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Abstract
Ocean acidification is a global phenomenon, triggered by the oceanic uptake of anthropogenic
CO2 . Regions with a naturally low pH and aragonite saturation state (Ωarag ), such as the high latitudes and Eastern Boundary Upwelling Systems (EBUS), are prone to become undersaturated
with respect to Ωarag within a few decades. Low resolution global models fail to simulate the
seasonal upwelling of dissolved inorganic carbon (DIC) enriched waters close to the coast and do
not resolve physical mesoscale activities that dictate the carbon chemical patterns. These models
therefore miss the acuteness of ocean acidification in EBUS. To fill this gap, I use a 5 km resolution U.S. West Coast set-up of the Regional Oceanic Modeling System coupled to a simple
ecosystem model to study the progression of ocean acidification in the California Current System
(CCS), one of the four major EBUS. A preindustrial simulation was conducted to study the natural carbon chemistry dynamics of this region. Results show that even before anthropogenic CO2
perturbed the carbon chemistry of the CCS, ∼84% of the benthic ecosystems on the continental
shelf off northern and central California experienced about one short (∼6 days) aragonite undersaturation event per year (Ωarag >0.96). To compare these results with present - day conditions
and future projections a transient simulation from 1995 to 2050 was conducted. While atmospheric pCO2 and DIC followed the IPCC SRES ”business as usual” scenario, aspects of climate
change, such as increased temperature and winds were not taken into account. Under presentday conditions, the aragonite saturation horizon (Ωarag =1) is located at around 200 m, ∼100 m
higher than during the preindustrial era. During strong upwelling events, the aragonite saturation
horizon shoals up to the surface in the central CCS, which is supported by recent observations.
Despite the high temporal variability of pH and Ωarag , the central and northern subregions of the
CCS have already moved out of their preindustrial natural variability envelope of pH and Ωarag .
Moreover, aragonite undersaturation events on the continental shelf affect the whole studied region, quadrupled in number and have become longer than during the preindustrial era. They
last anywhere between a few days up to a year. Future projections show that ocean acidification
progresses at high speed in the CCS. By 2030 and 2035 respectively, nearshore aragonite of the
northern and central CCS subregions are projected to move out of their present-day variability
envelope. The aragonite saturation horizon is projected to shoal into the upper 75 m of the water
column beginning in 2025 in the central and 2035 in the northern subregion. Due to the greater
exposure to aragonite undersaturation, benthic organisms are likely already negatively influenced
today. In view of the fast approaching continuous and 10 times higher intensity of aragonite undersaturation, the chemical threat to economically important aragonite calcifiers such as oysters,
clams and mussels will be substantially amplified. Changes in the structure of the ecosystems
will lead to unknown feedbacks into fisheries, global biogeochemical cycles and climate.
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Zusammenfassung

Die Versauerung der Meere ist ein globales Phänomen, das durch die Aufnahme von anthropogenem Kohlenstoff (CO2 ) verursacht wird. Regionen mit natürlich niedrigem pH-Wert
und Aragonit-Sättigungszustand (Ωarag ), wie die hohen Breiten und Wasserauftriebsgebiete entlang den Westküsten von Amerika und Afrika, sind besonders gefährdet, innerhalb von wenigen Jahrzehnten einen Zustand der Untersättigung in Bezug auf Aragonit zu erreichen. Niedrig
aufgelöste, globale Modelle versagen bei der Simulation von saisonalem Auftrieb entlang der
Küsten, was sich wiederum auf die Simulation der Zirkulation von gelöstem anorganischen Kohlenstoff auswirkt. Zudem sind globale Modelle nicht im Stande, physikalisch mesoskalige Aktivitäten, die das chemische Muster diktieren, aufzulösen. Deshalb übersehen die globalen Modelle die Dringlichkeit der Versauerung der Gewässer in Auftriebsgebieten. Um diese Lücke
zu füllen, benutze ich ein regionales physikalisches Modell, welches die Gewässer des kalifornischen Auftriebsgebietes (CCS = California Current System) mit fünf Kilometer Auflösung
simuliert. Das physikalische Modell ist mit einem einfachen Ökosystem-Modell gekoppelt. Mit
Hilfe dieses Modelles kann ich die Versauerung der Gewässer des CCS, eines der vier grossen
Auftriebsgebiete, besser untersuchen. Zuerst wurde eine vorindustrielle Simulation durchgeführt
um die Dynamik der natürlichen CO2 -Chemie dieser Region zu quantifizieren. Die Ergebnisse
zeigen, dass bereits vor dem anthropogenen Einfluss etwa 84% der Fläche auf dem Festlandsockel
zwischen Point Conception and Cape Mendocino einmal pro Jahr, für ∼6 Tage, der AragonitUntersättigung ausgesetzt waren (Ωarag >0.96). Um diese vorindustriellen Ergebnisse mit den
heutigen Bedingungen und zukünftigen Projektionen vergleichen zu können, wurde eine transiente Simulation von 1995 bis 2050 durchgeführt. Während das atmosphärische pCO2 und das
DIC dem SRES ”business as usual”-Szenario vom Weltklimarat folgten, wurden Aspekte des Klimawandels, wie erhöhte Temperatur und Wind, nicht berücksichtigt. Unter den heutigen Bedingungen liegt der Aragonit-Sättigungs-Horizont (Ωarag = 1) bei rund 200 m, bereits 100 m höher
als im vorindustriellen Zeitalter. Während dem Höhepunkt der Auftriebsaison steigt der Aragonit
Sättigungs-Horizont zum Teil bis ins seichte Wasser. Das ist vorallem in zentralen Gebieten des
CCS der Fall, was auch durch jüngste Beobachtungen unterstützt wird. Trotz der hohen zeitlichen
Variabilität der pH und Ωarag -Werte, sind die zentralen und nördlichen Teilregionen des CCS
bereits von ihrem vorindustriellen natürlichen Variabilitäts-Umschlag abgewichen. Darüber hinaus sind Perioden von Aragonit-Untersättigung länger und häufiger geworden und beeinflussen
mehr Regionen als in der vorindustriellen Ära. Diese Perioden sind zwischen ein paar Tagen bis
zu einem Jahr lang. Projektionen bis ins Jahr 2050 zeigen, dass die Versauerung der Gewässer des
CCS schnell voranschreitet. Ergebnisse deuten an, dass bis zum Jahr 2035 der Oberflächen-Ωarag
in zentralen und nördlichen Gebieten des CCS aus seinem heutigen, natürlichen VariabilitätsUmschlag abweichen wird. Zusätzlich wird den Prognosen zufolge der Aragonit-SättigungsHorizont in die oberen 75 m der Wassersäule ansteigen. Aufgrund der grösseren Belastung in
den untersättigten Gewässern sind benthische Organismen vielleicht schon heute negativ beeinvii

flusst. Angesichts der sich schnell nähernden, kontinuierlichen und 10-mal intensiveren AragonitUntersättigung als während dem vorindustriellen Zeitalter, wird sich die chemische Bedrohung
für wirtschaftlich wichtige, Aragonit kalzifizierenden Organismen, wie Austern und Muscheln,
verstärken. Änderungen in der Ökosystemstruktur werden zu bis anhin unbekannten Auswirkungen in der Fischerei, in den globalen biogeochemischen Zyklen und im Klima führen.

viii

Acknowledgements
My time as a Ph.D. candidate was full of beautiful opportunities and interesting encounters
that have shaped my learning process of becoming a scientist. Many of these great moments
were only possible with the support of my thesis advisors Nicolas Gruber and Meike Vogt. They
were always available to discuss new ideas, ask questions, edit a manuscript or guide me into the
right direction. Thanks to Niki it was possible to follow my passion of studying the oceans while
spending precious time in Switzerland.
Many thanks to my other committee members Gian-Kasper Plattner and Scott Doney. Meetings and email conversations have been productive and have left me with new ideas for future
steps or improvements for the current research. I’m very thankful to Scott Doney, David Glover,
Ivan Lima, Severine Sailley, Sarah Cooley and Paulo Calil for making my stay in Woods Hole a
very fruitful, motivating and fantastic experience. Richard Feely has kindly offered me assistance
along the way of my Ph.D.. Meetings with him have always left me with a very enthusiastic spirit
and encouraged me to work harder. Thanks to him I was able to leave the modelling world behind
me and experience the daily problems of observational oceanographers during a very exciting
cruise along the U.S. West Coast. Every scientist and crew member onboard the RV Wecoma
has made this cruise fantastic. Special thanks go to Sarah Purkey who has patiently showed me
how to operate a CTD. Moreover, Laurie Juranek, Cynthia Peacock, Mark Patsavas, Yvan Alleau,
David O’Gorman and Adrienne Sutton have made this cruise an unforgettable experience.
I am extraordinarily grateful to have Kay Steinkamp as an office mate and friend. Thank
you, Kay, for teaching me how to write pretty matlab scripts, to battle with units and to patiently
answer extraordinarily smart questions. But mostly I want to thank you for being there for me
in good and in bad moments, for cheering me up with interesting assumptions and for giving me
insights into male thoughts;).
Zouhair Lachkar, Damian Loher and Matt Munnich have been an indispensable help over the
course of my time at ETH. They patiently supported me dealing with model or computer issues
and did not despair if I asked a question twice. I also want to thank Diego Santaren and Mark
Payne for their statistical advice and their cheerful characters. And of course, many thanks to all
UP members that have inspired and motivated my daily work.
Bernardo Gut, my biology teacher at the Gymnasium in Münchenstein, raised my interest in
biology. Thanks to his incredibly interesting way of teaching biological concepts I decided to
come up with the courage to study biology in Basel. Supported by Dieter Ebert I was able to
overcome the next hurdle to fulfill my dream of studying corals in Australia, opening the door to
the wide field of oceanography.
On a personal level, I have an endless list of people that have, in one or the other way,
contributed to my wonderful life. Mami und Papi, ich ha euch unglaublich gärn und bi sehr froh
ix
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Chapter 1

The ocean in a high CO2 world
Since the dawn of the industrial era human beings have altered the chemistry of the planet
earth. With the increasing need for energy, food, and space, humans started to exploit the natural
carbon sources such as wood and oil and converted much of the natural landscapes into crops
and settlements. The resulting emissions of carbon dioxide (CO2 ) greatly altered the partitioning
of carbon between the various reservoirs of the earth. It wasn’t until the 1950’s, when Charles
David Keeling’s continuous measurements at the Mauna Loa Observatory in Hawaii showed a
rapidly increasing atmospheric concentration of CO2 (Figure 1.1), when the first societal alarm
bells sounded (Keeling et al., 1976). This was the initial meaningful evidence indicating the
tremendous effect which human beings have on the operation of the geochemical dynamics of the
earth.
The burning of fossil fuel and land use changes are the largest sources of anthropogenic CO2
that have increased atmospheric concentration of CO2 since the preindustrial era. Approaching
nearly 400 ppm, the atmospheric CO2 concentration is now higher than at any point during the
past 800,000 years (Luthi et al., 2008). The growth rate in anthropogenic CO2 emissions increased from 1.1 % yr−1 between 1990-1999 to >3% yr−1 for 2000-2004, which exceeded even
the most carbon intensive CO2 emission scenarios presented by the Intergovernmental Panel on
Climate Change (IPCC) (Raupach et al., 2007). Under these circumstances, it is expected that
the atmospheric CO2 concentration will climb over 800 ppm by the end of this century (Solomon
et al., 2007).
The ocean and the terrestrial biosphere have acted as important sinks for the anthropogenic
CO2 . Since the beginning of the industrial era the ocean has absorbed about one third of the CO2
produced by human activities (Sabine et al., 2004). This development has a profound effect on
the chemistry of the ocean. In a process known as ocean acidification, the increase in the concentration of atmospheric CO2 triggers an oceanic uptake of CO2 and a well correlated reduction
of pH (Figure 1.1). Global surface ocean pH has already been reduced by about 0.1 units since
humans started to perturb the global carbon cycle (Feely et al., 2004). How much pH decreases
1
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for a given uptake of anthropogenic CO2 depends on the buffer capacity of the surface water,
which is different from region to region. The buffer capacity is a function of the concentration of
carbonate (CO2−
3 ), one of four different species representing the dissolved inorganic carbon pool
in seawater.

Figure 1.1 Increasing atmospheric CO2 (red curve) from the Mauna Loa time series compared to
the increase of seawater pCO2 (blue curve) and decrease of pH (green curve) measured at Station
Aloha. From Feely et al. (2009).

.

1.1

Seawater carbonate chemistry

The four carbon species forming the dissolved inorganic carbon (DIC) pool in seawater are
−
2−
dissolved carbon dioxide (COaq
2 ), carbonic acid (H2 CO3 ), bicarbonate (HCO3 ) and CO3 . Since
less than one percent of the neutral, dissolved carbon occurs as H2 CO3 at equilibrium, both
species are from now on combined and represented by the symbol H2 CO3∗ . The DIC pool can
then be defined as:
DIC = [H2 CO3∗ ] + [HCO3− ] + [CO32− ]

(1.1)
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The inorganic carbon species are related by the following equilibrium reactions describing the
acid-base chemistry of the carbonate system (Broecker and Peng, 1982):
H2 CO3∗ ,

(1.2)

H2 CO3∗

H + + HCO3− ,

(1.3)

HCO3−

H + + CO32− ,

(1.4)

CO2(gas) + H2 O

where the equilibrium relationships between the species are described by the following equilibrium constants:
K0
K1
K2

[H2 CO3∗ ]
pCO2
+
[H ][HCO3− ]
=
[H2 CO3∗ ]
[H + ][CO32− ]
=
[HCO3− ]
=

(1.5)
(1.6)
(1.7)

K0 is the solubility constant of CO2 . K1 and K2 are the first and second dissociation constants of
carbonic acid. The brackets denote the concentrations of the species. The equilibrium constants
are functions of temperature, pressure and salinity and were measured in a variety of studies
(Millero, 2007). Given the fact that hydrogen ions (H+ ) are involved in these reactions, their concentration in solution determines the relative abundances of the various dissolved carbon species
at equilibrium. The negative logarithm of the concentration of H+ defines the pH of a water
sample:
pH = −log[H + ]

(1.8)

2−
Figure 1.2 illustrates the concentrations of H2 CO∗3 , HCO−
3 and CO3 as functions of pH. It shows
that at the present day global surface ocean average pH of 8.2, the majority of the dissolved carbon
2−
in the oceans exists in the form of HCO−
3 (see also Table 1.1). CO3 is the second most abundant
species, since the dissociation constant K2 (pK2 = -log K2 ) lies closest to the present day pH
range. A decrease of pH increases the relative contribution of H2 CO3∗ and decreases therelative
contribution of CO2−
3 to the DIC pool.

Since it is not practical to measure the concentration of each individual acid-base species in a
seawater sample, they are typically inferred from a combination of analytical parameters and the
H2 CO∗3
DIC
0.5
Alk
-

CO2−
3
10.9
18.8

HCO−
3
88.6
76.8

B(OH)−
4
4.2

−
−
Table 1.1 Contribution in percentage of H2 CO∗3 , CO2−
3 , HCO3 and B(OH)4 to DIC and Alk at a
global mean surface pH of ∼8.2 (Sarmiento and Gruber, 2006).
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pK2

pK1
1

3

5

7

9

11

[H2CO3*]

pH = -log [H+]

[CO32-]

-3

oceanic pH range

-5

-7

[HCO3-]
log [A]

[CO32-]
[OH-]

[H2CO3*]

[HCO3-]

[H+]

2−
+
Figure 1.2 Concentrations of H2 CO∗3 , HCO−
3 and CO3 as functions of pH (-log [H ]). The
contribution of each carbon species to the DIC pool changes as a function of pH. From Sarmiento
and Gruber (2006).

.

above mentioned constants. DIC is often used as one of these analytical parameters because it can
be directly analyzed by acidifying the sample and measuring the amount of CO2 produced. The
refined total seawater alkalinity (AlkT ) by Dickson (1981) serves as another analytical parameter
to fully constrain the carbonate system of the oceans. AlkT represents the charge balance of the
acid - base system of seawater by defining the excess in bases over acids:
−
2−
AlkT = [HCO3− ] + 2[CO32− ] + [B(OH)−
4 ] + [OH ] + [HP O4 ]
−
+ 2[P O43− ] + [SiO(OH)−
3 ] + [N H3] + [HS ] + minor bases

(1.9)

− [H + ] − [HSO4− ] − [HF ] − [H3 P O4 ] − minor acids
AlkT can be measured by acidimetric titration. In addition to AlkT , DIC and pH, pCO2 can also
be measured from a water sample. pCO2 is the partial pressure of CO2 of the water sample and is
given in µatm so that it can be easily compared with the concentration of the atmospheric CO2 .
Through the determination of two of the four reliably measurable carbon properties (AlkT , DIC,
pH and pCO2 ), and the salinity, temperature and the concentrations of phosphate and silicate
of a given sample, it is possible to calculate the missing properties of the seawater carbonate
system and the speciation of dissolved inorganic carbon. The possibility of fully constraining the
carbonate system with only two measurable carbon properties is a powerful tool to monitor the
effect of increased uptake of CO2 on the ocean carbonate chemistry and to manipulate seawater
in experimental setups to study the impact of the changing ocean chemistry on organisms.
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Chemical effect of increased oceanic CO2 uptake

Once taken up by the ocean, CO2 does not remain as aqueous CO2 at the surface. It reacts
2−
with water to form HCO−
3 and releases protons. However, CO3 acts as a buffer of the system by
2−
+
neutralizing some of the H+ . If enough CO2−
3 is available, the H can be taken up by CO3 to
form another HCO−
3 . This can be illustrated by combining the reactions 1.1 through 1.3 to obtain:
H2 CO3∗ + CO32−

2HCO3− .

(1.10)

As a result, uptake of anthropogenic CO2 decreases the buffer capacity over time and thus accelerates the future rate of pH decline. In fact, the uneven distribution of surface CO2−
3 also triggers
regionally different rates of pH decrease. Orr (2011) projects that under the IS92a-scenario, the
total decrease of surface pH from preindustrial to 2100 is 0.39 in the Southern Ocean and 0.33 in
the tropics.
Moreover, neutralizing the anthropogenic CO2 in the seawater leads the system towards a
2−
threshold CO2−
3 (CO3 sat ) concentration, below which the seawater is undersaturated with regard
to the mineral calcium carbonate (CaCO3 ). CaCO3 has two mineral phases, aragonite and calcite,
which are both used by marine organisms to build skeletons and shells. The dissolution equilibria
for aragonite and calcite are defined as
CaCO3 = Ca2+ + CO32−

(1.11)

with the solubility product written as
0
Ksp
= [Ca2+ ]sat [CO32− ]sat ,

(1.12)

where [Ca2+ ]sat and [CO2−
3 ]sat define concentrations of the carbonate and dissolved calcium ions
in equilibrium with CaCO3 . The equations defining K’sp for aragonite and calcite are described
by Mucci (1983) and depend on temperature, salinity and pressure. Since aragonite is 50% more
soluble than calcite seawater will first become undersaturated with regard to aragonite. The aragonite and calcite saturation states can then be expressed as the degree of saturation
Ωarag,calc

[Ca2+ ][CO32− ]
,
=
0
Ksp

(1.13)

2+
where [CO2−
3 ] and [Ca ] are the observed concentrations in the sample of seawater. When the
2−
CO2−
3 concentration is below CO3 sat , or in other words, when Ωarag,calc is below 1, aragonite
respectively calcite will chemically dissolve in seawater.
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1.3

Regional hot spots of ocean acidification

High latitudes
High latitudes are at greater risk of ocean acidification than temperate regions. This is mainly
because they have a naturally low surface concentration of CO2−
3 (Figure 1.3). Polar regions,
2−
−1
with an annual averaged CO3 concentration of 105 µmol kg , are already closer to calcium
carbonate undersaturation than the tropics, where the CO2−
3 concentration is naturally higher (240
2−
−1
µmol kg ) (Orr et al., 2005). The low CO3 concentration in the high latitudes is an indirect
effect of low sea surface temperature. Lower temperatures towards the polar regions increase
the solubility of CO2 and thus enhance the oceanic uptake of atmospheric CO2 (Sarmiento and

Figure 1.3 The preindustrial (light blue line), observed (dark blue line, Key et al. 2004) and for
2100 projected (orange line for the IS92a and red line for the S650 future scenario for 2100, 13
OCMIP models) surface CO2−
3 concentration as a function of latitude indicate the naturally low
2−
levels of CO3 in the high latitudes. The aragonite and calcite saturation horizons are indicated by
the two straight dashed lines. Adapted from Orr et al. (2005).

Gruber, 2006). As a consequence, DIC increases while Alk remains constant, shifting the carbon
−
equilibrium to a decrease in CO2−
3 concentration and an increase in HCO3 concentration. In
addition, the carbon chemistry of the Southern Ocean is affected by wind-driven upwelling of
deep, cold and CO2 -enriched waters, which further reduces the CO2−
3 concentration. There, year
round surface water undersaturation with respect to aragonite is projected by 2050 (Orr et al.,
2005), while seasonal undersaturation is expected already earlier (McNeil and Matear, 2008).
Recent observations show that some regions of the northern high latitudes experience temporal surface water undersaturation with regard to aragonite already now (Yamamoto-Kawai et al.,
2009; Bates, 2009). In the Arctic Ocean the thermodynamic effect of naturally low CO2−
3 concen-
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tration is further enhanced with increased sea ice melt due to global warming. Low concentrations
of DIC and Alk in meltwater lead to an even lower CO2−
3 concentration and temporary aragonite
undersaturation (Yamamoto-Kawai et al., 2009). Moreover, the Arctic Ocean has a lower pCO2
than the atmosphere because of cooling, mixing, freshwater input (riverine and meltwater) and
high productivity (Bates et al., 2006). Due to sea ice melt, gas exchange between the atmosphere
and the ocean is less limited, leading to an additional increase in the uptake of CO2 . Simulations with the NCAR CSM 1.4 model also project first occurrence of aragonite undersaturation
in the Arctic Ocean within this decade (Steinacher et al., 2009). Accounting for global change
induced increased precipitation and sea icemelt, Steinacher et al. (2009), expect year-round aragonite undersaturation of the entire Arctic Ocean at an atmospheric CO2 concentration of 552 ppm.
Coastal oceans
In many coastal regions the impact of multiple stressors converge, putting them at greater risk
of ocean acidification than the open ocean. Eutrophication, pollution and freshwater input push
coastal environments towards lower pH and Ωarag .
• Excessive biological production near the Mississippi River inflow acts as an amplifier of
ocean acidification in the Gulf of Mexico (Cai et al., 2011). Local pH dropped by ∼0.45
units since the preindustrial era. The authors attribute ∼25% of the pH drop to CO2 uptake
from the atmosphere, 46% to increased organic matter oxidation because of eutrophication
and 11% to a decreased buffering capacity of CO2 enriched waters.
• Atmospheric deposition of anthropogenic nitrogen and sulfur alter the surface carbonate
chemistry of coastal oceans downwind from highly populated areas. A model study showed
that up to 50% of the carbonate chemistry changes in coastal oceans are caused by these
atmospheric inputs, while the impact remains small on a global scale (Doney et al., 2007).
• Rivers collect runoff from soils with high H2 CO3 due to enhanced organic decomposition
in watersheds. The discharge of this riverine freshwater into coastal waters then decreases
their CO2−
3 content (Salisbury et al., 2008).
In combination with increased anthropogenic CO2 , the above mentioned processes lead to an
amplified impact on the CaCO3 minerals in coastal oceans.
Similar to the waters of the polar regions, waters of Eastern Boundary Upwelling Systems,
especially of the California and Humboldt Current Systems, are endowed with naturally low pH
and CO2−
3 concentrations. The western margins of continents are typically affected by upwelling
favorable winds that bring subsurface waters to the surface. These subsurface waters are cold,
nutrient and DIC-rich, favoring high productivity while also temporarily decreasing pH and Ωarag
of the surface waters. Observations from a cruise along the U.S. West Coast show that due to
strong upwelling, waters undersaturated with respect to aragonite were brought into the upper 60
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Figure 1.4 Depth of the aragonite saturation horizon along the U.S. West Coast. Note that near
line 5 the aragonite saturation horizon straddles the surface. From Feely et al. (2008).

m in several locations and reached the surface at around 41◦ N (Figure 1.4, Feely et al. 2008). The
authors estimate that the upwelled waters contain about 31±4 µmol kg−1 anthropogenic CO2 ,
which additionally decreases the naturally low pH and Ωarag . The anthropogenic CO2 exposes
shallower waters, previously oversaturated with respect to aragonite, to undersaturated conditions.
Unfortunately, the spatiotemporal coverage of measurements is sparse in all of the above
mentioned ”hot spots” for ocean acidification. Only recently several moorings were deployed
along the U.S. West Coast (Sutton et al., 2011) and in the Arctic (J. Matthis, personal communication) in order to learn more about the regional patterns of inter annual and seasonal variability
of pH and Ωarag .
While global ocean models capture the progression of ocean acidification in the high latitude regions, they don’t point towards low and concerning pH and Ωarag in the temperate zone
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(Steinacher et al., 2009; Orr et al., 2005). The coarsely resolved global model outputs, such as
from the NCAR CSM or OCMIP models, don’t resolve local dynamics. Consequently they fail to
capture the upwelling of CO2 enriched waters along western margins and thus miss the fact that
the waters of Eastern Boundary Upwelling Systems (Turley et al., 2010), especially the California
(Feely et al., 2008) and the Humboldt Current Systems, are endowed with low CO3 2− .

