 and 40� N,
in the region of the subtropical gyre, SST anomalies are neg-
ative around 1–2� and reflect a typical observed El Niño sig-
nal. The surface O2 anomalies largely reflect the SST sig-
nal, albeit with a reversed sign, as would be expected from
a solubility-driven response. Close to the US west coast, O2
anomalies are lower than �2� and become less negative fur-
ther offshore. Positive O2 anomalies of around 0.8–2� are
found offshore in the region of the subtropical gyre (Fig. 6b).
The surface pH signal differs from the SST and O2 signals,
in that positive pH anomalies, with a maximum around 2� ,
are limited to a very narrow band of ⇠ 100 km along the
coast (Fig. 6c). Between 100 km and around 500 km off-
shore, El Niño minus La Niña pH anomalies are negative
around �0.8� , while further offshore in the region of the
subtropical gyre, pH anomalies are predominantly positive
again.

We investigate ENSO-driven changes in temperature, O2,
and pH in the subsurface (100 m) area in Fig. 6d–f. A simi-
lar cross-shore gradient in temperature occurs at 100 m com-
pared to the surface, with anomalies larger than 2� in some
regions along the coast (Fig. 6d). However, the 100 m signal

is more limited to within a ⇠ 100 km wide band along the
coast. The mean response of 100 m O2 to ENSO is drasti-
cally different than the O2 response at the surface, with pos-
itive anomalies within a 100 km band along the coast, indi-
cating that two different processes govern the O2 response
to ENSO at the surface and at depth (Fig. 6e). The 100 m
pH signal looks largely the same as the surface pH signal,
with a slightly broader cross-shore region with positive pH
anomalies of up to 2� (Fig. 6f). These positive pH anomalies
are also more widespread northward and southward along
the coast at 100 m compared to the surface. Furthermore, the
100 m pH signal is very similar to the 100 m O2 signal (com-
pare Fig. 6e and f), suggesting a common subsurface process
influencing both variables.

In Fig. 7, we examine the same offshore cross sections as
in Fig. 2 and focus on the response of temperature, O2, and
pH to ENSO in the vertical plane. Again, we show El Niño
minus La Niña composite anomalies. The differing response
of O2 to ENSO at the surface and at 100 m that we observed
in Fig. 6 is also clearly visible in all four offshore cross sec-
tions in Fig. 7b, e, h, and k. The pH (Fig. 7c, f, i, l) and O2
responses are very similar between 32 and 36� N, suggesting
that here they are both affected by the same processes. Be-
tween 40 and 45� N, on the other hand, El Niño minus La

www.ocean-sci.net/14/69/2018/ Ocean Sci., 14, 69–86, 2018

Climatic modulation of recent trends in ocean 
acidification in the California Current System



PROCESS ATTRIBUTION

GOA -THE ROLE OF FRESHWATER

Siedlecki et al., 2017; Pilcher et al. 2018

The Importance of Freshwater to Spatial Variability of Aragonite Saturation State in the Gulf 
of Alaska

Journal of Geophysical Research: Oceans
Volume 122, Issue 11, pages 8482-8502, 7 NOV 2017 DOI: 10.1002/2017JC012791
http://onlinelibrary.wiley.com/doi/10.1002/2017JC012791/full#jgrc22511-fig-0011



PROCESS ATTRIBUTION 

GOA -THE ROLE OF FRESHWATER
Highlight: Explicitly forced coastal freshwater 

discharges to model impact of OA and Climate 
Change on Biogeochemistry in Gulf of Alaska
• Point-source river input through exchange of mass, 

momentum and tracers through the coastal wall at all depths 
• TA, DIC, Fe, DOC, nutrients in freshwater are based on 

observations
• 35 year long hindcast simulation (1980 -2015) is still running

Observations Model Output
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PROCESSES  - NUTRIENT ATTRIBUTION

CHESAPEAKE BAY
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Feng et al., 2015; 

Irby et al., 2016, 2017
Friedrichs et al ( in prep)

Projected Effects of Anthropogenic CO2 Emissions on Eutrophication-Induced Hypoxia and Acidification in the Northern Gulf of Mexico
Arnaud Laurent, Dalhousie University, Halifax, NS, Canada, Katja Fennel, Dalhousie University, Department of Oceanography, Halifax, NS, Canada, 
Dong Ko, US Naval Research Laboratory, Monterey, CA, United States and John C Lehrter, Dauphin Island Sea Lab, Dauphin Island, AL, United States

Talk about Gulf of Mexico at OSM this week…..



ATTRIBUTION - BIOLOGICAL IMPACTS

GLOBAL EXAMPLE
Fig. 3 Regional changes in the physical system and associated risks for natural and human-

managed systems. 