1.4

Setting the scene: The California Current System

Along with the Benguela, Canary and Humboldt Current Systems, the California Current
System (CCS) is one of the four major Eastern Boundary Upwelling Systems (EBUS). These
systems are located on the eastern edge of the large subtropical gyres that dominate large scale
ocean circulation in the mid-latitudes. Unlike the warm and swift Kuroshio Current on the western boundary of the North Pacific Gyre, it’s equatorward return flow along the North American
West Coast is cooler, slower and more diffuse. This equatorward flow is called the California
Current (CC). Together with the poleward flowing California Undercurrent (CUC) and upwelling
favorable alongshore wind patterns, the CC is responsible for the highly energetic physical dynamics of the CCS. These circulation patterns support cold, nutrient and DIC rich surface waters.
While the high nutrient concentrations in the well-lit surface areas trigger a productive and diverse
ecosystem, upwelled DIC causes a naturally low surface pH and Ωarag in these coastal areas.

1.4.1

Physical dynamics

The California Current System covers a wide area along the west coast of North America (Figure 1.5), from the southern tip of Vancouver Island (∼48◦ N) to the tropical waters off
Baja California (∼15-25◦ N) (Hickey, 1979). The irregular coastline and bathymetry and variable
weather patterns along the coast create a diversity of circulation patterns along a latitudinal gradient. The region is affected by several principal circulation features such as the California Current,
the California Undercurrent, the seasonal Davidson Current, the Southern California Eddy, the
Coastal Jet and wind-driven upwelling (Figure 1.5).
The equatorward flowing California Current (CC) is broad (from 50 to 1000 km offshore),
with the core of the flow at about 200 - 300 km off the coast (Figure 1.5, 1). This current occupies
the upper 300 m of the water column, with intensifying strength towards the surface. North of
about 40◦ N, the cool, low-salinity and nutrient-rich waters are primarily fed by subarctic water
masses, while in the southward flow of the the CC, the contribution of subtropical waters increases
(Tabata, 1975). The contribution of either subarctic or subtropical waters to the CC also varies
according to the season, with increased percentage of subarctic waters in summer (Hickey, 1979).
South of Point Conception, the current splits and a portion of the CC turns north to meet up
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Figure 1.5 Simplified illustration of the main circulation patterns along the U.S. West Coast. The
numbers define the circulation regime, where 1) California Current, 2) California Undercurrent (subsurface) and Davidson Current (surface), 3) Coastal Jet, 4) North Pacific Current and 5) Southern
California Eddy. Adapted from Checkley Jr. and Barth (2009).

with the California Undercurrent. However in summer, this flow is recirculated in the Southern
California Bight and becomes the Southern California Eddy.
The California Undercurrent (CUC), also known as the California Counter Current, flows
along the continental slope towards the north (Figure 1.5, 2). The current is about 10 - 40 km
wide and strongest in a range of about 150 - 300 m depth. The water masses of the CUC are characterized by relatively high temperature, salinity and phosphate concentration, and low dissolved
oxygen concentration, as they originate from the equatorial region (Hickey, 1979).
Along with the CC and CUC there are also several other minor currents that contribute to
the overall circulation of the region. The Davidson Current is a continuous alongshore poleward
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surface flow, going from north of Point Conception up to Vancouver Island (Figure 1.5, 2). This
surface flow is driven by winter weather patterns, but can also occur in other seasons under the
right wind conditions. The Southern California Eddy or also termed the Southern California
Countercurrent is a poleward current south of Point Conception, flowing inshore of the Channel
Islands in the California Bight (Figure 1.5, 5). The equatorward Coastal Jet is induced by horizontal density gradients that occur between the upwelled and coastal waters (Mooers et al., 1976)
(Figure 1.5, 3).
Summer-time persistent equatorward winds lead to coastal wind-driven upwelling of nutrient
and DIC enriched waters, which trigger phytoplankton blooms and cause low levels of pH and
Ωarag in the nearshore coastal areas. The annual onset of persistent upwelling conditions occurs
abruptly in late spring in an event called spring transition (Huyer et al., 1979). The equatorward
winds predominate in summer because of east-west pressure gradients that evolve once the North
Pacific High strengthens and the Continental Low deepens. Blowing parallel to the shore, the
equatorward winds induce Ekman transport of surface waters off-shore and as a consequence,
pump subsurface waters up to the surface in coastal areas (Figure 1.6).The strength and persistence of the equatorward winds and thus the resulting upwelling patterns in nearshore areas are
regionally different (Dorman and Winant, 1995). North of Cape Mendocino (40.5◦ N) the winds

Figure 1.6 In the northern hemisphere, persistent equatorward-blowing winds parallel to the coast
induce Eckman transport of warm, nutrient-replete water masses away from shore, resulting in
upwelling of nutrient/DIC rich and cold subsurface waters. From Kudela et al. (2008).
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are moderately strong and seasonally varying with synoptic stormy periods. In the central region
between Cape Mendocino and Point Conception (34.5◦ N) the winds are very strong and show
a summertime persistent equatorward direction, while winds are intermittent and poleward in
winter. South of Point Conception the wind direction is also persistently equatorward, but wind
speeds are weaker than in the central CCS, because the coast south of Point Conception is protected from the strong equatorward winds. As a result, seasonal upwelling near the coast occurs
mainly in the northern and central part of the CCS, while the southern CCS is exposed to weak
upwelling-favorable winds throughout the year, with amplitudes occurring on synoptic timescales
(Capet et al., 2004). The upwelled waters off the U.S. West Coast were last in contact with the
surface in the North Pacific, about 40 to 50 years prior to their upwelling (Feely et al., 2008).
During the time they travel from the North Pacific to the West Coast of the North American Continent they accumulate the residuals from organic matter respiration, which rain down from the
sunlit and productive surface waters. As a result of their North Pacific provenance and subsurface
trajectory, these waters are cold, salty, and rich in nutrients and DIC. The nutrient input to the
surface from the upwelled water creates a horizontal phytoplankton gradient in the upper water
column, with high concentrations onshore and decreasing concentrations offshore (Eppley et al.,
1978). In addition, the strong vertical velocities of the upwelling waters lead to resuspension
of iron-rich particles in the benthic boundary layer and subsequent injection of additional iron
into the upper water column (Johnson et al., 1999). Overall, sea-surface temperature is inversely
related to biological production (McGowan et al., 2003; Palacios et al., 2004). The high DIC
content in the upwelled waters create a pH and Ωarag gradient with low pH and Ωarag at the coast
and higher levels offshore. Chapter 3 describes these chemical patterns in more detail.
In addition to the large-scale circulation patterns, the CCS is characterized by mesoscale circulation patterns that further increase the physical dynamics of the system. Mesoscale eddies
and zonal jets, which are the oceanic equivalents of atmospheric storms and storm tracks, influence the density structure and transport properties of the current, inducing onshore and offshore
transport of water (Thompson, 2008).
Inter-annual variability of upwelling in the CCS is strongly influenced by the El Niño-Southern
Oscillation (ENSO) (Friederich et al., 2002). El Niño, which is the warm phase of ENSO, influences the CCS by deepening the thermocline and reducing the upwelling (Friederich et al., 2002).
As a result, the supply of nutrient and carbon rich waters to the surface decreases. The consequence of the anomalously low supply of nutrients to the euphotic zone is observed in decreased
chlorophyll concentration (Chavez et al., 2002), with large implications on the ecosystem. El
Niño occurs once every three to ten years (Philander, 1983). Decreasing differences in sea level
pressure between the Southeast Pacific High Pressure Zone and the North Australian-Indonesian
Low Pressure Zone weaken Pacific trade winds, which initiates the spreading of a series of equatorial trapped Kelvin waves of warm waters from the Western to the Eastern Tropical Pacific. The
waves then propagate northward along the eastern ocean boundaries as coastally trapped Kelvin
waves and deepen the thermocline (Strub and James, 2002). As a result, wind-driven upwelling,
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which brings subsurface water from about 100-200 m to the surface, will then bring warm and
nutrient poor water from above the thermocline to the surface. Furthermore, as a consequence
of the warming Eastern Pacific and the weakening of the trade winds, the Aleutian Low-Pressure
center (southwest of Alaska) expands southward (Alexander et al., 2002) and decreases the high
pressure cell off California. This new pressure system leads to anomalously northward winds over
the CCS (Cummins and Lagerloef, 2004) and triggers weaker or even ceased upwelling (Tourre
et al., 1999).
During the cold phase of ENSO, which is the counterpart of El Niño and referred to as La
Niña, the Eastern Pacific cools down by 3-5◦ C and trade winds strengthen, causing opposite
effects of El Niño for the CCS. During La Niña events upwelling in the CCS intensifies and
isopycnals are uplifted, leading to higher nutrient content and colder water at the surface. In
addition, the water has higher DIC concentrations and is poorer in oxygen, which leads to an
expansion of aragonite undersaturated waters and oxygen minimum zones (Nam et al., in review).

1.4.2

Ecosystem

EBUS belong to the most productive marine ecosystems worldwide (Daneri et al., 2000).
These upwelling areas contribute about 2-5% to the global marine primary production and 17%
to global fish catch, while occupying less than 1% of global ocean area (Pauly and Christensen,
1995; Carr, 2001). Although the CCS is the least productive of the four major upwelling systems
(Carr, 2001), summer-time upwelling of nutrient enriched waters triggers high primary production to levels >300 g C m−2 year−1 (Ware and McFarlane, 1989), which in turn provides the basis
for a rich coastal ecosystem across all trophic levels.
Pelagic primary producers
Data from the Santa Barbara Channel, California show that diatoms represent the most prevalent pelagic primary producers during upwelling in late spring and summer (Anderson et al.,
2008). During this period the waters are nutrient replete and the level of silicic acid is high
enough so that diatoms are able to form their opal external skeleton. During these favorable conditions the turnover time of diatoms is about two days (Hsieh and Ohman, 2006). Once the silicic
acid concentration drops below favorable conditions for diatoms, they form resting spores which
sink below the upper mixed layer. During the oligotrophic conditions that follow upwelling in late
summer/early fall, diatoms are succeeded by dinoflagellates (Anderson et al., 2008). Dinoflagellates have a similar generation time as diatoms (Hsieh and Ohman, 2006) but do not require
SiO3 . Winter-time low-light and nutrient deplete conditions decreases the phytoplankton assemblage size and alters the composition to a combination of diatoms, dinoflagellates, nano- and
pico-phytoplankton (Anderson et al., 2008).
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Benthic primary producers
Various perennial kelp species (Laminariales) are abundant in near-shore benthic habitats
from Baja California all the way to Alaska. They attach to the rocky surface and profit from
the cold and nutrient-laden water. The most common species is the giant kelps (Macrocystis
pyrifera.) (North, 1971). These highly productive primary producers are found at water depths
between 2 and 20 m and can grow up to 30 m high. Fronds grow from their root-like holdfast
upward to the water surface and diverge at the surface to form canopies. These strong structures
withstand a combination of pressure forces such as wind shear and bottom drag from upwelling
(Winant, 1980). As a consequence, kelp forests slow down coastal currents (Jackson and Winant,
1983) and therefore provide shelter for many other algae, fish, invertebrates, marine birds and
mammals. Since they are a primary food source and function as important habitats for coastal
organisms, kelp forests are of foundational importance to the integrity of the California Current
ecosystem.
Secondary producers
The coastal blooms of phytoplankton support large mesozooplankton blooms that are poor
in species diversity (Ware and McFarlane, 1989). Herbivorous euphausiids and copepods are the
dominant zooplankton groups in the CCS. Each group is represented by several species in certain
bands of latitudes. Euphausiids are represented by Euphausia pacifica and Thysanoessa spinifera
in the northern range (Mackas et al., 2004) and by Nematoscelis difficilis, Euphausia gibboides,
Euphausia recurva, and Thysanoessa gregaria off central California and further south (Brinton,
1981). Calanus marshallae, Pseudocalanus mimus, Acartia longiremis, and Acartia hudsonica
are categorized as ”boreal shelf” copepods and are prevalent in the cooler waters north of 40◦ N.
The ”subarctic oceanic” copepods that briefly mix onto the shelf of British Columbia during
spring and summer include Neocalanus plumchrus, Neocalanus cristatus, and Eucalanus bungii.
The ”southern” copepod community is endemic to the California coast and include Ctenocalanus
vanus, Paracalanus parvus, Clausocalanus spp., and Mesocalanus tenuicornis. Euphausiids have
a generation time of 0.5-1 year (Hsieh and Ohman, 2006) and a life span of more than 3 years
(Hanamura et al., 1989). Copepods only live between a couple of months to 1 year (Ianora, 1998)
and have a generation time of 1 month (Hsieh and Ohman, 2006). Smaller populations of shelled
pteropods (Limacina Helicina) are also found in the upper 300 m of the water column. Their
generation time is also about 0.6-1.5 years (Gannefors et al., 2005). Although their quantitative
contribution to secondary production in the CCS is expected to be much smaller than that of
euphausiids and copepods, they are an important food source for fish such as cod and mackerel
(Lalli and Gilmer, 1989). Overall, zooplankton biomass is strongly linked to changes in primary
production and thus indirectly dependent on nutrient input from upwelling events or shifts in currents (Chelton et al., 1982).
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Corals, shellfish, fish, mammals and top predators
A variety of deep-sea corals (also known as cold water corals) such as Gorgonians (sea fans),
Antipatharians (black corals) and Sclerectinians (stony corals) are found along the edge of the
continental shelf (Tissot et al., 2006; Roberts et al., 2006). These corals are restricted to temperatures between 4◦ and 12◦ C and are located at about 50 to 1000 m depth. Their carbonate
structures serve as crucial habitats and reproductive grounds for a variety of fish and shellfish.
The California Current ecosystem hosts a great variety of shellfish and fish. Local fisherman
catch about 300 different species per year1 . Shellfish contribute over 50% to the U.S. West Coast
commercial fishing ex-vessel revenue (Cooley and Doney, 2009). The Pacific oyster (Crassostrea
gigas), Blue mussel (Mytilus edulis), California mussel (Mytilus californianus), clams (Ensis
spp.) and crabs, (Metacarcinus spp.) make up the bulk of this income. Shellfish generally have
a generation time of 1-5 years (Tyler-Walters, 2008). Mussels and oysters dominate the rocky
intertidal, forming wide, thick beds that support habitats for other benthic organisms such as
juvenile echinoderms and crabs, worms and barnacles.
The Pacific sardine (Sardinops sagax) is one of the major commercial fish species1 . Pacific
sardines are of particular interest to fisheries because they are characterized by their short generation time (1-3 years) and fast growth rate that make up for their low fecundity. The northern
anchovy (Engraulis mordax), market squid (Doryteuthis opalescens), jack mackerel (Trachurus
symmetricus), pacific mackerel (Scomber japonicus), Pacific herring (Clupea harengus pallasii)
and albacore tuna (Thunnus alalunga) are additional pelagic fish species that mainly contribute to
commercial fisheries and are important as forage for other, larger species. The life span of these
small pelagic species lies between a year (market squid) to 35 years (northern anchovy). Pacific
hake (Merluccius productus), or also known as the Pacific whiting, is currently the most abundant
commercial fish species in the California Current ecosystem. Aside from its commercial value,
the Pacific hake also occupies a very important role in the middle of the food web of the California Current ecosystem. It is a large predator, feeding on other commercially important fish and
shellfish such as the Pacific herring, northern anchovy, and pink shrimp (Pandalus jordani). In
addition, the Pacific hake is an important part of the diets of marine mammals, such as sea lions,
pinnipeds and cetaceans, and large fishes (Fiscus, 1979; Bailey and Ainley, 1982).
The California Current Ecosystem contains large populations of marine mammals, larger
fish and seabirds that feed on the lower trophic levels (Bakun and Parrish, 1991). The cetacean
population consists of eight baleen whales (mysticete) and twenty-one toothed whales (odontocete). Among common species are i.e. the blue whale (Balaenoptera musculus), humpback whale
(Megaptera novaeangliae), orca (Orcinus orca), short-beaked common dolphin (Delphinus delphis), or white-sided dolphin (Lagenorhynchus obliquidens). Every year, some cetaceans travel
thousands of kilometers to reach their summer-time feeding grounds at higher latitudes and their
1
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wintering grounds in the waters off Mexico. Furthermore, various species of seals and sea lions,
such as the Northern Elephant Seal (Mirounga angustirostris) and the California Sea Lion (Zalophus californianus) or sea otters (Enhydra lutris) are an important food source for top predators,
such as the great white shark. The CCS ecosystem is also inhabitated by nearly 150 breeding and
migrating seabirds. Among these are albatrosses, pelicans, cormorants, murres and puffins. Many
of these birds only come to shore to breed and thus spend several years at sea. In order to function
at sea, theses birds developed dense waterproof feathers, several layers of fat and desalinization
system. Since seabirds are able to dive for their prey, the diet is diverse, but mainly constitutes of
squid, krill and small fish.

1.4.3

Ocean acidification sensitive organisms in the CCS

As the concentration of atmospheric CO2 will continue to increase, ocean acidification will
also progress unabatedly, leading to changes in the carbonate chemistry with potential impacts on
ecosystems and their biodiversity (Guinotte and Fabry, 2008; Doney et al., 2009, 2012). Based
on hundreds of studies it is known that there is a suite of biological processes that are sensitive to
changes in carbon speciation. These include calcification, photosynthesis, elemental composition,
nitrogen fixation and reproduction (Doney et al., 2009). In contrary to the well established and
clear thresholds of ocean acidification in carbonate chemistry, consequences to marine biology
are much more complex and species specific. As such, it is impossible to pinpoint one single
threshold of pH or Ωarag below which the chemical conditions affect physiological processes.
The change in carbonate chemistry has a direct negative influence on the physiological health
of calcifiers of aragonite and calcite. Aragonite is secreted by a number of marine organisms
found in the CCS such as oysters, pteropods, clams, mussels and many more invertebrates. In the
absence of protective mechanisms, aragonite chemically dissolves in seawater when the Ωarag is
below 1 (Kleypas et al., 2006). For example, shells of live pteropods start to dissolve when placed
in water undersaturated with regard to aragonite (Orr et al. 2005, also see Figure 1.7). However,
some organisms, such as corals and oyster larvae, are already negatively affected by a decreasing
aragonite saturation state with levels still well above 1.0 (Gattuso et al., 1998; Kleypas et al.,
1999; Lee et al., 2006b).
Chapter 3 summarizes the current knowledge of ocean acidification induced impact on organisms living along the U.S. West Coast and the economical consequences for the local fisheries.
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Figure 1.7 Pteropod dissolving in water undersaturated with regard to aragonite during a period
of 45 days. Courtesy of David Littschwager/National Geographic Society.
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1.5

Objectives of this thesis

The overall objective of my thesis is to advance our understanding of the chemical changes
that are expected to occur in the CCS as a consequence of the ongoing rise of atmospheric CO2
concentrations. To accomplish this objective I will address the following questions:

1. To what extent will the nearshore ecosystem become undersaturated with regard to aragonite?
2. When will pH and Ωarag conditions depart from their preindustrial and present-day variability ranges?
3. How will the intensity, frequency and duration of individual aragonite undersaturation
events change in the coming decades?

To investigate these questions I use the Regional Oceanic Modeling System (ROMS) with the
U.S. West Coast setup (see Chapter 2 for a detailed model description). With its 5 km resolution
the model is able to reproduce the regional dynamics responsible for bringing the waters with
high CO2 to the surface. Using this tool, I analyzed model output from a preindustrial simulation
and an experiment in which we increased the atmospheric CO2 concentrations from 1995 to 2050,
following the IPCC SRES A2-scenario (Nakićenović and Swart, 2000).
In this thesis, I describe the modeled contemporary carbonate chemistry dynamics of the CCS
(Chapter 3), and specifically characterize the seasonal cycle and longterm trends of pH and Ωarag
(Chapter 4 and Chapter 5). With a more advanced comparison between the seasonal cycle and
future trajectories of pH and Ωarag I elucidate transition decades of ocean acidification (Chapter
5). These transition decades are periods when the trajectories of pH and Ωarag are projected to
move out of their natural variability envelopes. A detailed analysis of the changing nature of
individual aragonite undersaturation events is given in Chapter 6. In that chapter I focus on the
intensity, frequency and duration of these events, which is a further step to describe the degree
and pace of chemical changes occurring in the CCS.

1.6

Chapters overview

Chapter 2 gives a description of the models used during this Ph.D. project, mainly focusing on the carbon biogeochemistry module that was coupled to the biogeochemistry model a few
years ago.
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Chapter 3 is a first overview of the present state and dynamics of the modeled ocean carbonate chemistry in the CCS, with greater focus on the region near the California - Oregon border.
Moreover, it gives a qualitative assessment of the vulnerability of CCS organisms and ecosystems
to continued ocean acidification and it’s potential impact on fisheries. Since ocean acidification
is only one of several anthropogenic stressors that influence the ocean’s biogeochemistry and
ecosystem structure, combined effects with hypoxia and temperature are also briefly examined.
Chapter 3 focuses on a preindustrial (atmospheric pCO2 = 280 ppm) and present day (atmospheric
pCO2 = 373 ppm) ROMS U.S. West Coast simulation.

The paper was published in Oceanography as part of a special issue on ”The Future of Ocean
Biogeochemistry in a High-CO2 World”:
Claudine Hauri, Nicolas Gruber, Gian-Kasper Plattner, Simone Alin, Richard A. Feely, Burke
Hales and Patricia A. Wheeler (2009). Ocean Acidification in the California Current System.
Oceanography, 22(4):60-71.

Chapter 4 displays the long term trends of ocean acidification, mainly focusing on the future trajectories of Ωarag in the nearshore 10 km of the central CCS. The results highlight that
ocean acidification in the CCS progresses at a rate similar to what is projected for the Southern
Ocean and the Arctic, which were declared to be the first regions to become undersaturated with
regard to aragonite throughout the year. The key figure of this chapter illustrates how habitats
of organisms bound to a specific range of Ωarag are chemically evolving in the future. Results
support the speculation from Chapter 3 that benthic organisms are at greatest risk as their habitats
are projected to become continuously undersaturated within the next 15 years. For this study we
used ROMS simulations forced with atmospheric CO2 following the IPCC A2 and B1-scenarios
until 2050.

This work was submitted to Science:
Nicolas Gruber, Claudine Hauri, Zouhair Lachkar, Damian Loher and Gian-Kaspar Plattner.
Rapid progression of ocean acidification in the California Current System.

Chapter 5 gives a description of the ecosystem model, mainly focusing on model parameters
involved in the carbon cycle. The carbon properties are then evaluated with in situ measurements.
A detailed analysis of short-term dynamics of pH and Ωarag in nearshore areas along the U.S.
West Coast gives a better insight into the temporal and spatial variability of the system. The core
of the chapter is the elucidation of transition decades, by comparing short-term variability with
long-term trends and the analysis of the evolution of the aragonite saturation horizon. The main
finding of this chapter is that the CCS is approaching a dual threshold, namely, the region is de-
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parting its natural variability envelope and it is reaching long term undersaturation with respect
to aragonite.

This paper is ready for submission to Biogeosciences Discussions:
Claudine Hauri, Nicolas Gruber, Meike Vogt, Scott C. Doney, Richard A. Feely, Zouhair Lachkar,
Anita Leinweber, Andrew M. P. McDonnell, Matthias Munnich and Gian-Kaspar Plattner. Spatiotemporal variability and longterm trends of ocean acidification in the California Current System.

Chapter 6 analyses the intensity, duration, frequency and severity of aragonite undersaturation events on the continental shelf of the U.S. West Coast using preindustrial and forecast
simulations from the Regional Oceanic Modeling System. The main findings of this chapter are
that periods of aragonite undersaturation have become more frequent, longer and more intense
than in 1750. Simulations following the IPCC SRES A2-scenario indicate that the benthos will
be continuously undersaturated by 2050, with an intensity that is 10 times greater than in 2010.
These circumstances will substantially affect the viability of calcifying organisms and could lead
to large shifts in the ecosystem structure.

This chapter is work in preparation for Geophysical Research Letters:
Claudine Hauri, Nicolas Gruber, Andrew M. P. McDonnell and Meike Vogt. The intensity, duration and frequency of aragonite undersaturation events on the continental shelf off central and
northern California.

Finally, Chapter 7 gives a short overview of the main results found during this Ph.D. and
puts it into a global perspective. Moreover, it discusses caveats and suggests improvements for
future work.

Chapter 2

The models
The analyses of this thesis are based on output from the United States West Coast configuration of the Regional Oceanic Modeling System (ROMS) (Marchesiello et al., 2003; Shchepetkin
and McWilliams, 2005) coupled to a simple ecological - biogeochemical model.

2.1

The circulation model

ROMS is a regional, three-dimensional ocean circulation model, designed to simulate flow
and mixing of coastal waters more accurately and at a higher resolution. Here, ROMS is used at a
5 km resolution, resolving most of the mesoscale eddy spectrum (Chassignet and Verron, 2006).
The configuration covers a 1300 km wide and 2100 km long section along the U.S. West Coast
from the U.S./Canadian border (48◦ N) past the U.S./Mexican border to 28◦ N (Figure 2.1).
Orthogonal curvilinear coordinates define the horizontal resolution of the model grid (506
x 250 grid points). The vertical resolution is based on generalized terrain-following vertical
coordinates (σ coordinate) to improve resolution near the sea surface, euphotic zone and the
nearshore region on the shallow shelf (Figure 2.2). The vertical grid is composed of 32 vertical σ
layers.
Using the 20 minute bathymetry file ETOPO2 from the National Geophysical Data Center
(Smith and Sandwell, 1997), the model bathymetry is calculated by resetting depths shallower
than 50 m to 50 m and by interpolating and truncating the data. In order to prevent large pressure
gradient errors, the topography is also smoothed using a selective Shapiro filter for excessive
topographic slope parameter values (Beckmann and Haidvogel, 1993).
The open boundary conditions towards the north, west and south are a combination of outward radiation and flow-adaptive nudging toward prescribed external conditions (Marchesiello
et al., 2001). The nudging is done within a sponge layer of 100 km width, where additional vis21
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Figure 2.1 Domain of the 5 km resolution U.S. West Coast ROMS set up. Shown is the
bathymetry of the region, indicating the width of the continental shelf with light grey shading.
Adapted from Chapter 5.

Figure 2.2 Terrain-following vertical σ coordinates. Shown are the depths from 0 to 4500 m
corresponding to their 32 σ levels on the vertical axis vs. an on-shore off-shore section from the
U.S. West Coast configuration of ROMS.
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cosity of 200 m2 sec−1 was added. The horizontal mixing is modeled using Laplacian diffusion
along geopotential surfaces. Vertical diffusivity in the interior and planetary boundary layers is
based on the nonlocal K-Profile Parameterization (KPP) scheme (Large et al., 1994). Advection
is parameterized using a third order and upstream biased operator, to reduce dispersive errors and
the excessive dissipation rates needed to maintain smoothness (Shchepetkin and McWilliams,
1998). The density anomaly was calculated from T and S using the seawater equation of state
(EOS) following (Jackett and Mcdougall, 1995).

2.2

The ecological - biogeochemical model

The ecological-biogeochemical model used in this thesis is a simple nitrogen-based NPZD2
type model. Gruber et al. (2006) give a detailed description of the parameters and seven coupled
partial differential equations that govern the spatial and temporal distribution of the following
+
non-conservative scalars: nitrate (NO−
3 ) and ammonium (NH4 ) as the new and regenerated nitrogen pools, phytoplankton, zooplankton, a dynamic phytoplankton chlorophyll-to-carbon ratio
and two detritus pools (Figure 2.3). The model originates from the ecosystem model of Fasham
et al. (1990), but has been simplified and improved. While eliminating the explicitly modeled
bacteria and the dissolved and the detrital organic nitrogen pools from the original version of
the model, an implicit parameterization of remineralization processes (see Section 2.2.1) and two

Figure 2.3 The ecological - biogeochemical NPZD-type model illustrated as a flow diagram. The
state variables are represented by the boxes and expressed as nitrogen concentration. The arrows
from and to the boxes illustrate the processes that convert nitrogen from one state variable to another.
Adapted from Gruber et al. (2006).
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pools of detritus have been added (Gruber et al., 2006). The large detritus pool sinks at a fast rate
of 10 m day−1 and the smaller one sinks at a slower rate of 1 m day−1 . The small detritus pool
is parameterized to coagulate with phytoplankton to form large detritus, which increases its sinking speed. Recently, a carbon biogeochemistry module was added that represents the cycling of
inorganic and organic carbon through the ecosystem and the exchange of CO2 across the air-sea
interface. The carbon biogeochemistry module is described in the following section.

2.2.1

Description of the carbon biogeochemistry module

The carbon biogeochemistry module adds three new state variables to the model, such as DIC,
Alk and CaCO3 (DCaCO3 ). The tracer conservation equation for any tracer B is given by
 ∂B
∂B
=∇
· K∇B
− ~u · ∇h B − w + wsink
+
J(B)
,
|
{z
}
| {z }
| {z }
∂t
∂z}
|
{z
diffusion
horiz. advection
source minus sink term

(2.1)

vert. advection & sinking

where K is the eddy kinematic diffusivity tensor, ∇ is the 3-D gradient, ∇h is the horizontal
gradient, ~u denotes the horizontal and w the vertical velocities of the fluid and wsink is the vertical
sinking rate of all particulate pools, except zooplankton (see Table 2.1). J(B) denotes the source
minus sink term for each tracer, which are described in detail for DIC, Alk and DCaCO3 in the
following. The remaining source minus sink terms for the other model state variables are defined
in Gruber et al. (2006).
The sources and sinks of DIC include net community production, gas exchange, and CaCO3
formation and dissolution:
−
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This equation follows the nomenclature used in Gruber et al. (2006). Symbols with parentheses,
such as µP max (T,I) represent functions of the respective variables. JGas is the gas exchange flux
described below (equation 2.3). The state variable associated with the function/parameter is denoted in the subscript, while the corresponding process is given in the superscript. The variables
in the equation denote the following: I and T are light and temperature respectively, P is the phytoplankton pool, Z is the zooplankton pool, DS is the small detritus pool, DL is the large detritus
pool, DCaCO3 is the CaCO3 pool in the water column, SD is the nitrogen and SCaCO3 is the CaCO3
pool in the sediment. All relevant parameters are described in Table 1.2. The carbon fluxes are
tied to those of nitrogen with a fixed stoichiometric ratio rC:N of 106:16 (Redfield et al., 1963).
Net primary production is the sum of regenerated and new production and decreases the DIC
−
pool. Depending on whether phytoplankton (P) take up NH+
4 or NO3 , nitrogen adds to either
the regenerated or the new production flux respectively. The modeled phytoplankton growth
+
max
is limited by temperature (T), light (I) and the concentrations of NO−
(T,I)
3 and NH4 . µP
is the temperature-dependent, light limited growth rate of P under nutrient replete condition.
+
γ(NO−
3 ,NH4 ) is a non-dimensional nutrient limitation factor, with a stronger limitation for nitrate
−
than ammonium, taking into account that P take up NH+
4 preferentially over NO3 and that the
presence of ammonium inhibits the uptake of nitrate by P. For a more detailed description of these
limitation factors the reader is referred to Gruber et al. (2006).
Formation of DCaCO3 also decreases the DIC pool and is parameterized as 7% of the net
Parameter
Fixed carbon to nitrogen ratio

Symbol
rC:N

Value
6.25

Units
-

Remineralization and respiration parameters
Remineralization rate of DS
Remineralization rate of DL
Zooplankton basal metabolism rate

kremin
DS
kremin
DL
ηZmetab

0.03
0.01
0.1

day−1
day−1
day−1

CaCO3 formation and dissolution parameters
CaCO3 fraction of net primary production
CaCO3 dissolution rate

orm
kfCaCO
3
kdiss
CaCO3

0.07
0.0057

day−1

Sediment parameters
Sediment remineralization
Sediment dissolution

kremin
SD
kdiss
SCaCO

0.003
0.002

day−1
day−1

Sinking parameters
Sinking velocity of P
Sinking velocity of DS
Sinking velocity of DL
Sinking velocity of DCaCO3

wsink
P
wsink
DS
wsink
DL
wsink
DCaCO

0.5
1.0
10.0
20.0

m day−1
m day−1
m day−1
m day−1

3

3

Table 2.1 Summary of the definitions, symbols, values and units of the parameters used in the
carbon module of the ecological-biogeochemical model.
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primary production, such that for each mole of organic carbon formed by net primary production,
0.07 moles of DCaCO3 are formed. DCaCO3 dissolves at a fixed dissolution rate of 0.0057 day−1 .
This processes sets CO2−
3 free, and thus adds to the DIC pool. The full source minus sink equation
for DCaCO3 is described below (equation 2.6).
Zooplankton (Z) are parameterize with one size class (mesozooplankton). The Z respiration
from basal metabolism and remineralization processes increases the total DIC pool. Large detritus
(DL ) is remineralized at a rate of 0.01 m day−1 and small detritus (DS ) at a rate of 0.03 m day−1 .
The different sinking speeds and remineralization rates of small and large detritus result in a
large difference of the remineralization length scales of 30 m for DS and 1000 m for DL . As a
consequence, DL is rapidly transported to depths below the euphotic zone, while DS is subjected
to off-shore transport and not encountered in the ocean interior (Gruber et al., 2006).
The sediment is parameterized as a simple one layer model added to the bottom layer (k=1)
of the model. The sediment is represented by the state variables SD (mmol N m−2 ) and SCaCO3
(mmol C m−2 ). Once organic matter and CaCO3 arrive at the sediment surface they are accumulated in the sediment layer. The accumulated organic matter and CaCO3 are subjected to
first-order decomposition reactions into the deepest model layer k = 1 and thus back into the water
column.
Gas exchange is parameterized following Wanninkhof (1992):
J Gas = CO2sol ∗ k ∗ (pCO2air − pCO2ocean ),

(2.3)

k = 0.31 ∗ u2 (Sc/660)−1/2 .

(2.4)

where

air
COsol
is the CO2 partial
2 is the temperature and salinity dependent solubility of CO2 , pCO2
pressure in the atmosphere and pCO2 ocean is the partial pressure of CO2 in seawater. Oceanic
uptake of CO2 increases DIC, while it does not influence Alk. Oceanic pCO2 is calculated from
DIC and Alk using the standard OCMIP carbonate chemistry routines (see Section 5.2.3). k is
the gas transfer coefficient given by equation three in Wanninkhof (1992), which is dependent on
the square of the wind speed and the temperature dependent Schmidt number (Sc). This approach
accounts for the influence of variability in wind speed on the calculated gas transfer velocities
and the possible chemical enhancement of CO2 exchange at low wind speeds over the ocean.

Alk increases due to the removal of NO−
3 (new production) and dissolution of CaCO3 and
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decreases due to the formation of NO−
3 (nitrification) and formation of CaCO3 :
diss
−
J(Alk) = + 2 · kCaCO
DCaCO3 + µmax
P (T, I) · γ(N O3 ) · P · rC:N
3
|
{z
}
|
{z
}
new production

dissolution

+ 2 · kSdiss
S
CaCO3 CaCO3
{z
}
|

(2.5)

sediment dissolution at k = 1

f orm
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− 2 · kCaCO
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3
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}
|
{z
} |
nitrification

CaCO3 formation

Nitrification is light limited (I) and parameterized at a rate of 0.05 day−1 (see Gruber et al. 2006).
CaCO3 formation and dissolution processes change Alk twice as much as DIC. This can be explained with equation 1.9, where CO2−
3 is reduced by one mol and Alk is reduced by two mol.
The concentration of CaCO3 (mmol C m−3 ) is dependent on net primary production and
dissolution:
f orm
−
+
J(DCaCO3 ) = kCaCO
· µmax
P (T, I) · γ(N O3 , N H4 ) · P · rC:N
3
|
{z
}
CaCO3 formation

(2.6)
diss
− kCaCO
DCaCO3 ,
3
{z
}
|
dissolution

orm
CaCO3 increases by 0.07 mole (kfCaCO
) for each mole of organic carbon produced by net primary
3
production and it dissolves at a fixed rate of 0.0057 day−1 (kdiss
CaCO3 ) in the water column and at
0.002 day−1 (kdiss
SCaCO ) in the sediment.
3

2.3

Model evaluation

The model set-up used in this thesis is equivalent to the one described in Gruber et al. (2006),
with improvements discussed in Lachkar and Gruber (2011). Lachkar and Gruber (2011) reevaluate the model’s performance with the improved model setup for simulating observed sea
surface temperature (SST), surface chlorophyll-a and the mixed layer depth, which will be briefly
discussed in the following.
Overall, the observed annual pattern of chlorophyll-a from SeaWiFS1 satellite data is well
represented by the model output (Figure 2.4), with a correlation of r = 0.80 (Lachkar and Gruber,
2011). However, the model underestimates chlorophyll-a in the near-shore 100 km by about 1
1

http://oceancolor.gsfc.nasa.gov/SeaWiFS/
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mg m−3 (r = 0.67) and struggles to resolve the observed seasonal cycle (r = 0.46). The largest
underestimation of near-shore chlorophyll-a is found in the Oregon/Washington region, where
synoptic wind variability governs the intermittent upwelling pattern - with short instants of strong
upwelling, followed by periods of relaxation. This bias is partially due to the use of monthly
climatologies of wind and surface fluxes to force the model. These monthly climatologies are
not capable of resolving the above discussed high frequency wind patterns responsible for strong
upwelling and the resulting stronger nutrient impulse on biology (Gruber et al., 2006). In addition,

Figure 2.4 Observation - model comparison. The top panel shows the annual mean of surface
chlorophyll-a (Chla) concentrations (mg m−3 ) from SeaWIFS (left, period from 1997 to 2007) and
ROMS (right). The bottom panel illustrates the annual average of sea surface temperature (SST) in
Ccirc from AVHRR (left, period from 1997 to 2007) and ROMS (right). Adapted from Lachkar and
Gruber (2011).

the discrepancy in the near-shore regions could also be partially due to a bias in the SeaWiFS data
set, which systematically overestimates chlorophyll-a concentrations in coastal waters (Lachkar
and Gruber, 2011).
The modeled SST is in good agreement with both, the annual and seasonal patterns of surface
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temperature (r = 0.98 and r = 0.95 respectively) and successfully captures the offshore extent
of the cold upwelling region (Lachkar and Gruber, 2011). As already found in Gruber et al.
(2006), the model is biased by about 1◦ C relative to the AVHRR (Advanced Very High Resolution
Radiometer2 ) satellite data used for the comparison (Figure 2.4). The modeled underestimation of
SST could be a an indirect consequence of ocean warming. This positive trend in SST is already
captured in the AVHRR data that spans between 1997 - 2005. However, the Comprehensive
Ocean-Atmosphere Data Set (COADS) data products (da Silva et al., 1994) used to force the
model is based on the average of the period between 1950 to 1989 and might not resolve the
ocean warming trend that was observed only recently, over the last couple of decades.
The observed annual mean mixed-layer depth from the Argo-based climatology of de BoyerMontégut et al. (2004) is well represented by the modeled mixed layer depth, with a correlation
of about r = 0.7. The observational data set has a much coarser resolution (2◦ ) than the model,
most likely leading to the higher modeled standard deviation relative to the observations.
Section 5.3.1 will continue with the model evaluation by comparing the model to in situ data
of the key carbonate chemistry properties such as DIC, Alk, Ωarag , pH, temperature and salinity
in the upper ocean.

2

http://noaasis.noaa.gov/NOAASIS/ml/avhrr.html
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Abstract
Eastern boundary upwelling systems (EBUS) are naturally more acidic than most of the rest
of the surface ocean. Observations of EBUS already show pH values and saturation states with
regard to the carbonate mineral aragonite that are as low as those expected for most open ocean
waters several decades from now. Thus, as atmospheric CO2 increases further, EBUS are prone to
widespread and persistent undersaturation with regard to aragonite, making them especially sensitive to ocean acidification. Here, we describe ocean carbonate chemistry and its short-term to
seasonal variability in one major EBUS, the California Current System (CCS), based on observations and results from an eddy-resolving regional model. Results reveal high variability in ocean
carbonate chemistry, largely driven by seasonal upwelling of waters with low pH and saturation
states, and subsequent interactions of transport and biological production. Model simulations
confirm that the pH of CCS waters has decreased by about 0.1 pH unit and by 0.5 in saturation
state since preindustrial times. A first assessment of the vulnerability of CCS marine organisms
and ecosystems to ocean acidification suggests that there will be winners and losers, likely provoking changes in species composition. Benthic organisms appear to be among those that will
be most affected by the continuing acidification of the CCS. More accurate projections require
special consideration of the integrated effects of ocean acidification, ocean warming, decreasing
oxygen levels, and other processes that are expected with global change.

3.1. Introduction
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Introduction

Oceanic uptake of anthropogenic CO2 from the atmosphere increases seawater’s concentration of CO2 , but lowers its carbonate ion concentration and its pH (Caldeira and Wickett, 2003,
2005; Feely et al., 2004; Orr et al., 2005). Marine organisms, from microbes to large predatory
fish and mammals, may be very sensitive to these chemical changes, potentially leading to substantial ecological and biogeochemical shifts (Hare et al., 2007). Of particular concern is the
crossing of thresholds, such as when seawater becomes undersaturated with regard to biogenically produced calcium carbonate minerals (i.e., reaches the state where minerals are prone to
dissolution; Feely et al. 2004; Kleypas et al. 2006; Fabry et al. 2008; Guinotte and Fabry 2008;
Doney et al. 2009). However, critical thresholds may already have been passed; many organisms,
such as corals, respond negatively to a lowering of the saturation state even though the waters are
still supersaturated (Hoegh-Guldberg et al., 2007). Global mean surface pH has already decreased
by approximately 0.1 units, from about 8.2 to 8.1, since the preindustrial period, and, depending
on future levels of atmospheric CO2 , pH is expected to decrease by another 0.3 - 0.4 units by the
end of the century (Orr et al., 2005).
To assess the potential vulnerability of marine organisms and biogeochemical processes to
these changes, it is not sufficient to determine only global mean changes in pH, carbonate ion
concentrations, and carbonate saturation states. Global changes might not adequately reflect regional variability and thus may mask the urgency of the problem and its regional acuteness.
Regional variations in ocean acidification are the result of longterm changes in carbonate chemistry being superimposed on its natural variability, which is significant relative to predicted ocean
acidification-driven changes, even in the surface ocean. These variations in natural acidity levels
may put some marine organisms in certain regions at greater risk earlier. To date, attention has
been focused on surface waters at high latitudes, which have a naturally low pH and low carbonate saturation states because thermodynamic factors support high dissolved inorganic carbon
(DIC) concentrations relative to alkalinity for the same atmospheric CO2 levels (Orr et al., 2005;
McNeil and Matear, 2008; Steinacher et al., 2009). As a result, these regions are expected to
become undersaturated with regard to calcium carbonate minerals more quickly than the rest of
the ocean. Annually, both the Arctic Ocean and the Southern Ocean may become undersaturated
with respect to aragonite (the less-stable form of calcium carbonate) during this century (Orr
et al., 2005; Steinacher et al., 2009). Seasonally, this threshold may occur within the next few
decades (McNeil and Matear, 2008). The Arctic surface ocean is projected to become completely
undersaturated with respect to aragonite as early as 2040 (Steinacher et al., 2009), with 10% of
the area already having become undersaturated at least one month per year during this decade.
The carbonate system changes in ocean waters at temperate latitudes have received less attention because these surface waters have a higher pH, on average, and are strongly supersaturated
with respect to aragonite and calcite. As a result, it has generally been concluded that critical
thresholds will not be crossed until much later in these regions.

Chapter 3. Ocean acidification in the California Current System

34

Here, we demonstrate that eastern boundary upwelling systems (EBUS), such as the California Current System (CCS), are particularly vulnerable to future ocean acidification. Recent
CCS observations show that nearshore regions are currently exposed to waters that exhibit chemical conditions like those predicted for open-ocean surface waters several decades into the future
(Feely et al., 2008). These observations also show that the aragonite saturation horizon already
reaches the surface in certain regions during strong upwelling events (Figure 3.1a). With only a
little additional CO2 , surface waters in these regions likely will become permanently undersaturated with regard to aragonite. Given the economic and biogeochemical importance of EBUS
(e.g., Chavez and Toggweiler (1995)), it is essential to assess the potential impacts of ocean acidification in these regions. We focus here on the CCS, but we expect similar results for other major
EBUS, particularly the Humboldt Current System, because they are subject to the same governing
processes.
We first characterize CCS chemical conditions in greater detail, and then attempt to assess
the vulnerability of CCS organisms and ecosystems to continued ocean acidification. We also account for the fact that ocean acidification does not act in isolation, but that future changes likely
will be characterized by warmer and more stratified conditions as well as by more frequent and
severe occurrences of low-oxygen waters (hypoxia; e.g., Plattner et al. 2002; Oschlies et al. 2008).
Due to the currently very limited understanding of the sensitivity of organisms and ecosystems to
ocean acidification, our assessment is by necessity just a first step and remains generally qualitative. Our goal is to identify CCS ecosystem vulnerability in order to provide guidance for future
research and management activities.

3.2

Description of model and simulation setup

The Regional Ocean Modeling System (ROMS) is a three-dimensional, eddy-resolving physical circulation model that simulates flow and mixing of ocean waters and is configured at a
resolution of 5 km (ROMS ETHZ) for a domain covering the U.S. West Coast (Marchesiello
et al., 2003; Shchepetkin and McWilliams, 2005). ROMS is coupled to a nitrogen-based nutrientphytoplankton-zooplankton-detritus (NPZD) biogeochemical model and includes a representation of the marine carbon cycle (Gruber et al., 2006). The model was forced at surface with
monthly climatologies of momentum and density fluxes computed from QuikSCAT and the Comprehensive Ocean-Atmosphere Data Set (COADS) data products, respectively. Initial conditions
for temperature and salinity were taken from the World Ocean Atlas 2001 database1 . Monthly climatological means were also used to prescribe temperature, salinity, and momentum fluxes along
the three lateral open boundaries following a radiative scheme. Initial and boundary conditions
for the inorganic carbon system (dissolved inorganic carbon [DIC] and alkalinity) are based on
GLobal Ocean Data Analysis Project (GLODAP) data (Key et al., 2004) for pre-industrial and
1

http:// www.nodc.noaa.gov/OC5/WOA01/pr woa01.html
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present-day simulations. A seasonal cycle was added to the DIC boundary conditions using the
monthly climatology of pCO2 and assuming constant alkalinity. A limitation of the GLODAP
database is that the observations used to create this gridded product do not include the U.S. West
Coast, but come from far offshore in the Pacific Ocean. We suspect that extrapolation of these
observations toward the shore led to too low DIC concentrations at a given depth at the lateral
boundaries of our model (i.e., too high saturation states). This overestimation of the saturation
state at the lateral boundaries would then have caused the observed biases of our modeled aragonite saturation states in the nearshore areas.

3.3

The carbonate chemistry of the California Current System

The generally low pH and saturation state of nearshore waters in the CCS is a direct consequence of coastal upwelling. Upwelling is driven by the seasonal shift to a southward (alongshore) wind that pushes surface waters offshore from approximately April through October, causing subsurface waters to be pulled to the surface (upwelled) nearshore. These upwelled waters
follow long paths on their transit to the CCS, and are isolated from the surface ocean for many
years. Along their journey, these waters accumulate the products of organic matter respiration,
which rain down from the illuminated surface waters above, resulting in waters that are high in
nutrients and dissolved CO2 , but low in oxygen, pH, and carbonate saturation state. For example,
for waters that are upwelled off the Oregon coast, respiration adds more than 200 µmol kg−1 of
DIC to the source waters. This addition results in a pH decrease of over 0.3 units, and an increase
in the partial pressure of CO2 (pCO2 ) of over 700 µatm relative to presumed preindustrial conditions. During strong upwelling, Feely et al. (2008) observed seawater with pH values as low
as 7.75, and undersaturation with respect to aragonite starting at depths ranging from the surface
to 120 m along the northern US Pacific coast (Figure 3.1a, c). Biweekly observations from a
time-series site in Santa Monica Bay over more than five years confirm this shallow depth for the
saturation horizon, but also show great temporal variability, mostly associated with intermittent
upwelling events and passing mesoscale eddies (recent work of the authors; see also Leinweber
et al. 2009). The high nutrient content of the upwelled waters makes the CCS a highly productive
ocean region, leading to high rates of photosynthetic fixation of the upwelled nutrients and CO2 .
As the upwelled waters are pushed offshore by a combination of Ekman transport and mesoscale
eddies, this photosynthetic removal of CO2 lowers the surface pCO2 , sometimes even far below
atmospheric levels (Hales et al., 2005). This CO2 drawdown brings a concomitant increase in
surface water pH and carbonate mineral saturation state. The highly turbulent nature of the CCS,
driven by the instabilities of the California Current and the nearshore undercurrent, causes the
various waters to mix in a complex manner, leading to a highly variable mosaic of surface ocean
carbonate saturation states and pH values that reflect transport and reaction (Figures 3.1b and 3.2).
Coupling the Regional Ocean Modeling System (ROMS) to a simple ecological-biogeochemical

36

Chapter 3. Ocean acidification in the California Current System

Figure 3.1 Maps of the aragonite saturation state for the California Current System off the U.S.
West Coast in mid May. Observations (a, c) and model simulations (b, d) are shown for the surface
(a, b) and for 120 m (c, d). Observations are from Feely et al. (2008) and model results are based
on ROMS simulations (Gruber et al., 2006).