J.-P. Gattuso et al. Science 2015;349:aac4722

Published by AAAS



US AND GOA
ATTRIBUTION - BIOLOGICAL IMPACTS

Ekstrom et al. 2015

Vulnerability and adaptation of US 
shellfisheries to ocean acidification

Ocean acidification risk assessment for 
Alaska’s fishery sector

Mathis et al. 2015



GULF OF MAINE EXAMPLE
Fig 10. Mean ± SD (n = 100) model forecasts out to 2050 using CO2 forcing from RCP 8.5 and 

1.4°C SST warming (blue) and forecasts with constant 2008 CO2 concentration and 
temperature (red).

Cooley SR, Rheuban JE, Hart DR, Luu V, Glover DM, et al. (2015) An Integrated Assessment Model for Helping the United States 
Sea Scallop (Placopecten magellanicus) Fishery Plan Ahead for Ocean Acidification and Warming. PLOS ONE 10(5): e0124145. 
https://doi.org/10.1371/journal.pone.0124145
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0124145

ATTRIBUTION - BIOLOGICAL IMPACTS



ATTRIBUTION - BIOLOGICAL IMPACTS

CCS EXAMPLE

Bednarsek et al., 2017

 
 

 

 

Fig. 3. On the right: Hovmöller diagram of spatial tracks and time history of aragonite saturation state for modeled particles released 
August 1 2013 along cross-shelf lines spanning 126.0°W to 123.5°W, and tracked both forward and backward for 2 months time 

Pteropod
Photo: R. Hopcroft

Particles released along tracks where samples obtained 

Particles vertically migrate 

Particle tracks run forward and backward in time for 
30 days to calculated undersaturation days experienced



ATTRIBUTION - BIOLOGICAL IMPACTS

CCS EXAMPLE

Marshall, K.N., Kaplan, I.C., Hodgson, E.E., Hermann, A., Busch, D.S., McElhany, P., 
Essington, T.E., Harvey, C.J. and Fulton, E.A., 2017. Global change biology, 23(4), pp.1525-
1539.
Hodgson, E. E., I. C. Kaplan, K. Marshall, J. L. Leonard, T. E. Essington, D. S. Busch, E. A. 
Fulton, C. J. Harvey, A. J. Hermann, P. McElhany. In review. 

Long-term forecasts: Potential effects of ocean 
acidification on the California Current food web and 

fisheries



Ω MODELS

REGIONAL MODELS YOU ARE ABOUT TO HEAR MORE ABOUT
▸ K. Fennel’s GOMex and GOM models 

▸ Arctic - projections and hindcasts - 
see D. Pilcher

Outer domain: offline NEMUCSC 
forced by data-assimilative 

reanalysis of CCS circulation at 
1/10° for 1988-2010

Nested domain: coupled ROMS-
NEMUCSC solution at 1/30°
benefiting from physical data 
assimilation in outer domain

UCSC Hindcast Simulation for CCS at 1/30° (1988-2010)

Ocean Circulation:
ROMS

(1/30° nested domain)

Biogeochemistry:
NEMUCSC 

(NEMURO+Carb+O2)

1/10°

1/30°

Surface pH,  09-JUN-2002 For more info:
fiechter@ucsc.edu



Ω MODELS

REGIONAL MODELS YOU ARE ABOUT TO HEAR MORE ABOUT

D
epth (m

)

ROMS-BEC nests off 
California Current System

4 km res.

1 km res.
300m res.

4km horizontal analysis for 
long term and habitat 
compression studies

Submesoscale-resolving 
model at 1km horizontal 
resolution for state-wide 
analysis, including OA effects 
on coastal and offshore 
plankton communities

300m horizontal resolution 
solution to study local 
inputs’ effects on the coastal 
ad benthic ecosystem

UCLA group

UCLA group



IDEAS FOR THE FUTURE OF OA MODELING

MODELS - WHERE DO WE GO FROM HERE?
Testbeds to explore 

mitigation and adaptation 
strategies (e.g. decision 
support, preparing for 

climate change) 

Attribution - connection 
between global and local 

anthropogenic changes and 
the biological response 

Sources of Uncertainty
!

http://faculty.washington.edu/pmacc/LO/LiveOcean.html

http://faculty.washington.edu/pmacc/LO/LiveOcean.html


EXTRA SLIDES



TEXT

o The main source of model  uncertainty depends upon the 
timescale of the forecast

o Uncertainty arises from model spread, internal variability, 
emissions scenario



Fig. 1 Environmental changes over the industrial period and the 21st century for a business-as-
usual scenario and a stringent emissions scenario consistent with the UNFCCC target of 

increase in global surface temperature by 2°C. 

J.-P. Gattuso et al. Science 2015;349:aac4722

Published by AAAS



CARTER ET AL. (2016); MCKINLEY ET AL (2017)

TIME OF EMERGENCE

G A McKinley et al. Nature 530, 469–472 (2016) doi:10.1038/nature16958

Time of emergence for sea-to-air CO2 flux