.
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Figure 3.2 Modelsimulated snapshot of surface pH for the month of August. Low-pH waters in
nearshore areas are the result of seasonal upwelling in summer, while the elevated pH in offshore
waters reflects the photosynthetic removal of CO2 from the water as it is transported offshore.

.

model produced the snapshots shown in Figures 3.1b and 3.2 (Gruber et al., 2006). The threedimensional, eddy-resolving model simulates the flow and mixing of ocean waters at a resolution
of 5 km. This fine resolution enables representation of the processes of upwelling and subsequent
transport and mixing by eddies, which occur at scales of tens of kilometers. Typical global models, with resolutions of 100 km or more, would not capture such processes. ROMS is set up for
a domain covering the entire US West Coast from 28◦ N to 48◦ N and incorporates the effect of
ocean acidification on carbonate chemistry by responding to elevated atmospheric CO2 levels and
elevated DIC concentrations at the lateral boundaries (see Methods for details).
We use our model results to put the springtime observations from Feely et al. (2008) into a
seasonal and wider spatial context. Field data (Feely et al., 2008) and model results show similar
low levels of aragonite saturation (Ωarag ) along the coast, especially near the California - Oregon
border (41◦ N - 42◦ N) (Figure 3.1). Although Feely et al. (2008) observed surface water to be
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undersaturated at some locations near the coast (Figure 3.1a transect line 5), the model snapshot
for mid May shows, for surface waters, a minimum Ωarag of 1.2 (Figure 3.1b). However, the
saturation state decreases rapidly with depth (see also Figure 3.3), so that in the model, waters
also become undersaturated with respect to aragonite at depths as shallow as 10 m. At 120 m
depth, observations (Figure 3.1c) show pervasive undersaturation along a roughly 100-km-wide
strip off the U.S. West Coast, with a clear onshore - offshore gradient in saturation state. The
model simulates a similar spatial pattern, but it tends to overestimate the aragonite saturation
state by about 0.2 units (Figure 3.1c, d), likely due to potential biases in the saturation state
prescribed at the lateral boundaries (see Methods for discussion).
Because seasonally resolved, large scale observations of oceanic pH and carbonate saturation state along the U.S. West Coast are lacking, we use the model to characterize the temporal
variability of chemical water properties. We focus here on the region near the California - Oregon border, where the lowest aragonite saturation states were observed and modeled. Snapshots
of vertical sections of modern-day aragonite saturation state for each of the four seasons reveal
strong seasonal variations close to the coast (Figure 3.3). During the winter months (Figure 3.3a),
the water exhibits a uniform horizontal chemical pattern, with the upper 40 m of the water column
being supersaturated with an Ωarag range of 1.8 to 2, and with the saturation horizon located at
about 300 m depth. During spring, waters with lower aragonite saturation states are upwelled
close to the coast, causing a drop of Ωarag to values of less than 2 in the entire water column
within 20 km of the coast (Figure 3.3b). During the summer months, due to upwelling and high
remineralization rates, Ωarag drops further to values of less than 1.3 in the entire water column
within 10 km of the coast. The entire water column of the nearshore region within 30 km of the
coast has Ωarag values less than 2 (Figure 3.3c). In close proximity to the coast, the saturation
horizon shoals almost to the surface. In fall, nearshore areas still experience saturation states with
Ωarag < 1.2, and waters with Ωarag values less than 2 expand to about 100 km offshore (Figure
3.3d). These results suggest that organisms living at shallow depths and in close proximity to
the coast are not only frequently exposed to low saturation states (and pH) but also to chemical
conditions that can change on short time scales. Within 50 km of the coast, the aragonite saturation state of the entire water column from the surface down to 100 m undergoes large seasonal
changes (Figure 3.4). The percentage of water volume that has a saturation state Ωarag > 2 (blue)
decreases from more than 75% in winter to about 35% in summer. This is a substantial decrease,
because water with saturation states Ωarag < 2 could cause a threat to some organisms (see below). The water volume that has an Ωarag < 1.5 (orange) increases from less than 5% in winter
to 25% in summer and to 40% in fall. The first peak in summer is due to the acidification stemming from remineralization of the organic matter produced by phytoplankton blooms that were
triggered by nutrient-rich upwelled water. The second peak in November is likely also caused
by acidification from remineralization of the organic matter. It is now accentuated because the
reduced photosynthetic activity in the fall is no longer offsetting this effect as efficiently as during
the summer.
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Figure 3.3 Model-simulated vertical offshore sections of the aragonite saturation state in the
northern CCS near Point St. George (41.7◦ N). Snapshots are for the months of (a) December,
(b) March, (c) May, and (d) September.

Although much of the low pH and saturation state of waters that upwell in the CCS can be
attributed to respiration derived CO2 , some fraction stems from the oceanic uptake of anthropogenic CO2 . Upwelled waters were last in contact with the atmosphere only a few decades ago,
recently enough for them to have been exposed to elevated atmospheric CO2 at that time, thereby
taking up some of it. For the central CCS, Feely et al. (2008) estimate a transit time of about 40
- 50 years, resulting in an anthropogenic CO2 content of about 31 ± 4 µmol kg−1 . Although this
amounts to only about a tenth of the metabolic CO2 addition, it is sufficient to shoal the saturation
horizon with respect to aragonite minerals several tens of meters. The ROMS-based simulations
of pre-industrial and current (year 2000) conditions support this conclusion. Results for the years
1750 and 2000 show that surface pH decreased (from 8.14 to 8.05) and surface ocean saturation
state with regard to aragonite decreased (from 2.7 to 2.3) due to the increase in atmospheric CO2 .
The model also indicates that water masses that had an Ωarag > 2.5 in 1750 have by now been replaced completely by water masses with a saturation state Ωarag < 2.0, with a growing percentage
of water with Ωarag < 1.5 (Figure 3.4).
With atmospheric CO2 bound to increase further (Tans, 2009), pH and saturation state in
the CCS inevitably will decrease further, possibly causing surface pH to go as low as 7.6 and
causing waters to become undersaturated with regard to aragonite along large stretches of the U.S.
West Coast in the next few decades. Given this prospect, it is critical to assess which organisms
and ecosystems in the CCS are vulnerable to such changes so that appropriate mitigation and
adaptation strategies can be developed and implemented.
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Figure 3.4 Contribution of waters with a particular aragonite saturation state relative to the total
volume of water in the upper 100 m within 50 km of the U.S. West Coast and between 32.0◦ N and
46.0◦ N. Model simulated saturation states are shown for 1750 and 2000, and for each month in
2000.

.

3.4

Vulnerability of organisms and influence on fisheries

When assessing the potential vulnerability of organisms and ecosystems to ocean acidification in the CSS (see the brief overview in Table 3.1), it is important to consider that organisms
are already frequently exposed to water with low pH and saturation levels, especially during
upwelling events and in nearshore regions. As a result, it may be expected that they are well
adapted to variable conditions, and therefore more resilient to future changes (see, e.g., Deutsch
et al. 2008). But this expectation may be applicable only if future changes do not move the
chemical environment substantially outside of its natural envelope of variability. Given current
projections of future CO2 levels, this expectation is feasible in the CCS, despite the large level
of variability. Furthermore, the growth and success of an individual species in a changing ocean
depends on many environmental factors. In the case of phytoplankton, these factors include nutrients and iron availability, temperature, light, and predation (Hare et al., 2007; Tortell et al.,
1997, 2008). Because many of these factors might change in parallel in the future, and given the
lack of experiments that cover a combination of all factors, any conclusions about future phytoplankton compositions in the CCS remain speculative. Nevertheless, our preliminary assessment
(Table 3.1) suggests that ocean acidification in the CCS will cause a species shift in open ocean
phytoplankton, with diatoms possibly profiting at the expense of calcifying phytoplankton.
Similar conclusions can be drawn for nearshore and benthic primary producers. The two
dominant species of the giant kelp forest (Saccharina and Nereocystis) exhibit species-specific
adverse responses to low pH and high UVB (Swanson and Fox, 2007), suggesting that any com-
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bination of these two global change factors could possibly lead to a change in species composition
and reduced biodiversity.
Secondary producers in the CCS can be affected both directly as a result of a change in
seawater chemistry, and also indirectly by changes in food quality, prey disappearance, and altered timing of phytoplankton blooms. Limited experiments available today suggest that the
aragonite-shelled pteropods, foraminifera, and planktonic life stages of bivalves and echinoderms
are affected directly by ocean acidification as they experience either rapid shell dissolution and
reduced calcification ability or larval development with a temporal delay, build abnormal asymmetry, and often die before metamorphosis in aragonite-undersaturated waters (Fabry et al., 2008;
Orr et al., 2005; Kurihara, 2008; Dupont and Thorndyke, 2009; Lebrato et al., 2010). However,
Dupont and Thorndyke (2009) point out that such negative responses are species specific, so that
the primary effect in a future, more acidic ocean is likely to be a shift in species composition
rather than the complete disappearance of an entire class of organisms. Recent abundance observations have not indicated any significant decrease in CCS pteropod population size (Ohman
and Lavaniegos, 2008), whereas the Pacific oyster Crassostrea gigas exhibited recruitment failure
during four consecutive years (2005 - 2008; Elston et al. 2008). C. gigas has an aragonitic larval stage, making it exceptionally vulnerable to decreasing aragonite saturation states (Lee et al.,
2006b). Whether or not ocean acidification has caused these heavy loses in the backbone of the
U.S. West Coast shellfish industry remains unclear.
Overall, ocean acidification in the CCS could become a severe challenge for the local industry relying on marine resources. Once the aragonite saturation horizon has permanently reached
the surface, organisms sensitive to ocean acidification may vanish, move elsewhere, or develop
new physiological survival strategies. The aragonite shells of mussels, sea urchins and gastropods
could soon experience dissolution (Burnett et al., 2002; Gazeau et al., 2007; Hall-Spencer et al.,
2008; Wootton et al., 2008). However, survival strategies such as the production of a protective outer organic periostracum, developed by the mussel Bathymodiolus brevior, may support
life in extreme conditions of pH down to 5.4 (Tunnicliffe et al., 2009). Comparing the potential
vulnerability of different species and ecosystems, we conclude that benthic organisms will probably be most affected by ocean acidification in the CCS. They will be exposed to the lowest pH
and aragonite saturation states in the nearshore, shallow areas, and many of them appear to be
sensitive to ocean acidification. Moreover, their ability to migrate is limited. Given our limited
understanding, this conclusion should be viewed as a preliminary assessment rather than a final
conclusion.
What could the potential impact of these changes be on fisheries in the CCS? In total,
aragonite-calcifying species accounted for 23% of the total U.S. West Coast catch value of about
$384M in 2007 (Figure 3.5), suggesting that either a loss in quality or a decrease in quantity
of this subgroup will impact fisheries income substantially. Additionally, consequences of these
species’ disappearance could cascade through the food web because aragonite-forming organisms
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Foraminifera

Shelled pteropod

Noncalcifying tunicate

Copepods

Kelp

Coccolithophorid

Medium

High

High

Low

Medium

Medium

Medium

Low

High

Medium

Medium

Low

Medium

Low

Medium

Low

Level of
Understanding
High

8 - 14% reduction in shell mass

Shell dissolution

Increased productivity, smaller
or larger chain-forming species (?)
Species specific response in calcification,
increased photosynthesis
Species specific response in
photosynthesis
Shallow water copepods showed less tolerance
to high pCO2 than deep water copepods
Increased growth, development, and fecundity

Comment

Pane and Barry 2007

Spero et al. 1997; Bijma et al. 1999, 2002; Moy et al. 2009

Orr et al. 2005; Fabry et al. 2008

Dupont and Thorndyke 2009

References

Vulnerability

Sea urchin
High

Medium

Species specific, lack of pH regulation, decreased
fertilization success
Decreased calcification in saturated water;
dissolution and mortality in undersaturated water
Decrease in calcification rate, highly vulnerable
larval stage
Capable of pH regulation during 24 h

Gazeau et al. 2007; Lee et al. 2006b

Gazeau et al. 2007

Burnett et al. 2002; Dupont and Thorndyke 2008

Watanabe et al. 2006

Swanson and Fox 2007

Iglesias-Rodriguez et al. 2008; Engel et al. 2005

Tortell et al. 1997, 2008; Hare et al. 2007

Mussel
Medium

Low

Diatoms

Oyster

Low

Guinotte and Fabry 2008

Dungeness crab

Experimental results only for warm water corals

High

Low

Cold water corals

Medium

Martin and Gattuso 2009

High

Decrease in calcification rate, net dissolution,
disappearance

Coralline algae

Table 3.1 Expected vulnerability of marine flora and fauna to ocean acidification. Level of understanding indicates consistency of results and/or possibility
that the natural system can reach experimental pH. Adapted from Fabry et al. 2008.
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Figure 3.5 U.S. West Coast commercial fishing ex-vessel revenue for 2007 (adapted from Cooley
and Doney 2009, using NOAA National Marine Fisheries Service statistics), including California,
Oregon, Washington, and Pacific, and at sea. Colors indicate which form (if any) of calcium carbonate these groups contain. Based on present understanding, organisms containing aragonite are
most likely to be affected by ocean acidification.

.

are found at very low or mid-trophic food levels. To what extent this indirect effect of ocean acidification will impact predators and thus the remaining CCS catch will strongly depend on whether
other prey are available and whether the predators can switch prey.
The problems associated with ocean acidification provoke discussions and raise questions
for the fishing industry (Warren, 2009). Supporting sustainable fish stocks is no longer just a
matter of resilient catch quantity but also of maintaining suitable habitat. Ocean acidification is a
problem of habitat degradation. Knowledge about the impact of ocean acidification on fish stocks
and total financial loss is thus crucial to managing fisheries in a changing ocean and to driving
policies that can protect the ocean.

3.5

Integrated effects

Ocean acidification is just one of several stress factors, which include hypoxia, anomalous sea
surface temperatures, pollution, and overfishing, that are challenging CCS ecosystems. Although
overfishing and marine pollution are two independent problems that are manageable at the local scale, global warming and ocean acidification are directly linked and can only be addressed
globally.
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In addition, increasing sea surface temperature and stratification tend to enhance low-oxygen
conditions in the CCS, adding another stressor, with resultant cascading effects on benthic and
pelagic ecosystems (Bograd et al., 2008). A further expansion of low-oxygen conditions could
also be driven by ocean acidification. An ocean-acidification-induced reduction in production of
mineral ballast by calcifying organisms will result in reduced transport of organic matter to the
deeper layers of the ocean, thus leading to enhanced remineralization of organic matter in shallow waters (Balch and Utgoff, 2009). This effect leads to higher oxygen demand in the upper
ocean, resulting in a drop in the dissolved oxygen concentration there (Hofmann and Schellnhuber, 2009). Because these waters constitute the source of the upwelling waters in the CCS, such
a decrease likely will cause more frequent low-oxygen events along the U.S. West Coast in the
future. This ocean deoxygenation could substantially amplify the impact of ocean acidification
on marine ecosystems in the CCS (Brewer and Peltzer, 2009).
Such concomitant perturbations also complicate their detection and surveillance. Because it
is difficult to link stress signs to particular causes, and well-known stress factors may mask others,
management actions could be wrong or late. A decrease in fish stocks could be mistaken to be
a result of overfishing although caused in reality by direct or indirect effects of climate change
and ocean acidification. The consequences of such a misreading could have large economic and
ecological dimensions, as management would focus on fisheries policy improvement instead of
supporting actions to mitigate CO2 .

3.6

Summary

Ocean acidification has already decreased mean surface water pH in the CCS to a level that
was not expected to happen for open-ocean surface waters for several decades. However, presentday surface pH in the CCS exhibits considerable spatial and temporal variability. This variability
could provide the basis for a certain degree of adaptability by marine organisms in this region
to future ocean acidification, but only as long as future changes do not move substantially out of
this natural range - a move that is feasible. If atmospheric CO2 continues to increase at current
rates in the near future, both pH and saturation state will decrease even more, further shoaling
the saturation horizon and possibly moving it up into the euphotic zone year round. Responses of
marine organisms and ecosystems to such permanently low-pH conditions are not yet well investigated. Thus, we must improve our currently insufficient understanding of the consequences of
ocean acidification for individual organisms, entire ecosystems, marine biogeochemical cycling,
and feedbacks to the climate system in order to inform policymakers and provide a sound science basis for urgent decisions regarding CO2 mitigation. Meanwhile, it is important to lower the
pressure on marine ecosystems from other stressors such as pollution, coastal degradation, and
eutrophication to make these systems less vulnerable to the changing marine chemical conditions
associated with increasing CO2 .
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Abstract
Nearshore waters of the California Current System (California CS) already today have a low
saturation state, Ωarag , with regard to mineral forms of calcium carbonate (Feely et al., 2008),
making them prone to ocean acidification. Here, we use eddy-resolving model simulations to
study the potential development of ocean acidification in this system up to 2050 under the SRES
A2 and B1 scenarios. In both scenarios, Ωarag is projected to drop rapidly, with much of the
nearshore regions developing summer-long undersaturation in the top 60 m within the next 30
years. By the year 2050, waters with Ωarag above 1.5 have largely disappeared and more than half
of the waters are undersaturated year-round. Habitats along the seafloor become exposed to yearround undersaturation within the next 20 to 30 years. This has potentially major implications for
the rich and diverse ecosystem that characterizes the California CS.

49
While it has been known for decades that the oceanic uptake of anthropogenic CO2 will
lead to a reduction in the pH of seawater (Stumm and Morgan, 1970; Broecker et al., 1971),
these changes were considered to be of an amplitude too small to harm marine organisms or
to lead to appreciable changes in the biogeochemical cycling of elements in the ocean. It was
only when first experimental results revealed that certain marine organisms respond sensitively
to this CO2 -induced reduction in pH or to the associated changes in marine carbonate chemistry
- aka ocean acidification - that the scientific community began to realize that this is a potentially
serious issue (Gattuso et al., 1998; Kleypas et al., 1999; Riebesell et al., 2000; Doney et al., 2009).
The saturation state, Ω, is of particular relevance, especially for organisms that build part of their
structures out of mineral forms of CaCO3 . Ω describes whether seawater is super- or undersatured
with regard to mineral forms of CaCO3 , such as calcite or the less stable forms aragonite and high
magnesium carbonate (Mucci, 1983). When Ω > 1, seawater is supersaturated, while Ω < 1
characterizes seawater that is undersaturated. Currently, nearly all of the surface ocean waters
are substantially supersaturated with regard to aragonite (global mean Ωarag of ∼3.0) (Feely et al.,
2009). However, upwelling regions such as the Southern Ocean (Orr et al., 2005; McNeil and
Matear, 2008) and the Eastern Boundary Upwelling Systems (Feely et al., 2008) have naturally
a lower pH and a substantially lower saturation state. This is because the upwelled waters are
enriched in CO2 from the remineralization of organic matter in the ocean interior, and thus have
low pH and Ω.
Recent observations in the California Current System (California CS), one of the four major
Eastern Boundary Upwelling Systems, revealed that waters with Ωarag < 1 are being transported
onto the continental shelf during strong upwelling events, and even reaching the surface ocean in
a few nearshore locations (Feely et al., 2008). While the upwelling of waters with low pH and Ωarag
is a naturally occurring event along the U.S. West Coast (Hauri et al., 2009; Juranek et al., 2009),
model and data-based estimates suggest that the increase in atmospheric CO2 since pre-industrial
times has contributed to the severity of the event, by lowering pH by ∼0.1 and Ωarag by ∼0.4 (Feely
et al., 2008; Hauri et al., 2009). With atmospheric CO2 likely to increase further, it is important
to assess how the California CS will evolve in the future and what levels of ocean acidification
it might experience in the coming decades. This is especially relevant since the California CS
constitutes one of the most productive ecosystems in the world with a high biodiversity (Carr,
2001; Block et al., 2011) and important commercial fisheries (Costanza et al., 1997), yet may be
particularly prone to reaching widespread undersaturation soon due to its low initial pH and Ωarag .
Global ocean models have failed so far to recognize ocean acidification in Eastern Boundary
Upwelling Systems (Turley et al., 2010), since their coarse resolution is insufficient to resolve
the local dynamics responsible for bringing the waters with low pH and Ωarag to the surface (Orr
et al., 2005; Steinacher et al., 2009; Joos et al., 2011). We overcome this limitation here by
using a regional model at eddy-resolving resolution, and investigate the progression of ocean
acidification in the California CS from 1995 until 2050 under two future CO2 scenarios, i.e., the
”high” emissions SRES scenario A2 and the ”low” emissions SRES scenario B1 (Nakićenović
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and Swart, 2000). We contrast these projections into the future with results from a simulation of
the pre-industrial state, i.e., 1750. We put particular emphasis on the changes in the saturation
state Ωarag in the nearshore 10 km region of the central California CS (Point Conception (34◦ 35’
N) to the California/Oregon border (42 ◦ 0’ N)), where upwelling is strongest.
The model we employ is a California CS setup of the Regional Oceanic Modeling System
(ROMS) (Shchepetkin and McWilliams, 2005), to which we have coupled a simple nitrogenbased ecosystem model and a full description of the marine inorganic carbon system (Gruber
et al., 2011; Lachkar and Gruber, 2011) (see Appendix A for details and model evaluation). For
all simulations, the model is forced with present-day climatological boundary conditions based
on observations, except for atmospheric CO2 and for the lateral boundary conditions of dissolved
inorganic carbon, DIC. For the pre-industrial time-slice simulation, atmospheric pCO2 was
prescribed at 280 ppm, while for the transient simulations, atmospheric pCO2 increased from
364 ppm in 1995 to 492 ppm (B1 scenario) and 541 ppm (A2 scenario), respectively, in 2050.
The pre-industrial case and the A2 scenario were run with our standard configuration at 5 km
horizontal resolution, while we employed a coarser-resolution configuration of 15 km to explore
the sensitivity of our results to the scenarios.
For the time period between 1750 and 2005, the model simulations suggest that surface ocean
pH decreased from an annual mean for the whole California CS of 8.12±0.03 to 8.04±0.03 (1
standard deviation of the spatial mean) (Figure 4.1). Over the same time period, the annual
mean surface ocean Ωarag decreased from 2.58±0.19 to 2.27±0.20 reflecting the reduction of the
carbonate ion concentration from the titration of the CO2 that the ocean has taken up from the
atmosphere. In the nearshore 10 km of the central California Coast annual mean surface pH
and Ωarag in 1750 already were as low as 8.03±0.03, and 1.94±0.14, respectively, reflecting the
upwelling of waters with naturally low pH and Ωarag due to the substantial addition of respired CO2
to these waters. The uptake of anthropogenic CO2 from the atmosphere until 2005 decreased the
surface pH and Ωarag in this region by about the same amount as for the whole domain, yielding
annual mean values of 7.95±0.04 and 1.67±0.16, respectively.
For atmospheric pCO2 following the SRES-A2 scenario, our model simulation predicts an
even sharper decrease until 2050 to an annual mean surface pH and Ωarag for the whole domain
of 7.92±0.03 and 1.77±0.16, and for the nearshore 10 km environment of the central California
CS to 7.82±0.04 and 1.26±0.12, respectively. pH and Ωarag reach even lower values in summer, when upwelling is at its maximum (Juranek et al., 2009). In July, for example, our model
projects for 2050 that large stretches of the nearshore 10 km of the central California CS will be
undersaturated (Appendix A) with a mean Ωarag of 1.05±0.13.
These changes are not confined to the surface ocean, as anthropogenic CO2 is transported
from the surface to depth, causing changes in the carbonate chemistry there as well (Figure 4.1df). As a result, the aragonite saturation horizon, which was located at about 350 m in the offshore
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Figure 4.1 Temporal evolution of ocean acidification in the California Current System from 1750
until 2050 for the A2 scenario. (a-c) Maps illustrating the evolution of annual mean surface pH,
illustrating the decrease in pH for the three time slots 1750, 2005, and 2050. (d-f) Offshore depth
sections depicting the general decrease of the annual mean saturation state of seawater with regard
to aragonite, Ωarag , and the shoaling of the saturation depth, i.e., Ωarag = 1, for the same three time
slots. The white lines in (a-c) indicate the position of the offshore section.

region, and at about 300 m in the nearshore, shoaled generally by about 150 m from 1750 until
2005, and is projected to shoal by another 100 to 150 m between 2005 and 2050. In 2050, the
annual mean aragonite saturation horizon is as shallow as 100 m in the offshore region, but shoals
to less than 50 m in the nearshore regions in the annual mean. In the summer, the aragonite
saturation horizon breaks to the surface in many parts of the central California CS (Figure A.4
in Appendix A). Thus, ocean acidification will severely reduce the habitat for organisms that
are sensitive to the saturation state, and particularly for those who cannot tolerate undersaturated
conditions for an extensive period of time.
The reduction of habitats of organisms sensitive to ocean acidification becomes even more
evident when considering the volume of water with a particular range of saturation states within
the nearshore 10 km of the central California CS (cf. Figure 4.2). In 1750, our model simulates
that about 16% of the waters in the euphotic zone (0 - 60 m) in that region had an Ωarag above 2 with
the majority (60%) having an Ωarag between 1.5 and 2.0 (Figure 4.2a). Only 24% of the waters
had an Ωarag between 1.5 and 1.0, and no waters were undersaturated. By 2005, the volume of
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Figure 4.2 Temporal evolution of the volume of seawater with a particular aragonite saturation
state, Ωarag in the nearshore 10 km of the central California CS for the A2 scenario. The panels
depict the evolution (a) in the upper 60 m, (b) in between 60 and 120 m, and (c) in the bottom layer
of the model above the shelf sediments (maximum depth 120 m). The volumes were computed by
summing over all regions from Point Conception (34◦ 35’ N) to the California/Oregon border (42◦ 0’
N).
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waters with an Ωarag greater than 1.5 had dropped to about 20% in the yearly average, with waters
with an Ωarag between 1.0 and 1.5 dominating, and undersaturated waters appearing seasonally. In
the coming decades, waters with an Ωarag less than 1 are projected to expand substantially in the
euphotic zone of the central California CS, occupying more than half of the waters in 2050 in the
annual mean. In the summer season, this ratio increases to about 70%, with long stretches of the
central coast projected to be undersaturated throughout the euphotic zone (Figure A.4). By that
time, waters with an Ωarag above 1.5 will have largely vanished.
The progression toward wide-spread and persistent undersaturation in the nearshore 10 km
is even more dramatic in the upper twilight zone, i.e., in the depth range between 60 and 120
m (Figure 4.2b). While nearly all waters in this depth range were supersaturated with respect to
aragonite in pre-industrial times, a small, but persistent volume of undersaturated waters appears
by 2005. Within the next 20 to 30 years, the volume of undersaturated waters quickly expands,
and by around 2035 in the SRES A2 scenario, nearly the entire twilight zone of the central California Coast will be undersaturated year-round.
In the bottom layer of the model above the shelf sediments of the central California CS (with
water depths ranging between 50 and maximally 120 m) undersaturated conditions had become
common by 2005 (Figure 4.2c). This is a substantial change since pre-industrial times, where
the model simulated no undersaturated conditions in this layer. Yet, still about 30% of this layer
remains supersaturated in 2005. Our simulations for the waters above the shelf sediments are
consistent with data-based reconstructions for the central Oregon coast (Juranek et al., 2009),
which also suggest widespread undersaturated conditions for the present, but also extended periods of supersaturation with regard to aragonite. Such supersaturated conditions are projected
to disappear within the next 10 years, so that by the mid-2020s, essentially all waters above the
shelf sediments will be undersaturated.
Most of these developments occur irrespectively of whether atmospheric CO2 follows the
”high” (A2) or the ”low” (B1) CO2 scenario (see Appendix A). This lack of sensitivity is due to
two factors. First, the two scenarios do not differ substantially in their atmospheric CO2 levels for
the next 20 years, and only around 2035 begin to deviate more strongly from each other (Figure
A.5 in Appendix A). Second, since surface waters are following the increase in atmospheric CO2
relatively closely, the primary determinant for the degree of ocean acidification in the upper ocean
is the atmospheric CO2 concentration and not its rate of change. This is well illustrated when the
saturation state is plotted as a function of atmospheric pCO2 rather than time (Figure 4.3), resulting in nearly identical results for the two scenarios (Figure A.7 in Appendix A). This means
that the timing of when particular chemical thresholds are reached in the upper ocean depends
only on when the corresponding atmospheric CO2 concentration is attained. Our simulation results show that at ∼400 ppm substantial parts of the twilight zone (60 to 120 m) and the habitats
along the seafloor on the shelf become undersaturated. Given the present day atmospheric CO2
concentration of 390 ppm and the recent rates of increase in atmospheric CO2 of 1.5 ppm/year or
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Figure 4.3 Temporal evolution of the mean saturation states with regard to aragonite (left y-axis)
and calcite (right y-axis) in the nearshore 10 km of the central California Current System as a
function of the atmospheric partial pressure of CO2 , i.e., pCO2 (lower x-axis), and time (upper xaxis). Depicted are the evolution of three depth layers, i.e., 0-60 m, 60-120 m, and the bottom layer
of the model above the shelf sediments. Also shown are the mean evolutions of Ωarag for the tropical
ocean, for the Southern Ocean, and for the Arctic as simulated by a global coarse resolution model
(Steinacher et al., 2009). Shaded curves depict the modeled trajectories including ±1 standard
deviation of the seasonal variations. All simulations are done for the A2 scenario.
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more (Tans and Keeling, 2012), a level of 400 ppm is virtually certain to be reached within this
decade. When atmospheric CO2 reaches ∼500 ppm, the top 60 m in our model begin to experience extended undersaturated conditions, a level which is crossed by ∼2040 in the A2 scenario,
and a little after 2050 in the B1 scenario. Thus, unless atmospheric CO2 follows a scenario that
is much lower than the ”low emission” B1 pathway, most of the simulated transitions are bound
to happen.
The projected evolution of the upper ocean in the nearshore 10 km of the central California CS toward low Ωarag conditions is similar to that projected for the Southern Ocean and the
Arctic (Figure 4.3), which previously have been proposed as the first oceanic regions to become
undersaturated (Orr et al., 2005; Steinacher et al., 2009). The upper twilight zone and the bottom layer of the central California CS become undersaturated even faster than the surface Arctic,
highlighting the imminent nature of reaching this threshold.
The progression of ocean acidification may occur even faster or at lower atmospheric CO2
concentrations than projected by our model simulations. First, our model tends to overpredict
Ωarag in the nearshore regions (see Appendix A), so that the appearance of certain Ωarag thresholds is
likely delayed in the model. A sensitivity test, where we applied a uniform correction of -0.1 units
to Ωarag reveals that the shifts in the distribution of volumina with a particular saturation state may
occur about 10 years earlier than in our standard case (see Figure A.3 in Appendix A). Second, our
model is forced with the present-day climatological boundary conditions for all years up to 2050,
while theoretical considerations (Bakun, 1990), model simulations (Diffenbaugh et al., 2004),
and historical trends (Gutierrez et al., 2011) suggest that the upwelling favorable winds may
increase in the coming decades in response to global warming. This could enhance the upwelling
of corrosive water and accelerate the progression toward low Ωarag conditions even further.
While we are able to project the chemical changes associated with the future evolution
of ocean acidification in the California Current System with some confidence, the impacts of
these chemical changes on organisms, ecosystems and biogeochemistry remain highly uncertain
(Doney et al., 2009; Kroeker et al., 2010; Barry et al., 2011). The limited evidence available
suggests that most aragonite secreting organisms, such as pteropods or oysters respond negatively to lowered Ωarag (Fabry et al., 2008), with the early life stages appearing to be particularly
sensitive (Barton et al., submitted). We emphasize here the progression toward undersaturated
conditions, as this represents a well established chemical threshold, but note that none of the organisms studied so far has a simple dose response curve with a threshold at Ωarag = 1 (Kroeker
et al., 2010). Rather, some organisms or life stages respond already negatively at higher Ωarag ,
while others can tolerate undersaturated conditions for some time. In addition, organisms living
in the California CS might have had the chance to adapt to the naturally low and variable pH and
Ωarag conditions that prevailed already before the onset of the industrial revolution, making them
potentially less vulnerable to the effects of ocean acidification (Ohman et al., 2009). Regardless of
these uncertainties associated with the biological response to ocean acidification, our simulation
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results indicate that the California CS is moving rapidly toward conditions that are well outside
the natural range with frequent or even persistent undersaturation conditions (cf. Figure 4.3).
Such conditions likely will be challenging to calcifying and other organisms and the fisheries that
depend on them (Cooley and Doney, 2009).
In addition, ocean acidification will not be operating in isolation, but its impact could be potentially worsened with synergistic effects of ocean warming and ocean deoxygenation (Pörnter,
2008; Gruber, 2011), both of which are also observed to occur in the California CS (Bograd et al.,
2008; Chan et al., 2008) and likely get more severe as well (Keeling et al., 2010). Thus, specific
attention should be given to the development of ocean acidification in this very rich and productive ecosystem, and also to some of the other Eastern Boundary Current Systems where similar
conditions prevail.
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Abstract
Due to seasonal upwelling, the California Current System (CCS) has a naturally low pH
and aragonite saturation state (Ωarag ), making it particularly prone to ocean acidification. The
progression of ocean acidification will push the ecosystems of the CCS towards the two thresholds
of permanent undersaturation with respect to aragonite, as well as the departure of pH and Ωarag
from the range of variability experienced during present day conditions and the preindustrial
era. Here we investigate the timing of these transitions by conducting preindustrial and transient
(1995-2050) simulations of the Regional Oceanic Modeling System (ROMS) at an eddy-resolving
5 km resolution. The transient simulation was forced with increasing pCO2 from 364 µatm in
1995 to 541 µatm in 2050 following the IPCC SRES A2-scenario. Our results show that an
interplay of physical and biogeochemical processes create high seasonal variability of pH and
Ωarag . Despite this large variability, we find that the present day pH and Ωarag have moved out of
their preindustrial natural variability envelope. Nearshore Ωarag of the central and northern CCS
subregions are projected to depart from their present-day variability range by ∼2035 and ∼2030
respectively. At the same time, the aragonite saturation horizon is projected to shoal into the upper
75 m throughout the entire annual cycle by 2025 in the central CCS and by 2035 in the northern
and southern CCS. While the model is able to resolve the temporal variability of the central and
northern subregions, a comparison with observations shows that the model tends to underestimate
the temporal variability of the southern subregion. This implies that in the southern CCS transition
decades may occur about 20 years later than projected by the model. It is thus possible that
the southern subregion has not yet moved out of it’s preindustrial variability envelope. In the
contrary, due to the model’s overestimation of Ωarag in all subregions, undersaturation of surface
waters is expected to happen more frequently and lead to year-round undersaturation earlier than
simulated by the model. Overall our study shows that the CCS joins the Arctic and the Southern
Oceans as one of only few known ocean regions presently approaching this dual threshold of
departure from the natural variability envelope and undersaturation with respect to aragonite. In
these regions organisms may be forced to rapidly adjust to conditions that are both inherently
chemically challenging and also substantially different from the present day.

5.1. Introduction

5.1
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Introduction

Since the onset of the industrial era, the oceans have absorbed about one third of the anthropogenically emitted carbon dioxide (CO2 ) (Sabine et al., 2004). The uptake of anthropogenic
CO2 by the oceans has already reduced the global surface ocean pH by about 0.1 units (Feely
et al., 2004) and it is projected to decrease another 0.3 to 0.4 pH units by the end of this century
under the IS92a scenario (Orr et al., 2005). This chemical change, known as ocean acidification,
leads to a decline in the saturation state of seawater with respect to calcium carbonate minerals.
While this altered carbon chemistry and its effects on marine ecosystems are an ongoing subject
of intensive scientific research, early results have demonstrated that these changes can have deleterious effects on marine calcifying invertebrates such as corals, coralline algae, oyster larvae and
pteropods (Orr et al., 2005; Kleypas et al., 2006; Martin and Gattuso, 2009).
The California Current System (CCS), along with three other Eastern Boundary Upwelling
Systems (EBUS), is particularly at risk of ocean acidification. Seasonal upwelling is induced by
equator-ward winds in early spring. The upwelling brings cold, nutrient and dissolved inorganic
carbon (DIC) rich subsurface water to the surface and triggers a series of biological processes.
The high DIC content of the upwelled waters endows them with a low pH and aragonite saturation
state (Ωarag ). Once close to the surface, the nutrient-rich water triggers phytoplankton blooms
that then drawdown oceanic pCO2 to levels sometimes below the atmospheric pCO2 (Hales et al.,
2005), causing an increase in surface water pH and Ωarag . Conversely, remineralization processes
counteract the effects of production by lowering pH and Ωarag . Physical circulation can mediate
the duration and magnitude of these biological processes and therefore plays a role in controlling
the evolution of pH and Ωarag .
The strong physical and biological dynamics of the CCS create large spatial and temporal
variability in pH and Ωarag (Feely et al., 2008; Juranek et al., 2009; Alin et al., submitted). North
of Point Conception (34.5◦ N), a combination of strong seasonal upwelling events and remineralization trigger a pH drop to 7.65 and Ωarag to 0.8 in some nearshore environments (Feely et al.,
2008). Combined with adjacent high biological production, a patchy system of pH and Ωarag
is created. Offshore pH and Ωarag are not directly influenced by upwelling and remain above
8.0 and 2.2 respectively. Reconstructed pH and Ωarag from temperature (T) and oxygen (O2 )
time-series from the central Oregon shelf display a seasonal range of Ωarag of 0.8-1.8 at 30 m (Juranek et al., 2009), with lowest levels during the upwelling season between spring and fall. South
of Point Conception, upwelling-favorable winds are weaker and more persistent throughout the
year. In contrast to the area north of Point Conception, reconstructed pH and Ωarag from T and O2
time-series display highest levels in summer, due to biological drawdown of CO2 in warm surface
waters. Spatial variability is also highest in summer, most likely driven by an interplay of high
productivity and upwelling, conveying DIC-rich water to the surface (Alin et al., submitted). At
the Santa Monica Bay Observatory (SMBO at 33◦ 55.9 N and 118◦ 42.9 W), pH and Ωarag display
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a weak seasonal cycle at the surface, but range from ∼7.7 to ∼7.9 and ∼1 to ∼1.4 at 100 m
(Leinweber et al., 2009).
The aragonite saturation horizon has shoaled 50 - 100 m since the preindustrial era (Feely
et al., 2008; Hauri et al., 2009; Juranek et al., 2009) and will continue to rise in response to
future oceanic uptake of anthropogenic CO2 . Following the IPCC SRES A2-scenario, 20% of
surface area within 10 km of the U.S. West Coast is projected to become undersaturated during
the upwelling season by 2050, while habitats along the seafloor are expected to be exposed to
nearly continuous undersaturation (Chapter 4). However, due to the naturally low pH and Ωarag
during the upwelling season, it is possible that the ecosystem of the CCS is adjusted to extreme
levels of pH and Ωarag . Therefore, in order to evaluate the impact of ocean acidification in this
region, it is necessary to compare future trajectories of pH and Ωarag to the current wide range of
conditions. Eventually the progression of ocean acidification will drive the waters towards levels
of pH and Ωarag that are distinct from the preindustrial or present day time periods, suggesting
that organisms will no longer be living under the same conditions once experienced. At these
points in time, defined as ’transition decades’ (Cooley et al., 2011) we expect that the altered
chemical environment will have the potential to modify species viability and ecosystem structure.
Here, we use the three dimensional physical circulation model ROMS (Regional Ocean Modeling System) coupled to a simple nitrogen based NPZD (Nutrient - Phytoplankton - Zooplankton - Detritus) model to describe the spatiotemporal variability of pH and Ωarag in the CCS from
the Mexican to the Canadian border, project future trajectories and identify regional transition
decades when pH and Ωarag move out of their natural variability envelope. Results will show us
whether the CCS, despite its high temporal variability, is approaching a combined threshold of
both chemical aragonite dissolution and the departure from the natural variability envelopes of
pH and Ωarag .
We first evaluate the capability of the model to reproduce the spatial patterns and temporal
variability of contemporary carbon-related properties and then focus on the analysis of pH and
Ωarag . Next, we discuss the range and magnitude of pH and Ωarag and explore the drivers and
mechanisms of the temporal and spatial variability in the nearshore environment of the CCS. We
then present projections of the evolution of pH and Ωarag trajectories until 2050 and elucidate
regionally dependent transition decades.

5.2. Methods

5.2
5.2.1
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Methods
The models

Two simulations were performed; a transient simulation for the years 1995 to 2050 (Chapter
4) and a time-slice simulation under preindustrial conditions (Hauri et al., 2009). Both simulations were undertaken with the physical model ROMS (Regional Oceanic Modeling System)
coupled to a Nutrient-Phytoplankton-Zooplankton-Detritus model (NPZD).

Physical model
We used a United States West Coast configuration of the three-dimensional physical ocean
circulation model ROMS (Marchesiello et al., 2003; Shchepetkin and McWilliams, 2005), which
simulates flow and mixing of ocean waters at a 5 km horizontal eddy-resolving resolution. The
model covers a 1300 km wide section along the U.S. West Coast from the U.S./Canadian border
past the U.S./Mexican border to 30◦ N (Figure 5.1). This is the same model setup used by Gruber
et al. (2006), with improvements described in Lachkar and Gruber (2011). The model grid is
defined by horizontal curvilinear coordinates and a terrain-following vertical coordinate (σ) with
32 depth levels, with enhanced resolution near the surface and nearshore on the shallow shelf.

Biogeochemical model
The biogeochemical model used here is a simple nitrogen-based NPZD2 and is described
in detail in Gruber et al. (2006). The model system consists of nitrate (NO−
3 ) and regenerated
+
nitrogen (NH4 ) pools, phytoplankton, zooplankton and two detritus pools. The large detritus
pool sinks fast (10 m day−1 ) and the smaller one sinks at a slower rate (1 m day−1 ). However,
the small detritus pool coagulates with phytoplankton to form large detritus, which increases its
sinking speed. The carbon fluxes are tied to those of nitrogen with a fixed stoichiometric ratio
of 106:16 (Redfield et al., 1963). DIC and Alkalinity (Alk) are part of the pool of biogeochemical state variables. DIC concentrations are dependent on gas exchange, CaCO3 precipitation and
dissolution and the net community production, which consists of the net primary production minus heterotrophic respiration. The Alk level is affected by the formation of NO−
3 (Nitrification)
and removal of NO−
3 (new production) and also the precipitation and dissolution of CaCO3 . The
biogenic CaCO3 formation is parameterized as 7% of the net primary production, such that for
each mole of organic carbon formed by NPP, 0.07 mole of CaCO3 are formed. CaCO3 dissolves
at a fixed dissolution rate of 0.0057 day−1 and sinks at a velocity of 20 m day−1 , which is twice
the large detritus sinking velocity. Oceanic pCO2 is calculated from DIC and Alk using the standard OCMIP carbonate chemistry routines (see Section 5.2.3). Gas exchange is parameterized
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following Wanninkhof (1992), with the gas transfer velocity depending on the square of the wind
speed.

5.2.2

Forcing

The model was forced at the surface with monthly climatologies of momentum fluxes computed from QuickSCAT-based Scatterometer Climatology of Ocean Winds (SCOW) (Risien and
Chelton, 2008). The surface heat and freshwater fluxes were derived from the Comprehensive
Ocean-Atmosphere Data Set (COADS) data products (da Silva et al., 1994) and applied with
surface T and S restoring after Barnier et al. (1995) with a relaxation timescale of 3 months.
To a limited extent, this approach allows to explicitly take into account riverine driven seasonal
variability of S associated with the Columbia River, even though riverine input is not explicitly
modeled. The initial and boundary conditions for T, S and nutrients were taken from the World
Ocean Atlas 2005 (WOA05)1 . Monthly means of WOA05 were also used to prescribe T, S, and
momentum fluxes along the three lateral open boundaries following a radiative scheme (Marchesiello et al., 2003). Initial and boundary conditions for DIC and Alk were taken from the GLobal
Ocean Data Analysis Project (GLODAP, Key et al. (2004)). A seasonal cycle was introduced in
the DIC boundary conditions using a monthly climatology of pCO2 (Takahashi et al., 2006) and
assuming constant salinity normalized Alk. To estimate decreasing seasonal DIC variations with
depth in subsurface waters, the seasonal amplitude of DIC is scaled to the vertical profile of the
seasonal amplitude of T. To account for the decreasing seasonal Alk variations as a function of
depth, an algorithm (Lee et al., 2006a) was used to calculate the seasonal fluctuations of surface
Alk from the vertical profiles of T and S. After a model spin up of 10 years, the transient simulation was forced with increasing pCO2 from 364 µatm in 1995 to 541 µatm in 2050, following
the SRES A2 business as usual trajectory (Nakićenović and Swart, 2000), calculated from the
NCAR CSM 1.4 carbon model output , which is a fully coupled Earth System Model (Frölicher
et al., 2009). DIC concentrations at the lateral boundaries were prescribed to increase as well. We
used the present-day DIC field from GLODAP as a basis and determined the annual increment of
DIC from the NCAR CSM 1.4 carbon model simulation (Frölicher et al., 2009). DIC and atmospheric pCO2 at the lateral boundaries were the only forcings that changed over the years. The
climatologies for the lateral boundary conditions of Alk, T, S, nutrients and circulation remained
unchanged from 2005 to 2050. For the pre-industrial time-slice simulation, the atmospheric pCO2
was set to a preindustrial value (280 µatm), and the lateral DIC boundary conditions were taken
from the preindustrial fields of GLODAP.

1

http://www.nodc.noaa.gov/OC5/WOA05/pr woa05.html
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Carbonate chemistry

The full carbonate chemistry was calculated offline, using DIC and Alk, following the standard OCMIP carbonate chemistry routines2 . The routines used the carbonic acid dissociation
constants of Mehrbach et al. (1973), as refit by Dickson and Millero (1987) and Dickson (1990).
The pressure effect on the solubility was estimated from the equation of Mucci (1983), including
the adjustments to the constants recommended by Millero (1995).

5.2.4

Study area

Throughout the paper, we focus our carbonate chemistry analysis on the nearshore area,
within and just below the euphotic zone. We therefore chose the first 50 km in an east-west
direction along the coast (Figure 5.1, within light blue line), within which we analyze pH and
Ωarag at the surface and at 100 m depth. Since we are interested in the spatial variability of pH
and Ωarag , we chose not to average over the euphotic zone. We also divide the CCS into three
subregions defined by Dorman and Winant (1995), based on distinct regional differences in the
wind and temperature patterns. The region north of Cape Mendocino (40.5◦ N) is subsequently
denoted as ’northern’ (blue), between Cape Mendocino and Point Conception (34.5◦ N) as ’central’ (orange) and south of Point Conception as ’southern’ (red) subregion (Figure 5.1).

5.2.5

Temporal resolution of model output

The analysis of the trajectories of pH and Ωarag from 2005 to 2050 is based on monthly
modeled averages. Monthly time averaging reduces the aliasing of unresolved timescales that
would result from monthly time-slices. Also, due to computational and storage constraints, twoday model output is produced for a limited time period only (2006-2010). To verify that a majority
of the variability is retained by using monthly model data, we conducted spectral analysis of the
two-day model output. We calculated the Welch power density spectrum (PDS) of the Fourier
transform using a Hann window. The analysis was performed on detrended time-series data from
each grid cell. The interval for the frequencies captured with monthly output was set to a = 0.2
year−1 and to b = 6 year−1 , according to thresholds given by the Nyquist - Shannon sampling
theorem. For the frequencies captured with two-day output, the upper boundary was set to c =
90 year−1 . We quantified the amount of total variability across all frequencies from a to c and
compared it to the amount of variability occurring in the frequencies from a to b. We define M as
the percentage of the total variability of surface pH or Ωarag that occurs at frequencies less than b
2

http://www.ipsl.jussieu.fr/OCMIP/phase3/simulations/NOCES/HOWTO-NOCES-3.html
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Figure 5.1 U.S. West Coast configuration of ROMS. The northern subregion is defined by the
blue box and represents the area between the northern boundary of 47.5◦ N and a southern boundary
at Cape Mendocino (40.5◦ N). Between Cape Mendocino and Point Conception (34.5◦ N) the central
subregion is defined by the orange box. The southern subregion extends southwards from Point
Conception to 32.4◦ N. The light blue line defines the study area of 50 km along the coast. Because
of the perpendicular orientation of the regional boundaries the off-shore part of each region’s lower
boundary lays south of the above mentioned latitudes. The yellow dots indicate the locations used
in the model-observational data (Feely et al., 2008) spatial comparison. The arrow is pointed at the
transect used for visual comparison. The Santa Monica Bay Observatory Mooring (33◦ 55.9 N and
118◦ 42.9 W) is shown as a red dot.

as follows:
Rb
P DS(f req) df req
M = Rac
∗ 100
P DS(f req) df req
a

(5.1)

M is plotted in Figures 5.2a and 5.3b showing that in most areas (98.5%) along the U.S. West
Coast the majority of variability of modeled pH and Ωarag occurs at frequencies less than b and
can be captured by monthly model output. However, as will be discussed in Section 5.3.2, high

5.2. Methods

Figure 5.2 Analysis of variability of pH at 100 m. (a) indicates the percentage of the total variability of surface pH that occurs at frequencies less than b = 6 year−1 (b) Time-series of pH at 100 m
over 5 years for two distinct example locations and (c) a variance conserving plot of the frequency ×
power density spectrum (PDS) vs the frequency of the Fourier transformed time-series. The arrows
point out the locations of the two example sites described in panels (a) and (b). The black solid
line represents the PDS and the black dashed lines envelope the ±95% confidence interval. The red
dashed lines show the boundaries a, b and c of the integrals applied in equation 5.1.

Figure 5.3 Analysis of variability of Ωarag at 100 m. (a) indicates the percentage of the total
variability of surface Ωarag that occurs at frequencies less than b = 6 year−1 (b) Time-series of
Ωarag at 100 m over 5 years for two distinct example locations and (c) a variance conserving plot of
the frequency × power density spectrum (PDS) vs the frequency of the Fourier transformed timeseries. The arrows point out the locations of the two example sites described in panels (a) and (b).
The black solid line represents the PDS and the black dashed lines envelope the ±95% confidence
interval. The red dashed lines show the boundaries a, b and c of the integrals applied in equation
5.1.
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frequency variability can lead to very low pH and Ωarag in some near shore surface areas. These
few areas are constraint to about 1.5% of the near-shore 50 km along the U.S. West Coast. There,
less than 50% of the total variability of surface pH can be captured with monthly model output
(Figure 5.2a, blue). The time-series (Figure 5.2b) and the power density spectrum of the Fourier
transform (Figure 5.2c) of two distinct example locations represent these two extreme cases: Location 1 (43◦ 35N, 124◦ 45W), the monthly averaged sampling frequency captures 89%, whereas
in location 2 (35◦ 29N, 121◦ 34W), only 49% of the total variability of surface pH is captured with
monthly modeled means. While in location 1 low-frequency modes below 2 months prevail (Figure 5.2c, upper panel), high-frequency modes above 2 months are dominant in location 2 (Figure
5.2c, lower panel). To fully capture the high frequency variability produced by the model for
these areas, two-day model output would be required. At 100 m, the majority of variability of
modeled Ωarag occurs at frequencies less than b (Figure 5.3a), with the low frequency variability
of Ωarag being the most dominant mode along the entire U.S. West Coast (Figure 5.3c).
To account for areas where the model variability of pH and Ωarag are not fully captured with
monthly output we introduce a correction factor (varcf ):
s
varcf =

2
σtwo−day
2
σmonth

(5.2)

2
2
where σtwo−day
is the temporal variance of the two-day output of model year 2010 and σmonth
is
the temporal variance of the monthly averaged, two-day output data of the same year. The square
root of the fraction is taken in order to apply it to the analysis of the transition decades in Section
5.3.5. The correction factor varcf varies between 1.2 in the northern and southern CCS and 1.4
in the central CCS.

Additional high frequency variability in the field, due to synoptic wind driven upwelling,
cannot be captured with either model output type due to our choice of monthly climatological
wind forcing (see Sections 5.3.1 and 5.4).

5.3
5.3.1

Results
Model evaluation

The model’s performance for simulating observed SST, surface chlorophyll and the mixed
layer depth was already evaluated in Lachkar and Gruber (2011). The model represents the observed annual and seasonal patterns of surface temperature particularly well with a correlation
of r ∼ 0.98 and r ∼ 0.95 respectively, and successfully captures the offshore extent of the cold
upwelling region. The annual mean mixed-layer depth has a correlation of about 0.7 with obser-
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vational data, but has a substantially higher standard deviation relative to the observations. The
annual mean pattern of chlorophyll-a compares well with the SeaWiFS data set (r ∼ 0.8), however, with an underestimation of chlorophyll in the near-shore 100 km (r ∼ 0.67) and a poorer
representation of it’s seasonal cycle (r ∼ 0.46). The current paper will supplement this earlier
evaluation by confronting the model to in situ data with an emphasis on vertical and cross-shore
variability of the key carbonate chemistry properties in the upper ocean.

Spatial variability
First, we evaluate the modeled spatial variability of pH, Ωarag , DIC, Alk, T and S by comparing it to ungridded data (Figure 5.1, yellow dots, lines 4 - 11) from the North American Carbon
Program (NACP) West Coast Cruise (Feely et al., 2008). The observational data was sampled
between May and June of 2007. To compare our model data to the observations, we averaged
model output of May and June from 2006 to 2010 and linearly interpolated to a vertical grid with
1 m resolution. A comparison of the modeled versus observed vertical distributions of the studied
variables along a representative transect line (off Pt. St. George, California, Figure 5.1, yellow
arrow) indicates that the offshore pattern between 0 - 100 m is captured well (Figure 5.4). However, the model underestimates the steepness of the vertical difference of DIC (∼ 20 µmol kg−1 )
in waters deeper than ∼125 m. In the nearshore region between 0 - 250 m depth, the model underestimates Alk (10 - 35 µmol kg−1 ) and especially DIC (40 - 150 µmol kg−1 ). The larger bias
in DIC is the primary cause of the overestimation of the observed pH (∼0.2) and Ωarag (∼0.5),
since their sensitivities towards changes in Alk and DIC are similar. As a result, our modeled
aragonite saturation horizon is typically 60 m deeper than the observed one, and up to 150 m
deeper during the strongest upwelling events. There is no obvious difference in model performance between subregions, i.e. pH and Ωarag are modeled equally well for all three subregions
with a correlation coefficient of about 0.89 - 0.90 between observed and modeled pH and 0.88 0.90 for Ωarag (Figure 5.5). The normalized standard deviation, correlation coefficient and bias
between all observed and modeled properties can be found in (Table 5.1).
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Figure 5.4 Vertical sections of (a) pH, (b) Ωarag , (c) alkalinity, (d) DIC, (e) temperature and (f)
salinity of observations (left, Feely et al. 2008) and the corresponding model output (right), off Pt.
St. George, California. A five year average of model parameters over May and June (2006 - 2010)
is compared to observations sampled between May and June 2007. The black dots represent sample
locations.
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Property

norm. STD

Correlation coefficient

Absolute bias

pH

CCS
northern
central
southern
0 - 100 m
100 - 250 m
250 - 4500 m

0.74
0.73
0.76
0.71
0.58
0.33
0.91

0.89
0.91
0.89
0.89
0.74
0.43
0.68

-0.06
-0.07
-0.05
-0.07
-0.04
-0.10
-0.09

Ω Aragonite

CCS
northern
central
southern
0 - 100 m
100 - 250 m
250 - 4500 m

0.83
0.79
0.87
0.82
0.64
0.52
1.37

0.89
0.91
0.89
0.88
0.74
0.58
0.83

-0.11
-0.11
-0.09
-0.12
-0.08
-0.15
-0.11

CCS
northern
central
southern
0 - 100 m
100 - 250 m
250 - 4500 m

0.88
0.77
0.95
1.04
0.40
0.63
0.99

0.92
0.93
0.92
0.94
0.79
0.68
0.99

-6
-20
-4
-1
-6
-6
-8

CCS
northern
central
southern
0 - 100 m
100 - 250 m
250 - 4500 m

0.87
0.79
0.91
0.91
0.56
0.57
1.21

0.92
0.93
0.92
0.93
0.77
0.69
0.98

14
3
12
21
10
22
13

CCS
northern
central
southern
0 - 100 m
100 - 250 m
250 - 4500 m

1.15
1.05
1.15
1.18
0.97
1.13
0.87

0.95
0.95
0.93
0.95
0.85
0.88
0.99

-0.31
-0.03
-0.31
-0.47
-0.90
0.40
0.44

CCS
northern
central
southern
0 - 100 m
100 - 250 m
250 - 4500 m

0.78
0.69
0.91
1.14
0.50
0.71
0.90

0.86
0.88
0.83
0.86
0.87
0.88
1.08

0.18
0.004
0.20
0.26
0.21
0.22
0.04

Alkalinity
(µmol kg−1 )

DIC
(µmol kg−1 )

Temperature
(C◦ )

Salinity
(PSU)

Location

Table 5.1 Spatial model evaluation statistics. Shown are the normalized model standard deviation (norm. STD.), the correlation coefficient and bias of observed and modeled pH, Ω Aragonite,
Alkalinity, DIC, Temperature and Salinity. A five year average of modeled parameters over May
and June (2006 - 2010) are compared to observations sampled between May and June 2007 (Feely
et al., 2008), for all sampled locations (CCS), the subregions north, central, southern, for 0 - 100
m, 100 -250 m and 500 - 5000 m. The modeled standard deviations were normalized relative to
the observed standard deviations from Feely et al. (2008). Specified units correspond only to the
absolute bias.
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Figure 5.5 Taylor diagram (Taylor, 2001) of model simulated (a) pH and (b) Ωarag compared to
observations (Feely et al., 2008). A five year average of parameters over May and June (2006 2010) are compared to observations sampled between May and June 2007, for all sampled locations
(black), the northern (blue circle), central (orange circle), and southern subregions (red circle), and
for 0 - 100 m (blue diamond), 100 - 250 m (orange diamond) and 500 - 5000 m (red diamond).
The distance from the origin is the normalized standard deviation of the modeled parameters. The
azimuth angle represents the correlation between the observations and the modeled parameters The
distance between the model point and the observation point (filled ellipse on the abscissa) indicates
the normalized root mean square (RMS) misfit between model and observational estimates.

The nearshore positive bias of pH and Ωarag was introduced partially because transect line 5
was sampled during strong upwelling conditions (Feely et al., 2008). Such events are not simulated by our model since it is only forced with a monthly climatology of wind, but not with
specific weather patterns and variability. The absence of such an intense upwelling event can be
observed in all simulated variables shown in Figure 5.4. The observed, strong outcrop nearshore
indicates a vigorous upwelling, which is considerably underestimated by our model. This caveat
was described by Gruber et al. (2006) and we focus on the implications for this discrepancy in
the Discussion.

Temporal variability
Here, we evaluate the temporal variability of pH, Ωarag , Alk, DIC, T and S using a bi-weekly
climatology, sampled at the Santa Monica Bay Observatory Mooring at 33◦ 55.9 N and 118◦ 42.9
W from 2003 to 2008 (unplublished data, A. Leinweber, UCLA, and N. Gruber, ETH Zurich).
Since interannual anomalous weather patterns are not modeled, we produced an average climatology of the observations from 2003 to 2008 and compared it to an averaged model data climatology
of the same period.
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As observed in the previous section the model underestimates pH and Ωarag at depth, but
reproduces the observations reasonably well in the upper 50 m (Figure 5.6). The absolute levels
of all properties in winter were well reproduced by the model at all depths. The observations show
high temporal variability at the surface (pH ± 0.08, 1 STD for the full observational record and
Ωarag ± 0.4) and at depth (pH ± 0.07 and Ωarag ± 0.2), which is underestimated by the model by
a factor of about 7 for surface Ωarag and by a factor of about 3.5 for surface pH and both variables
at 100 m. The observed high spatial and temporal variability of pH and Ωarag of the southern CCS
is dominated by high frequency winds (Capet et al., 2004) that are not modeled with our set up.
Moreover, in the model, the bottom topography is smoothed over the continental shelf to prevent
numerical instabilities associated with complex bathymetry. Therefore, the variability resulting
from the naturally complex bathymetry is not fully represented.
Model climatologies tend to underestimate the temporal and spatial variability of pH and
Ωarag and their mean state at depth (100 m - 250 m) and in nearshore regions.

5.3.2

Modeled spatial and seasonal variability of pH and Ωarag

Examples of the modeled monthly averages for surface pH of the model year 2011 (pCO2 ∼
395 ppm) show that the waters within the first 50 km (here defined as nearshore) experience a
wide range of surface pH from ∼ 7.85 to 8.15 (Figure 5.7a). The spatial variability of surface
pH increases in April, when upwelling starts and is highest around July and August. The lowest
surface pH (∼ 7.85) is simulated nearshore between the Washington/Oregon border and Point
Conception between June and September. The highest nearshore surface pH (∼ 8.15) is reached
between November and March in the northern subregion, while the central CCS only experiences
high surface pH (∼ 8.05) during 3 months (January - March). In the central CCS, surface pH
decreases to ∼ 7.95 around June and increases to around 8.05 in January. Further off the coast,
surface pH of the northern subregion remains at around 8.1, while in the central and southern
CCS it drops from ∼ 8.15 to ∼ 8.00. At 100 m depth, low pH of about 7.75 extends to about
300 km offshore all year around, except along the Washington border, where pH is around 8.0
between April and July, and drops to about 7.65 between August and October (not shown).
The seasonal evolution of surface Ωarag behaves similar to surface pH (not shown). The
modeled monthly mean does not show undersaturation at the surface. However, model results
from two-day model output reveal that north of Cape Mendocino, surface pH can drop down to
∼ 7.72 (Figure 5.7c) and surface Ωarag to 0.93, slightly below the values captured by the monthly
mean outputs. In nearshore areas at 100 m depth, aragonite undersaturation is also simulated
in late fall, most likely due to remineralization of the sinking organic matter that was produced
during the summer phytoplankton blooms (Figure 5.7b).
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Figure 5.6 Comparison of bi-weekly observed (2003-2008; Santa Monica Bay Observatory Mooring) and model simulated climatologies of (a) Ωarag , (b) pH, (c) alkalinity, (d) DIC, (e) temperature
and (f) salinity at 0 - 250 m between 2005 and 2010. The shaded area depicts the first six months of
the following annual cycle.

5.3. Results

Figure 5.7 Simulated monthly averages of (a) surface pH and (b) Ωarag at 100 m. Shown are
every second month of model year 2011 (∼395 ppm atmospheric pCO2 ). (c) Mean, minimum and
maximum values of surface pH from two-day model output.
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Spatially averaged seasonal cycle of pH and Ωarag for each subregion

The range of the seasonal cycle of pH and Ωarag varies from region to region in the CCS
(Figure 5.8a and b) and is more pronounced at the surface than at 100 m. The northern subregion
has the highest annual mean surface pH (∼ 8.07) and the most distinct seasonal cycle (Figure
5.8a), with a range of about ∼ 0.14 pH units. In the central and southern CCS, the average
surface pH is ∼ 8.00 with a range of 0.09 and 0.04 respectively. Unlike pH, the mean annual
surface Ωarag (∼ 2.14) is highest in the southern CCS (Figure 5.8) and it’s range spans by 0.11
units. The annual mean surface Ωarag is 2.02 in the northern and 1.88 in central subregion. Each
subregion reaches its minimum in Ωarag at a different time. The central subregion shows the
lowest surface pH (∼ 7.95) and surface Ωarag (∼ 1.73) in June, while the surface pH and surface
Ωarag is lowest in August and September in the northern subregion. In the southern CCS, surface
Ωarag increases slightly during the summer months.
At 100 m, average pH remains around 7.8 and average Ωarag around 1.1 in all three subregions. Spatial variability of surface pH is highest in the central subregion (∼ ±0.1, 1 STD)
around July. Surface Ωarag of the northern and central CCS have a spatial variability of ∼ ±
0.4 (1 STD) between April and October, which decreases to ∼ ± 0.1 (1 STD) in winter. Spatial
variability of pH and Ωarag in the southern subregion and at 100 m along the entire U.S. West
Coast are constant and small.

5.3.4

Driving mechanisms of the seasonal cycle in pH and Ωarag

To understand the mechanisms causing changes in pH and Ωarag across the seasonal cycles of
the three subregions, we now investigate the sensitivity of pH and Ωarag to the seasonal variations
in Alk, DIC, T and S. To do so, we estimate the contribution of changes in each property to the
total change of pH and Ωarag . The change in pH and Ωarag can be ”separated” using a Taylor
expansion in first order of all constituting variables:
∆pH =

∂pH
∂pH
∂pH
∆s DIC +
∆s Alk +
∆T + ∆F SpH + Res.
∂DIC
∂Alk
∂T

(5.3)

where
∆F SpH =

∂pH
∂pH
∂pH
∆S +
∆DIC s +
∆Alk s
∂S
∂DIC
∂Alk

(5.4)

and
∆Ω =

∂Ω
∂Ω
∂Ω
∆s DIC +
∆s Alk +
∆T + ∆F SΩ + Res.
∂DIC
∂Alk
∂T

(5.5)
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Figure 5.8 Seasonal cycle of (a) pH and (b) Ωarag in the nearshore 50 km. The lines represent the
mean and the shaded area the spatial variability (+/- 1 STD) for each month, for the northern (blue),
central (orange) and southern (red) subregions, at the surface (left) and at 100 m (right). The shaded
area depicts the first six months of the following annual cycle.

where
∆F SΩ =

∂Ω
∂Ω
∂Ω
∆S +
∆DIC s +
∆Alk s
∂S
∂DIC
∂Alk

(5.6)

The partial derivatives quantify the differential changes in carbon chemistry due to small changes
in DIC, Alk, T and S and are derived from model equations and annual means of a modeled
climatology (2006 - 2010). ∆s DIC and ∆s Alk are the salinity normalized deviations from the
annual means of DIC and Alk; ∆DIC s and ∆Alk s are deviations from the annual means due
to freshwater input, and ∆F SpH and ∆F SΩ are the total contributions of freshwater input to
the change in pH and Ωarag respectively. The Taylor expansion is only strictly correct for small
perturbations. Residuals (= Res.) thus capture the error when the left and right hand side of the
equation are not equal.
pH and Ωarag are driven by a combination of changes in DIC, Alk and T. These parameters
are mainly altered by upwelling and eddies, which differ in magnitude and timing from region
to region (Figures 5.9 and 5.10). In addition, Alk changes due to the processes of nitrification,
net primary production and CaCO3 precipitation and dissolution. DIC changes due to CaCO3
calcification and dissolution, net primary production and heterotrophic respiration. Surface tem-
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Figure 5.9 Contributions of changes in DIC (red), alkalinity (orange), salinity (blue, freshwater
flux, FS) and temperature (light blue) to changes (relative to the annual mean) in pH at the surface
and at 100 m depth for the northern (top panels, a and b), central (center panels, c and d) and
southern (bottom panels, e and f) subregions. Note different y-axis scales. The shaded area depicts
the first six months of the following annual cycle.

perature is responsive to changes in the incoming solar radiation and heat exchange with the
overlying atmosphere. Figures 5.9 and 5.10 show the contributions of changes in DIC, Alk, S and
T to changes (relative to the annual mean) in pH and Ωarag respectively. Each colored component
represents the corresponding term in equations 5.3 and 5.5. Components that plot in a positive
direction have a positive effect on pH or Ωarag . Therefore, the sum of all components lead to the
total effect of pH and Ωarag , resulting in either an addition or cancellation of the effect on pH or
Ωarag . pH is negatively correlated to changes in DIC, T and S, but has a positive sensitivity to
changes in Alk. While the sensitivities for Ωarag towards Alk, DIC and S are the same as for pH,
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Figure 5.10 Contributions of changes in DIC (red), alkalinity (orange), salinity (blue, freshwater
flux, FS) and temperature (light blue) to changes (relative to the annual mean) in Ωarag at the
surface and at 100 m depth for the northern (top panels, a and b), central (center panels, c and d) and
southern (bottom panels, e and f) subregions. Note different y-axis scales. The shaded area depicts
the first six months of the following annual cycle.

changes in Ωarag are positively correlated to changes of T.
In the northern CCS, the effects of the changes in DIC and T on surface pH are cancelled by
changes in Alk at the beginning of the upwelling season in spring and amplified in late summer
and early fall (Figure 5.9a). With a small delay, T amplifies the effect of changes in DIC on surface
pH throughout the year. The upwelling of DIC-rich water decreases surface pH beginning in
April. Due to a strong vertical Alk gradient, upwelled subsurface waters and primary production
(Figure 5.11a) increase Alk at the surface. The increase in Alk compensates for the upwelled
DIC rich water and warming of the surface waters until the Alk concentration reaches it’s peak in
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Figure 5.11 Seasonal cycle of (a) surface chlorophyll a and (b) nitrification at 100 m, in the
nearshore 50 km. The lines represent the mean and the shaded area the spatial variability (+/- 1
STD) for each month, for the northern (blue), central (orange) and southern (red) subregions. The
shaded area depicts the first six months of the following annual cycle.

August and dampens the decrease of surface pH. As from August, net primary production (Figure
5.11a) slows down and amplifies the negative effect of the upwelled, DIC enriched waters and of
warm surface temperature, resulting in a minimum pH in August and September.
In the central CCS, upwelling starts already in March, one month earlier than in the northern
subregion (Figure 5.9). The upwelled, DIC-enriched subsurface waters decrease surface pH to
it’s minimum in June. In spring, DIC is the main driver of pH. Decreased upwelling and increased
primary production (Figure 5.11a) decreases DIC as from August. Warming of the surface waters
in late summer and fall cancels and delays the increasing effect of DIC on pH. In winter, T and
Alk both amplify the effect of DIC, leading to a pH maximum in February.
In the southern CCS, pH is mainly driven by the incoming solar radiation and heat exchange
with the overlying atmosphere (Figure 5.9e), which decreases pH in summer, when sea surface
temperature increases. The seasonal cycle of DIC is out of phase with the seasonal cycle of
surface T and slightly counteracts the effect of T on pH. The warming of the surface waters lead
to a late summer pH minimum.
At 100 m depth, the seasonal cycle of Alk in the northern CCS (Figure 5.9b) is in concert with
the seasonal cycle of DIC. The changes in Alk add to the effects of DIC on pH, while changes
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in temperature play a minor role. No upwelling leads to high pH levels in the winter months in
all subregions. Upwelling starts earlier in the southern (Figure 5.9f) than northern CCS, shown
by the earlier increase of DIC (decrease of pH) in the southern than in the northern subregion. In
the central (Figure 5.9d) and southern subregions, DIC is the main driver of pH, except during
the upwelling season, when cold, upwelled waters counteract the effect of DIC on pH. The cold
temperature of the upwelled waters dampen the early summer pH decrease in the central and
southern CCS. Nitrification (Figure 5.11b) sets in in March (southern CCS), in April (central
CCS) or in June (northern CCS), decreases Alk and amplifies the decreasing effect of DIC on pH
and counteracts the cold temperature effect.
The analysis of the contributions to the change in Ωarag reveal that Alk has a much higher
influence on Ωarag in the northern subregion, than it does in the central or southern CCS (Figure
5.10). In the northern CCS, the upwelled Alk-enriched waters counteract the effect of upwelled
DIC-rich waters, causing a peak of Ωarag in April and May (Figure 5.10a). The decrease of surface Ωarag is thus delayed and changes in Ωarag are suppressed. Because primary production
slows down in August (Figure 5.11a), Alk decreases and amplifies the effect of high DIC concentration on Ωarag , causing it’s minimum in August. In the central and southern CCS, surface
Ωarag is mainly driven by the changes of DIC (Figure 5.10c and e). Upwelling in the central
subregion starts in April and increases surface DIC and thus decreases Ωarag . The nutrient rich
water enhances production, reaching it’s maximum in July (Figure 5.11a). The decreasing primary production decreases Alk, which counteracts the positive effect on Ωarag of a decreasing
concentration of DIC due to decreased upwelling. Unlike for pH, surface water warming has a
positive effect on Ωarag in the southern CCS and amplifies the effects of the seasonal cycle of
DIC.
At 100 m depth, Alk amplifies the effects of DIC on Ωarag in all subregions (Figure 5.10 b,
d, f). Respiration and nitrification (decrease of Alk) of sinking particles from the surface amplify
the effects of the upwelled DIC-rich water, which leads to a minimum of Ωarag at the end of the
season (Figure 5.11b).

5.3.5

Transition decades: Temporal and spatial variability vs. longterm
trends

In this section, we analyze the future trajectories of pH and Ωarag from 2005 through 2050
and relate their ranges of annual variability to the ranges experienced during the preindustrial
and the present day periods. Using the approach described in Blackford and Gilbert (2007) and
Cooley et al. (2011), we identify transition decades as the time when the future conditions become different than in the preindustrial era or today. Transition decades are reached when the
range of annual variability in future pH and Ωarag (’future envelope’) no longer overlaps with the
preindustrial (’preindustrial envelope’) or present-day range of annual variability (’2011 enve-
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lope’). The width of the envelope is chosen as the mean +/- (1 STD × varcf ) (varcf = correction
factor, equation 5.2) to indicate when the future or present day mean pH or Ωarag exceeds the
natural variability of present day or preindustrial condition. To give a first overview we calculate
the envelopes for each subregion, using the regional monthly spatial averages of pH and Ωarag
and subtract from it the detrended monthly average data. Despite the fact that there is spatial
variability within each subregion, the spatial averaging does not affect the results (analysis not
shown). From the resulting monthly anomaly we calculate the moving STD using a 120-month
window. The first year, when the ’future envelope’ of pH or Ωarag diverges from the ’preindustrial
envelope’ or ’2011 envelope’, is defined as the midpoint of the transition decade.
By the 2011 model year, all three subregions along the U.S. West Coast have already moved
out of the preindustrial envelope (Figures 5.12 and 5.13, green line). The high variability of surface pH in the northern subregion led to a later transition decade than in the other subregions and
at 100 m depth. Already by approximately 2023, surface pH and surface Ωarag of the southern
subregion are projected to decrease more than the range of their relatively small, present-day annual variability, forcing the ecosystem to adjust rapidly to a different environment. As soon as by
approximately 2030, the northern and by 2035 the central subregions are projected to be exposed
to lower levels of surface Ωarag than experienced today. Due to the relatively large variability of
surface pH in the northern CCS (see also Section 5.3.2), this subregion is not expected to move out
of its ’2011 envelope’ until approximately 2040. At 100 m depth, pH and Ωarag of the southern
and central subregions are projected to enter the present day transition decade in approximately
2024, while in the northern CCS the transition is projected to take place by approximately 2033.
Permanent undersaturation of Ωarag at 100 m is expected by ∼2025 in the central and ∼2035 in
the southern and northern CCS.
The high spatial variability within each subregion (especially the northern subregion) leads to
a large spatial difference in the arrival of the transition decades. Figures 5.14 and 5.14 illustrate
the percentage of overlap between the range (mean +/- (1 STD × varcf )) of a 10 year average
from 2005 to 2015 of pH and Ωarag , and the range for the 10 year average of pH and Ωarag
for each following decade. The years 2020, 2030 and 2040 are chosen as midpoints for each
10 year average. Nearshore areas, especially in the northern subregion, retain more than 50%
range overlap until approximately 2030. These areas are exposed to the strongest upwelling and
experience the largest range of pH and Ωarag due to the upwelled cold, DIC and nutrient rich
water. However, areas south of Monterey Bay are projected to experience pH and Ωarag values
outside of the present day range envelope by approximately 2030. At 100 m depth, nearshore
areas of the central and southern CCS are projected to be exposed to levels outside of the present
day range by approximately 2020, while offshore areas retain some degree of overlap of range
until approximately 2030. In the northern subregion, the present day range of pH and Ωarag in
nearshore regions still overlap by about 50% until approximately 2030.

5.3. Results

Figure 5.12 Simulated timeseries of monthly mean pH (black) at (a) the surface and (b) 100 m
depth, for the northern (top panel), central (center panel) and southern (bottom panel) subregions,
with the 10-year running average (red dashed line) for all grid cells of each subregion. The area
between the solid lines defines the range of annual variability or envelope (mean +/- (1 STD×
varcf )) of pH for the preindustrial (orange, ∼270 ppm atmospheric pCO2 ), 2011 (black, ∼395 ppm
atmospheric pCO2 ) and transient (red) simulations. The envelopes are adjusted with the correction
factor varcf (Section 5.2.5).
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Figure 5.13 Simulated timeseries of monthly mean Ωarag (black) at (a) the surface and (b) 100 m
depth, for the northern (top panel), central (center panel) and southern (bottom panel) subregions,
with the 10-year running average (red dashed line) for all grid cells of each subregion. The area
between the solid lines defines the range of annual variability or envelope (mean +/- (1 STD×
varcf )) of Ωarag for the preindustrial (orange, ∼270 ppm atmospheric pCO2 ), 2011 (black, ∼395
ppm atmospheric pCO2 ) and transient (red) simulations. The saturation horizon (Ωarag = 1) is
indicated by the black dashed line. The envelopes are adjusted with the correction factor varcf
(Section 5.2.5).

5.3. Results

Figure 5.14 The proportion of overlap in annual pH range (mean +/- (1 STD× varcf )) of a ten
year average at present for (a) the surface and (b) at 100 m depth, compared to ten year averages of
every following decade until 2040. The years shown are the midpoints of the ten year average. The
envelopes are adjusted with the correction factor varcf (Section 5.2.5).
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Figure 5.15 The proportion of overlap in annual Ωarag range (mean +/- (1 STD× varcf )) of a ten
year average at present for (a) the surface and (b) at 100 m depth, compared to ten year averages of
every following decade until 2040. The years shown are the midpoints of the ten year average. The
envelopes are adjusted with the correction factor varcf (Section 5.2.5).
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Shoaling of the aragonite saturation horizon

In the central subregion, the modeled aragonite saturation horizon has already shoaled into
the upper 100 m of the water column and is projected to reach a depth of 50 m by 2050 (Figure
5.16a). The aragonite saturation horizon in the northern and southern CCS are projected to reach
a depth of 100 m by 2025 and shoal to ∼70 m depth by 2050. Figure 5.16b shows that after
reaching the upper 100 m, the shoaling of the aragonite saturation horizon slows down substantially in all subregions. The saturation horizon is highly sensitive to changes in the concentration
2−
of CO2−
3 where the gradient of CO3 concentration with respect to depth is small (Figure 5.16).
Conversely, when the CO2−
3 concentration gradient with respect to depth is strong, the saturation
horizon is less sensitive to small changes of CO2−
3 concentration. As a result of these sensitivity differences, the aragonite saturation horizon shoals rapidly from 250 to 100 m because the
CO2−
3 concentration gradient with respect to depth is small in this depth range. Once the saturation horizon enters the upper 100 m, it requires larger changes in CO2−
3 to lead to an equivalent
shoaling of the aragonite saturation horizon. This explains why shoaling is initially rapid, and
then slows down by about 2025, when the aragonite saturation horizon enters a depth range with
larger gradients in CO2−
3 concentration.

5.4

Discussion

The comparison of our model results with available observations of nearshore carbon properties shows that the model is able to generally reproduce the large-scale spatial and seasonal
patterns of contemporary pH and Ωarag . However, the following caveats need to be borne in mind
while discussing the annual cycle and future trajectories of pH and Ωarag : (1) the model overestimates pH and Ωarag off-shore and at a depth of 100 - 250 m and in nearshore regions, (2) the
model is forced with monthly climatologies of wind and cannot reproduce weather induced, high
frequency events, (3) the riverine chemistry is not explicitly parameterized, (4) consequences of
global change such as changes in T, winds or precipitation are not taken into account, and (5)
interannual processes such as El Niño/ La Niña events are not resolved by the model.
Since the model overestimates pH and Ωarag , the annually averaged depth of the aragonite
saturation horizon is expected to be about 60 m shallower in reality. Consequently, we expect
that summertime undersaturation of surface waters in nearshore subregions of the northern and
central CCS will happen more frequently and with a greater spatial extent than simulated by our
model. Comparison to a Ωarag timeseries derived from O2 and S variability emphasizes this bias
(Juranek et al., 2009). Between May and November, their modeled aragonite saturation horizon
remains within the upper 30 m of the water column. In contrast, our modeled saturation horizon
shoals only occasionally into the upper 30 m and stays just above the central Oregon shelf (∼100
m) during the majority of the upwelling season. The depth bias between the observed and
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Figure 5.16 (a) Evolution of the depth of aragonite saturation horizon as a function of time and
depth. The depth of the saturation horizon is depicted as a black line. Panel (b) shows the expected
shifts in the [CO2−
3 ] profiles for the years 2005-2050. The black line indicates the depth of the
saturation horizon as a function of [CO2−
3 ] and depth.
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modeled aragonite saturation horizon is expected to decrease with time, because the shoaling
of the aragonite saturation horizon is expected to slow down as it approaches shallower depths
(see Section 5.3.6).
In our simulations day to day wind variability was not taken into account since the model was
forced with a monthly climatology of momentum fluxes from QuickSCAT-based ocean winds.
This does not present a large problem in the northern and central subregions where strong seasonal wind patterns prevail (Dorman and Winant, 1995). However, in the southern CCS it is
synoptic variability that dominates the dynamics of the system (Leinweber et al., 2009; Dorman
and Winant, 1995) and these features are not well captured by the monthly wind climatologies.
As a result, the southern subregion is forced with unrealistically constant wind patterns. Comparison with the Santa Monica Bay Observatory Mooring data underlines this shortcoming of our
model for the southern CCS. The model underestimates pH variability (1 STD) by a factor of
about ∼ 3.5. This implies that the projected transition decades from the model would occur about
20 years later than stated in our model results. Considering this correction, the pH of the southern
CCS would move out of it’s preindustrial envelope around 2020 and depart from the present day
levels shortly after 2050. The temporal variability of surface Ωarag is underestimated in the model
by a factor of ∼ 7 at the Santa Monica Bay Observatory Mooring, implying that the southern subregion won’t move out of its preindustrial envelope before 2050. However, a comparison with
new pH and Ωarag data derived from a mooring off Newport, OR shows that the model does a
better job in resolving the temporal variability in the northern CCS (Harris, unpublished data).
There, the modeled temporal variability (pH = 0.1 and Ωarag = 0.32, 1STD) agrees well with
the observed temporal variability (pH = 0.094 and Ωarag = 0.38, 1STD). This comparison shows
that our calculations for the transition decades in the northern CCS, and most likely also for the
central subregion are more robust than in the southern subregion.
Riverine input of nutrients, DIC and freshwater can increase the range of pH variability by
up to about 1 unit (Hinga, 2002). Since the riverine chemistry is not explicitly modeled in this
study, pH and Ωarag may not be accurately represented in close proximity to the Columbia river
mouth, especially during the rainy months (February-May). Other small rivers along the coast
can influence DIC and Alk, however relative to the Columbia river their influence is small and
often limited to infrequent storm events. The surface T and S restoring described in the methods
section improves the mean state, but does not capture the natural variability.
Our study accounted for changes of pH and Ωarag due to atmospheric pCO2 increase, however, additional consequences of anthropogenic pCO2 increase such as increased upwelling intensity, strengthened stratification, warming of surface waters and deepening of the thermocline
(King et al., 2011) were not taken into account. Integrated effects of global change could possibly accelerate the progression of ocean acidification described here. For example, a timeseries
(1982-2008) of upwelling favorable winds and sea surface T suggests that changes in T led to
increased and protracted upwelling in parts of the central CCS (Garcı́a-Reyes and Largier, 2010),
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which in turn would lead to lower surface pH and Ωarag , further exacerbating the effects of increasing pCO2 on the CCS. In addition to increased aragonite undersaturation, shoaling of low
oxygen waters further minimizes habitats of sensitive organisms (Bograd et al., 2008; McClatchie
et al., 2010). Oxygen declines in the CCS result from decreasing concentrations of oxygen in the
equatorial and eastern Pacific (Stramma et al., 2008, 2010; Bograd et al., 2008). These oxygen
declines are thought to be due to increased stratification resulting from global warming (Stramma
et al., 2008). As a result of continued global warming and intensified upwelling, hypoxic areas
are expected to further expand in the CCS in the future.
The dynamics of the CCS are strongly dependent on interannual climate modes such as El
Niño/ La Niña events, which are not resolved by our model. La Niña in 2010 uplifted the isopycnals in late summer and doubled the period of normal seasonal exposure to undersaturated conditions on the continental shelf (Nam et al., in review). The season of occurrence of La Niña events
is variable. It is therefore possible that La Niña amplifies the effect of natural seasonal upwelling,
leading to more extreme hypoxic and aragonite undersaturated conditions. As a result, variability
envelopes would be widened and transition decades would be delayed, while seasonal aragonite
undersaturation would occur earlier.
We found that the CCS is approaching the combined thresholds of both chemical aragonite
dissolution and the departure from its natural variability envelope with respect to pH and Ωarag .
The CCS thus joins the Arctic and the Southern Oceans as one of only a few known ocean regions presently approaching this dual threshold (Steinacher et al., 2009; McNeil and Matear,
2008). Therefore, organisms in these regions must adapt to conditions that are both inherently
chemically challenging and significantly different from present conditions. In contrast, while locations such as ocean station ALOHA are projected to depart their natural variability envelope
by approximately 2020 (Cooley et al., 2011), the inherent chemical properties at these sites leave
them far from aragonite undersaturation.

5.5

Conclusions

This study gives new insights into the spatial and temporal dynamics of pH and Ωarag along
the U.S. West Coast. It further enables us to relate the present day high spatial and temporal
variability of pH and Ωarag to their preindustrial and future ranges of pH and Ωarag . While a
few nearshore areas of the central and northern subregions are presently exposed to temporary
undersaturation, the model also highlights the fact that the nearshore ecosystems along the whole
U.S. West Coast are already exposed to pH and Ωarag levels outside of the preindustrial natural
variability envelope. Additionally, as early as ∼ 2040, surface pH and Ωarag of the nearshore
U.S. West Coast are projected to move out of the present day natural variability envelope under
the IPCC SRES A2-scenario.
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The combination of naturally high DIC and the oceanic uptake of anthropogenic CO2 drives
the CCS towards undersaturation faster than other coastal areas (Blackford and Gilbert, 2007) and
on a similar timescale as the Arctic and Southern Oceans. Despite the high annual variability, the
absolute decrease of pH and Ωarag is fast and significant enough to depart its present day range
by 2040. We conclude that these types of changes put the CCS particularly at risk to the effects
of ocean acidification. Given the likely departure from preindustrial envelopes, these effects may
already be well underway.
Marine ecosystems of the CCS are exposed to a variety of stress factors, many of which are
likely to increase in the future. Along with the developing problem of ocean acidification, organisms will have to deal with warming of the waters, an expansion of hypoxic areas and changes
of the vertical structure of the water column (Gruber, 2011; Doney et al., 2012). In addition, non
climate change related impacts, such as pollution, eutrophication and overfishing further increase
the vulnerability of the CCS ecosystems. Together, these stressors compound the challenges that
the organisms of the CCS will face in the coming decades and will necessitate rapid migration,
acclimation or adaptation for continued survival.
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Abstract
We determine the intensity, duration and frequency of aragonite undersaturation events along the
U.S. West Coast using preindustrial and forecast simulations from the Regional Oceanic Modeling System. Results suggest that since 1750, aragonite undersaturation events have quadrupled
in their number and lengthened in duration. In 1750, 80% of these events were shorter than 14
days, while in 2010 these events last anywhere between a few days (47%) to the entire year (3%).
Simulations following the IPCC SRES A2-scenario indicate that the benthos will be continuously
undersaturated by 2050. Combined with an intensity that is 10 times greater than in 2010, this
will lead to a severity three orders of magnitudes higher. Data-model evaluation suggests that the
model may overestimate Ωarag , implying that this progression might be more mature than presented here. These circumstances will substantially affect the viability of calcifying organisms
and could lead to large shifts in the ecosystem structure.

6.1. Introduction

6.1
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Introduction

Induced by the uptake of anthropogenic CO2 , global surface ocean pH has already dropped
by about 0.1 units over the last 250 years (Feely et al., 2004). This process, known as ocean
acidification, also decreases the mean aragonite saturation state (Ωarag ), which is defined by the
relationship:
−3
Ωarag = [Ca+
2 ][CO2 ]/K sp ,

(6.1)

where Ksp is the temperature, salinity and pressure dependent stoichiometric solubility product
2−
of aragonite, the more soluble mineral form of CaCO3 , and where [Ca+
2 ] and [CO3 ] are the
concentrations of the calcium and carbonate ions, respectively. In the face of the unabated rise
in atmospheric CO2 concentration, ocean acidification will further progress (Orr et al., 2005),
decrease pH and Ωarag and push oceanic waters towards aragonite undersaturation (Ωarag < 1) in
some areas. As a consequence, the intensity, duration and frequency of aragonite undersaturation
events will increase in the future. Certain regions, such as the Arctic and the Southern Oceans
(Steinacher et al., 2009; McNeil and Matear, 2008) and Eastern Boundary Upwelling Systems,
such as the California Current System (CCS, Chapters 4 and 5) are especially prone to reach the
chemical threshold of aragonite undersaturation earlier and will thus be exposed to an increased
intensity, frequency and duration of aragonite undersaturation events sooner than elsewhere. The
increased exposure to aragonite undersaturation may create a threat to aragonite calcifying organisms (Kleypas et al., 2006; Lee et al., 2006b; Gazeau et al., 2007; Barton et al., submitted).
Information about the intensity, duration and frequency of aragonite undersaturation events
is essential to understand the level of stress to which organisms are exposed. Similar metrics
have been used to monitor and describe the progression of coral bleaching (Donner et al., 2007)
and hypoxic events (Chan et al., 2008) and are helpful to quantify the urgency of the problem.
However, due to the lack of high frequency observations of the inorganic carbon system, current
knowledge about the intensity, duration and frequency of aragonite undersaturation events is extremely limited (Juranek et al., 2009; Andersson et al., 2011). Critically, nothing is known about
the magnitude of change these parameters will undergo in the future. Furthermore, knowledge
about the intensity and duration of aragonite undersaturation events is crucial to the design of
laboratory and mesocosm experiments intended to test the physiological responses of organisms
to the rising level of chemical stress that will be felt in the natural environment. Only through
a combination of these approaches will it be possible to predict and assess the future impacts of
ocean acidification on marine ecosystems.
In this paper we apply the metrics of intensity, duration and frequency of aragonite undersaturation events to the waters off central and northern California. This region is of particular
interest because sporadic and short events of aragonite undersaturation are a natural phenomenon
(Juranek et al., 2009; Hauri et al., 2009) and have already increased due to ocean acidification
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(Juranek et al., 2009). We focus here on the near bottom waters on the shelf, i.e., water depths
less than 200 m, since they overlie a rich benthic ecosystem (Arntz et al., 2006). Several economically important, benthic organisms, such as juvenile oysters, clams and mussels (Cooley and
Doney, 2009) precipitate aragonite to form their protective shells and are sensitive to changes
in the aragonite saturation state (Lee et al., 2006b; Gazeau et al., 2007; Andersson et al., 2011;
Barton et al., submitted).

6.2

Methods

The simulations were conducted with a 5 km resolution U.S. West Coast setup of the three
dimensional Regional Oceanic Modeling System (ROMS) coupled to a simple nitrogen based
ecosystem model. A fixed stoichiometric ratio of 106:16 (Redfield et al., 1963) ties carbon fluxes
to the modeled nitrogen fluxes. Ωarag is calculated offline from the state variables alkalinity,
dissolved inorganic carbon (DIC), temperature, salinity, and nutrients (Chapter 5), following the
standard OCMIP carbonate chemistry routines1 . The sediment is represented by a simple one
layer model, which accumulates the organic matter and mineral CaCO3 arriving at the sediment
surface, and subjects these particulate materials to first-order decomposition/dissolution reactions
with rates of 0.003 day−1 for organic matter and 0.002 day−1 for CaCO3 . The resulting dissolved
constituents are assumed to diffuse immediately back into the water column. We use five years
of two-day averaged model output from a preindustrial run and three periods of five years around
2010, 2030 and 2050 from a transient simulation (Chapters 4 and 5). For the transient simulation
the model was forced with increasing atmospheric CO2 (SRES-A2, Nakićenović and Swart 2000)
and altering lateral boundary conditions for DIC extracted from a coarse-resolution Earth System
Model (NCAR CSM 1.4 carbon model, Frölicher et al. 2009), while monthly climatologies of
wind, surface heat, alkalinity and freshwater fluxes remained unchanged between 2005 and 2050
(Chapter 5). As a result, the ocean’s carbonate chemistry changes due to atmospheric CO2 and
oceanic DIC increase, while other effects of climate change are not taken into account. Readers
interested in a more detailed description of the model, its forcing and performance are referred to
Lachkar and Gruber (2011) and Chapter 2.
We focus our analysis on the continental shelf off California, from Point Conception (34.5◦ N,
120.3◦ W) to Cape Mendocino (40.4◦ N, 124.4◦ W) where undersaturated waters have already been
reported to penetrate deep onto the shelf (Feely et al., 2008). The modeled benthic habitat on the
continental shelf is defined by the model layer just above the seafloor and to the area where model
bathymetry is shallower than 200 m. An ocean acidification event is defined as a consecutive
sequence of days of duration D with Ωarag less than a certain threshold (Ωthresh ). For this study
we chose the well established chemical threshold of Ωthresh = 1. However, the threshold where
organisms become deleteriously affected by ocean acidification is species specific and can lie
1

http://www.ipsl.jussieu.fr/OCMIP/phase3/simulations/NOCES/HOWTO-NOCES-3.html
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above or below Ωarag = 1. Any other threshold can be chosen while applying these metrics.
Adopting the approach described in Sheffield et al. (2008) we define the intensity (I) of such an
event as
I = (Ωthresh − Ωmean ),

(6.2)

where Ωmean is the mean Ωarag during the event. The intensity describes the mean level of ocean
acidification, and in this particular case of undersaturation with respect to aragonite, over the
duration of the event. Since the intensity and duration of aragonite undersaturation events have
an integrated impact on the organisms health (Beesley et al., 2008; Wood et al., 2008; Andersson
et al., 2011) we combine these two parameters to one index, the severity (S) of ocean acidification
events:
S = I × D.

(6.3)

The model results are analyzed separately for each grid point along the central and northern
California shelf, resulting in 415 individual timeseries for each period spanning 5 years. Given
the use of two day average output, the minimum duration of the undersaturation events is two
days.

6.3

Results

The simulations reveal a small shift in the mean intensity of aragonite undersaturation events
between 1750 and the present, and project a substantial shift by 2050 (Figure 6.1 and 6.2, Table
6.1). The data for the intensity is not normally distributed (Lilliefors, 1967) and is significantly
different between all time periods (p < 0.005) (Mann and Whitney, 1947). During the preindustrial era, 16% of the studied area is not exposed to aragonite undersaturation at all (Figure 6.2,
left panel, black area), while elsewhere aragonite undersaturation events occure on average once
per year, with intensities ranging from > 0 to 0.18 (Figure 6.1, black) and a median intensity of
0.023 (Table 6.1). The majority (71%) of the events have an intensity of less than 0.04 (Figure
6.1, black dots). Under present-day conditions the model indicates that organisms are exposed
to a similar range of aragonite undersaturation intensities as experienced in 1750. By 2010, the
entire studied area experiences aragonite undersaturation at some point during the year (Figure
6.2). Ten percent of the aragonite undersaturation events shift to intensities higher than 0.04,
increasing the median intensity to 0.03 (Figure 6.1, blue, Table 6.1). However, the majority of
aragonite undersaturation events (61%) still lay within the 0 to 0.04 intensity range (Figure 6.1,
orange dots). By 2030, the maximum aragonite undersaturation intensities reach 0.26 (Figure
6.1, blue), while the median intensity shifts to 0.16 (Table 6.1). Events with low intensities (>0
- 0.04) of aragonite undersaturation are still occurring, yet such events have become rare (13%,
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Figure 6.1 The relative distributions of the mean intensities of aragonite undersaturation events
(bars, left y-axis) and their cumulative distributions (dots, right y-axis) during the five-year periods
around 1750 (black, atmospheric pCO2 ∼ 267.5 ppm), 2010 (orange, atmospheric pCO2 = 387.8 398 ppm), 2030 (blue, atmospheric pCO2 = 443.9 - 459.5 ppm) and 2050 (red, atmospheric pCO2
= 523.1 - 541.8 ppm). The results are normalized to the total number of events in each period per
cell and year. The upper x-axis represents Ωarag for the corresponding undersaturation intensity.
Cumulative distributions are not plotted beyond the first value to reach 1. Note different y-axis
scales.

Figure 6.1, blue). By 2050, aragonite undersaturation events all show high intensities that range
from 0.18 to 0.36 (Figure 6.1, red). The most frequent aragonite undersaturation events bear an
intensity of 0.30 (Table 6.1).
The durations of the aragonite undersaturation events lengthen considerably between 1750
and present-day and are projected to increase in length to a full year between 2030 and 2050
(Figure 6.3). In the preindustrial simulation, aragonite undersaturation events are short, sporadic
and happen on average about once per cell and year. Eighty percent of all events are shorter than
14 days and 5% are longer than a month (Figure 6.3, black, Table 6.1). The median duration
shifts from 6 days in 1750 to 16 days in 2010. By 2010, the number of events per cell and year
quadruples. The duration of aragonite undersaturation events in 2010 is significantly different
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Figure 6.2 The mean intensity of aragonite undersaturation events of each five-year period around
1750 (atmospheric pCO2 ∼ 267.5 ppm), 2010 (atmospheric pCO2 = 387.8 - 398 ppm), 2030 (atmospheric pCO2 = 443.9 - 459.5 ppm) and 2050 (atmospheric pCO2 = 523.1 - 541.8 ppm). Shown
is the benthic area from Point Conception (34.5◦ N) to Cape Mendocino (41.4◦ N), shallower than
200 m depth. Black areas in the panel for the preindustrial era depict locations without aragonite
undersaturation events

(p<0.005, Mann and Whitney 1947) than in 1750 and lasts from a few days (47%) to the entire
year (3%) (Figure 6.3, orange). Twenty-five percent of the events are longer than 6 weeks. By
2030, the majority (53%) of the aragonite undersaturation events lasts a year or longer (Figure 6.3,
blue). The median duration shifts to almost two years. Nevertheless, about 30% of the events are
still shorter than two months and typically occur during the transition between periods of weak
oversaturation and strong undersaturation. By 2050, the model projects year-round aragonite
undersaturation for the benthic ecosystems off central and northern California (Figure 6.3, red).
The length of periods when benthic organisms are exposed to supersaturated conditions decreases dramatically between preindustrial and present day conditions (Figure 6.4). During the
preindustrial era, periods of oversaturation last between a couple of days to a year (Figure 6.4,
black, Table 6.1). The median duration of aragonite oversaturated periods is around 3 months.
By 2010, the periods of oversaturation are shortened to about 14-28 days (87%, Figure 6.4, orange), the median duration decreases to 12 days (Table 6.1). By 2030, the median duration of
oversaturated periods is around 4 days long, only 5% of the these periods last about one month.
The severity of aragonite undersaturation events, which describes the time-integrated deficit
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Period
Intensity

Median

Mean

5th

25th

75th

95th

percentile

percentile

percentile

percentile

1750
2010
2030
2050

0.023
0.030
0.155
0.295

0.031
0.039
0.132
0.289

0.003
0.002
0.013
0.233

0.010
0.012
0.080
0.279

0.044
0.057
0.184
0.306

0.087
0.104
0.208
0.329

Duration
1750
undersaturation 2010
(days)
2030
2050

6
16
670
1825

10
63
918
1757

2
2
4
1418

4
6
35
1825

12
49
1825
1825

30
260
1825
1825

Duration
oversaturation
(days)

1750
2010
2030
2050

97
12
4
0

261
22
10
0.64

6
4
0
0

18
6
0
0

355
24
12
0

906
69
43
0

Severity
(days)

1750
2010
2030
2050

0.148
0.507
88
536

0.505
4.51
163
510

0.006
0.005
0.058
366

0.039
0.079
2.70
497

0.504
2.73
329
557

2.19
21
379
601

Table 6.1 Descriptive statistics of the mean intensity, duration and severity of aragonite undersaturation events, and of the duration of aragonite oversaturated periods. Shown are the median, mean,
5th percentile, 25th percentile, 75th percentile and 95th percentile for the periods around 1750 (atmospheric pCO2 ∼ 267.5 ppm), 2010 (atmospheric pCO2 = 387.8 - 398 ppm), 2030 (atmospheric
pCO2 = 443.9 - 459.5 ppm) and 2050 (atmospheric pCO2 = 523.1 - 541.8 ppm) following the IPCC
SRES A2 emission scenario. Note that none of the data are normally distributed (Lilliefors, 1967)
and therefore these descriptive statistics have to be interpreted with caution.

below the threshold (here Ωarag = 1), is projected to increase by three orders of magnitude over the
next 40 years (Figure 6.5, Table 6.1). A severity of 1 day means that an undersaturation event had
an intensity of 1 and lasted for one day or that this event had an intensity of only 0.1, but lasted 10
days. The severity of aragonite undersaturation events is significantly different between 1750 and
2010 (p<0.005, Mann and Whitney 1947) and increases by a factor of ∼3.5 from ∼0.15 to ∼ 0.51
days. In 1750, only 5% of the aragonite undersaturation events have a mean severity higher than
2 days, while in 2010, more than 25% are higher than 2 days (Table 6.1). The relative frequency
distribution of the severity modeled for 2030 shows one peak at around 50 days and a second peak
at around 350 days (Figure 6.5, blue). This illustrates that already by 2030, the severities of the
majority of aragonite undersaturation events (60%) are higher than in 2010. The intensification
and simultaneous lengthening of aragonite undersaturation events between 2030 and 2050 further
amplify the severity of aragonite undersaturation events to about 550 days (Figure 6.5, red).
A spatial analysis of the intensity, severity and duration of aragonite undersaturation events
averaged over the five year period shows an onshore - offshore gradient north of Point Conception
(around 35◦ N) and north of San Francisco (37◦ N) (Table 6.2, Figure 6.2, duration and severity
not shown). Events are shorter and less intense in these shallow, nearshore areas than in locations
that are at 200 m depth.
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Figure 6.3 The relative distributions of the mean durations (days) of aragonite undersaturation
events (bars, left y-axis) and their cumulative distributions (dots, right y-axis) during the five-year
periods around 1750 (black, atmospheric pCO2 ∼ 267.5 ppm), 2010 (orange, atmospheric pCO2 =
387.8 - 398 ppm), 2030 (blue, atmospheric pCO2 = 443.9 - 459.5 ppm) and 2050 (red, atmospheric
pCO2 = 523.1 - 541.8 ppm). The results are normalized to the total number of events in each period
per cell. Cumulative distributions are not plotted beyond the first value to reach 1. Note that events
with a duration longer than a year are accumulated in the last bin.

Period

Intensity

Duration

Severity

Mean

STD

Mean

STD

Mean

STD

1750

0.028

0.014

9

5

0.2

0.2

2010

0.042

0.015

125

174

4.90

9.4

2030
2050

0.173
0.290

0.036
0.028

1582
1794

533
173

142
257

54
35

Table 6.2 Descriptive statistics of the spatial variability of the mean intensity, duration and severity of aragonite undersaturation events over each period. Shown are the spatial mean and spatial
standard deviation of each metrics for the periods around 1750 (atmospheric pCO2 ∼ 267.5 ppm),
2010 (atmospheric pCO2 = 387.8 - 398 ppm), 2030 (atmospheric pCO2 = 443.9 - 459.5 ppm) and
2050 (atmospheric pCO2 = 523.1 - 541.8 ppm) following the IPCC SRES A2 emission scenario.
Note that none of the data are normally distributed (Lilliefors, 1967) and therefore these descriptive
statistics have to be interpreted with caution
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Figure 6.4 The relative distributions of the mean durations (days) of aragonite oversaturated periods (bars, left y-axis), and their cumulative distributions (dots, right y-axis) during the five-year
periods around 1750 (black, atmospheric pCO2 ∼ 267.5 ppm), 2010 (orange, atmospheric pCO2 =
387.8 - 398 ppm), 2030 (blue, atmospheric pCO2 = 443.9 - 459.5 ppm) and 2050 (red, atmospheric
pCO2 = 523.1 - 541.8 ppm). The results of a) and b) are normalized to the total number of events in
each period per cell. Cumulative distributions are not plotted beyond the first value to reach 1. Note
that events with a duration longer than a year are accumulated in the last bin.

6.4

Discussion

Model results suggest that aragonite undersaturation events have become longer and cover a
wider area over the continental shelf off central and northern California than during the preindustrial era. By 2050, simulations following the IPCC A2 business as usual scenario project an
intensity of undersaturation that is about 10 times higher than modeled for 2010. Combined with
a continuous undersaturation this results in a median severity of aragonite undersaturation that
is three orders of magnitude greater than in 2010. Such fast and large changes in the pattern of
aragonite undersaturation events are likely to have substantial implications for the benthic community of aragonite calcifiers, including economically important species such as clams, mussels
and oysters (Cooley and Doney, 2009). This implies that aragonite calcifying organisms will be
forced to either develop tolerance to extreme conditions (Tunnicliffe et al., 2009) or they will
disappear.
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Figure 6.5 The relative distributions of the mean severities (days) of aragonite undersaturation
events (bars, left y-axis) and their cumulative distributions (dots, right y-axis) during the five-year
periods around 1750 (black), 2010 (orange), 2030 (blue) and 2050 (red). The results are normalized
to the total number of events in each period per cell and year. Cumulative distributions are not
plotted beyond the first value to reach 1.

The intensity of aragonite undersaturation events influences the rate of dissolution and thus
directly the viability of organisms. Aragonite undersaturation intensities as projected by our
model for 2050 causes death to juvenile bivalves due to dissolution (Green et al., 2009). Based
on a median undersaturation intensity of 0.30 projected for the period around 2050 and using
the formula and constants for the dissolution rate of shallow aragonitic carbonates presented
by Walter and Morse (1985), we estimate the dissolution rate to be about 15% of shell mass
per day. Some organisms are able to counteract dissolution in undersaturated conditions by upregulating their calcification rates (Wood et al., 2008). However, this defensive response can
impair other essential processes such as growth, reproduction and protein synthesis (Wood et al.,
2008; Andersson et al., 2011).
A longer exposure to aragonite undersaturation and a shorter recovery time between undersaturation events will diminish the organisms energy sources and weaken its survival strategies.
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Even though our model indicates that the range of intensities of aragonite undersaturation events
has not changed between 1750 and 2010, recent observations propose that oysters are already negatively impaired by ocean acidification (Barton et al., submitted). This could be a consequence
of the elongated and more frequent periods of undersaturation since 1750. The higher frequency
of aragonite undersaturation events decreases the time to recover from dissolution (Fine and Tchernov, 2007) or to restore their energy sources for growth and reproduction, making them more
vulnerable to undersaturated waters during the subsequent event. Also, the developmental and
reproductive lifestages of some benthic species are more vulnerable to undersaturated conditions
than their adult forms (Lee et al., 2006b; Kurihara, 2008; Findlay et al., 2009). The likelihood of
an aragonite undersaturation event to interfere with such a vulnerable life stage has risen due to
the increased frequency and duration of such events.
The main shortcoming of this model is that it overestimates the observed Ωarag (Chapter 5).
The lack of spatial and temporal resolved observations make it difficult to evaluate the exact bias
of the model. The model was evaluated with observations taken during strong upwelling (Feely
et al., 2008), leading to a modeled overestimation of Ωarag of 0.2 (Chapter 5). This estimated bias
serves as the upper boundary. If it were uniformly applied to the model data, the entire benthic
ecosystem would already be continuously undersaturated with respect to aragonite, which has
not been reported yet. Accounting for an overestimation of Ωarag , the mean intensity of aragonite
undersaturation events would be higher than presented here. This bias of intensity is expected
to increase in the future and approach the bias that is calculated for Ωarag , when diverging from
Ωarag = 1. Also, as long as Ωarag fluctuates around one, this bias would increase the length
of aragonite undersaturation events. The model evaluation also detected an underestimation of
the temporal variability of Ωarag in the region south of Point Conception, which does not have
any influence on the present study. Global change-induced effects such as increased temperature
and stronger winds are not accounted for in the model since we are only changing atmospheric
CO2 and DIC. These physical perturbations could negatively or positively influence the results
presented here. Due to the complexity of the system, it is not possible to project how the system
will react towards a palette of physical and chemical changes.

6.5

Conclusions

The intensity, duration, frequency and severity of aragonite undersaturation events are important metrics because they quantify the chemical characteristics of the events to which organisms
are exposed. These metrics could be applied globally to compare the level of stress for organisms
in different ecosystems and learn from example hot spot regions such as the U.S. West Coast. The
results presented here demonstrate that although the organisms along the U.S. West Coast were already exposed to periods of undersaturation during the preindustrial era, the exact nature of these
events has already changed and is projected to change substantially over the next 40 years. This
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process will force large changes in the physiology of individual organisms and the structure of
ecosystems, driving unknown feedbacks into fisheries, global biogeochemical cycles and climate.
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Chapter 7

Conclusions
Our regional, highly resolved simulations of the carbon chemistry dynamics along the U.S.
West Coast are the first to capture the physical processes responsible for the manifestation of
ocean acidification there. Combined with observations from other research groups, our simulations serve as an important basis for an improved understanding of the spatial and temporal
chemical dynamics of carbon species that lead to low surface pH and Ωarag in nearshore regions.
Moreover, our projections through 2050 provide important information about the expected profound changes in the CCS carbon chemistry.
My thesis chapters 4, 5 and 6 show that the chemical environment of organisms in the CCS
is changing in several different ways: 1) nearshore waters deeper than 50 m are approaching the
chemical threshold of continuous aragonite undersaturation by 2050, 2) pH and Ωarag north of
Point Conception have already departed from the range of variability common during the preindustrial era and are expected to move out of their present day variability envelope between 2030
and 2035 and, 3) the length and frequency of aragonite undersaturation events on the continental
shelf off central and northern California have already changed significantly since 1750 and by
2050, we project permanent aragonite undersaturation with an intensity that is 10 times higher
than in 2010.
Taken together, these results indicate that the rates of change in the carbon chemistry of
the CCS are comparable with the Arctic and the Southern Ocean, placing the CCS among the
world’s hot spots of ocean acidiificaiton. Our projections could have far-reaching implications
for the CCS ecosystem, which belongs to the most productive ecosystems of the world (Pauly
and Christensen, 1995).

105

Chapter 7. Conclusions

106

7.1

Global significance of a functioning CCS

The CCS serves as a case study for the three other Eastern Boundary Upwelling Systems
(EBUS), the Humboldt, Canary and Benguela Upwelling Systems. While the area of all EBUS
contributes less than 1% to the global ocean, these upwelling regions attribute 2-5% to the global
marine primary production (Pauly and Christensen, 1995; Carr, 2001). Primary production in
EBUS amount up to 973 gC m−2 yr−1 , which makes them about ten times more productive than
the open ocean (103 gC m−2 yr−1 ) (Pauly and Christensen, 1995). Among the four EBUS, the
CCS is the least productive. However, the CCS is still five times more productive than the open
ocean and attributes about 0.1% to the global primary production while occupying only 0.02% of
the global ocean.
Ocean acidification in EBUS could have far reaching impacts on the cycling of carbon, nutrients, trace metals and isotopes throughout the biosphere (Gehlen et al., 2011). EBUS have the
highest levels of productivity (Pauly and Christensen, 1995; Carr, 2001) and vertical fluxes of particulate organic matter in the world (Jahnke et al., 1990). Ocean acidification or climate change
could induce changes to productivity or export of organic matter in EBUS (Chavez and Messié,
2009). These changes would have impacts on surface DIC and Alk concentrations, thereby altering the air-sea flux of CO2 and the atmospheric concentration of CO2 . Ocean acidification
induced changes on productivity, ecosystem structure and export fluxes would also affect the distribution of nutrients and trace elements that are actively cycled in EBUS (Gehlen et al., 2011).
Because EBUS play such a strong role in the global cycling of these elements, changes to the
EBUS ecosystem structure could have disproportionately large implications on a global scale.
The CCS can serve as an initial case study because unlike in the other EBUS, carbon chemistry data is already available there. This region can be used to continuously monitor the influence
of the oceanic uptake of anthropogenic CO2 and climate change on the biogeochemistry of EBUS
in general (see Sections 7.2.2 and 7.2.3).

7.2

Future directions

The findings of this thesis offer new insights into the dynamics of the carbon chemistry and
potential scenario for the progression of ocean acidification in the CCS. However, the model
could be improved in several ways to augment the accuracy of the modeling results (Section
7.2.1). Moreover, this work raises additional questions that need further scientific attention. In
the following (Section 7.2.1) I discuss technical shortcomings of our model setup and possible
ways to improve our simulations. Section 7.2.2 focuses on potential extensions of this thesis by
discussing several key questions that could be addressed with the ROMS U.S. West Coast setup.
In Section 7.2.3 I discuss several open questions from other fields in ocean acidification research,
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which need answers in order to bring this relatively young research field important and big steps
forward.

7.2.1

Technical shortcomings of our model and recommendations for improvements

The model-data inter-comparison study presented in Sections 5.4 and A.3 points towards
shortcomings in our simulations which can be improved by changing the model forcing in several
ways. The main shortcomings of our model setup are (1) the underestimation of pH and Ωarag
during strong upwelling events at the surface in nearshore regions and below 100 m off-shore,
(2) the underestimation of high synoptic-scale temporal variability of pH and Ωarag south of
Point Conception, (3) the omission of forcing that would permit to study important effects of
climate change, such as ocean warming and an intensification in winds and (4) the lack of explicit
parameterization of riverine inputs of nutrients and freshwater.
In my opinion, the most important steps towards an improved representation of the observed
patterns of carbon chemistry in the CCS are the following:

• force the model with daily wind products
• re-evaluate the model with spatially and temporally resolved data sets
• account for global change-induced modifications of temperature, wind and precipitation
• account for riverine input

In the following paragraphs I discuss all the above proposed changes. In addition I explain
why and how these proposed changes could improve model simulations in the CCS.
Model forcing
The current simulations were forced with a monthly resolved climatological wind product
from QuickSCAT-based Scatterometer Climatology of Ocean Winds (Section 5.2.2). The use of
this forcing product leads to the following two shortcomings in our simulations. First of all, the
coarse temporal resolution of the forcing product leads to an underestimation of the high temporal
variability of pH and Ωarag . The largest underestimation was found south of Point Conception
(Section 5.3.1), where upwelling is mainly driven by synoptic-scale wind patterns. Secondly, the
use of a wind climatology does not resolve atmospherically induced interannual variability in the
CCS and therefore masks out the strong impact of the El Niño Southern Oscillation on the CCS
ecosystem (Section 1.4.1).
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Forcing the model with wind products at least daily resolution could help to better simulate
the observed high temporal variability in the winds and sporadic, strong upwelling events that
cause extremely low levels of pH and Ωarag . Future simulations are planed to be forced with the
ERA-interim daily data products (Dee et al., 2011) from the European Centre for Medium-Range
Weather Forecasts (ECMWF). This data set provides weather information back to 1979. Using
this data product is an important step towards an improved resolution of strong upwelling events
and will result in a better spatial and temporal variability of the tracers.
Using the new data product, I expect an improved representation of the vertical pattern of pH
and Ωarag during strong upwelling events and a resulting lower mean state. In addition, I hope
for improvements of the temporal variability of pH and Ωarag south of Point Conception, since
the circulation in the upper water column of this region is mainly driven by synoptic-scale wind
patterns (Leinweber et al., 2009).
The inclusion of variable wind forcing is also necessary to resolve the interannual patterns
that affect the biogeochemical dynamics in the CCS. At present El Niño and La Niña events are
not resolved by the model. Interannual processes associated with the El Niño Southern Oscillation
affect the upwelling strength of the waters along the U.S. West Coast and thus orchestrate the pH
and Ωarag variability on an interannual timescale (Section 1.4.1). So far, modeled interannual
variability was based on internal stochastic variability only.
Forcing the model at higher resolution requires a lot of preparation time. This is work in
progress by several people of our group here at ETH. Hopefully, the new forcing files will be
ready for implementation soon.
Model re-evaluation
The model-data inter-comparison study discussed in Sections 5.4 and A.3 is based on pH and
Ωarag data from one single coastal cruise. This cruise took place in May 2007 and provides a
nice dataset with 13 cross-shelf transects from Queen Charlotte Sound, Canada to San Gregorio
Baja California Sur, Mexico (Figure 1.4, Feely et al. (2008)). While this cruise offers the first
pH and Ωarag dataset for the U.S. West Coast, it only gives a glimpse at the patterns of pH and
Ωarag during the strongest upwelling period in May and does not provide information about the
temporal variability of pH and Ωarag throughout the year.
However, the network of highly resolved biogeochemical measurements along the U.S. West
Coast is growing, which would enable a better evaluation of the model in this region. An increasing amount of pCO2 moorings along the U.S. West Coast are also being equipped with pH sensors
(A. Sutton and C. Sabine at PMEL, K. Harris at University of Montana). Once full annual cycles
of measured pCO2 and pH are available it will be possible to re-evaluate the modeled temporal
variability in additional locations. Moreover, a second coastal cruise took place in August 2011
(R. A. Feely), which will provide further data for pH and Ωarag for a more detailed model-data
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inter-comparison study.
Global change
The modeling experiment of this Ph.D. project only accounted for the effects of rising atmospheric CO2 concentrations and did not include other aspects of global change (Section 5.2.2).
However, since increasing atmospheric pCO2 is expected to influence the patterns of wind, temperature and precipitation in the CCS, it is also important to account for these local manifestations
of climate change. Climate change is expected to affect seawater temperature, stratification intensity, depth of the mixed layer, upwelling intensity and timing, and the strength of the northward
undercurrent and eddies in the CCS (Section 5.4). These changes will influence the carbon chemistry in several unpredictable ways. By accounting for these additional perturbations I intend to
decrease the uncertainty in the simulations and to better project the progression of ocean acidification in the CCS.
While fully coupled Earth System Models (ESM) are capable of simulating climate change
effects and feedbacks, they are not able to resolve the physical features responsible for the manifestation of ocean acidification in the CCS (Orr et al., 2005; Steinacher et al., 2009). However,
by using the ESM output as boundary conditions and forcing for the regional model, we could
resolve the regional features of ocean acidification while still accounting for the effects of global
change, such as changes in wind, temperature and precipitation. In this manner, we could improve our understanding of the combined effects of ocean acidification and climate change on the
biogeochemistry in the CCS (Section 7.2.2).
Riverine input
In the present simulations we apply surface T and S restoring with a relaxation timescale of 3
months on the surface heat and freshwater fluxes that are derived from the Comprehensive OceanAtmosphere Data Set (COADS) data products (Section 5.2.2) This method may alleviate large
discrepancies caused by riverine input from the Columbia River, however the restoring method
does not account for riverine nutrient input nor does it capture the high temporal variability of T
and S in close proximity of the river mouth.
However, the biogeochemistry of coastal waters in the proximity of the Columbia River is
influenced by intense riverine inputs during the rainy season. Riverine waters have a different alkalinity:DIC signature than open ocean waters, which can amplify ocean acidification (Salisbury
et al., 2008; Cai et al., 2011). Also, as a consequence of the expected changes in precipitation
and ongoing eutrophication along river beds, the influence of riverine input on the coastal biogeochemistry is expected to increase. Accounting for the input from the Columbia River will further
improve the accuracy of the seasonal pattern of the biogeochemical parameters in the northern
subregion of the CCS.
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Coarse resolution
Using a regional model to project the progression of ocean acidification in the CCS is a large
improvement from previous attempts with Earth System models (Orr et al., 2005; Steinacher et al.,
2009). Still, the relatively coarse horizontal resolution (5 km x 5 km) of our regional model does
not allow us to make a precise projection of the progression of ocean acidification at a certain
location. For example, it would not be possible to make precise projections for the changes of
the chemical habitat of an oyster community in Yaquina Bay, Oregon (44.61◦ N, 124.03◦ W). In
addition, the coarse vertical resolution in nearshore regions does not resolve the representation
of shallow benthic environments. That is, to calculate the model bathymetry we reset bottom
depths shallower than 50 m to 50 m (Section 2.1). This means that our model setup is not ideal
to simulate shallow benthic marine environments (<20 m). This caveat may lead to a slight underestimation of Ωarag in these specific regions. Future simulations could enhance the spatial and
depth resolution of the model grid to better capture small scale processes.
Simplicity of the ecosystem model
The results presented in my thesis are based on an ecosystem model (NPZD2 ) that uses simplified parameterizations of biological process to simulate the biogeochemical parameters in the
CCS. This simple ecosystem model only represents one generalized phytoplankton type and one
generalized zooplankton type (Section 2.2). Organisms from higher trophic levels are not parameterized. As a result, the complex biological processes across and within trophic levels are not
accounted for. Moreover, biological processes are much more complex than they are parameterized in the ecosystem model. Productivity of phytoplankton should be limited by more than just
light and nitrogen. For example, input of iron from the Columbia river and from iron resuspension from the continental shelf fertilizes phytoplankton productivity off Oregon and Washington,
whereas phytoplankton productivity is limited by iron off California (Chase et al., 2007). Accounting for iron limitation of phytoplankton would require the inclusion of iron cycling, which
is so far missing in the model. Accounting for iron limitation or fertilization would improve the
representation of different phytoplankton productivity levels along the U.S. West Coast and is
therefore an important step to consider. Moreover, studies show that photosynthesis, calcification
and nitrification will be affected by ocean acidification. However, our model does not explicitly
model calcification, calcifyers and nitrifyers, nor does it include the organisms that would be affected by ocean acidification induced changes. Also, carbon fluxes are coupled to the nitrogen
fluxes at a fixed Redfield ratio. However, mesocosm experiments suggest enhanced carbon fixation by phytoplankton at higher CO2 levels in the water, resulting in an increased C:N ratio in
the productivity and export fluxes (Riebesell et al., 2007). Model simulations with a variable C:N
ratio revealed that enhanced C:N ratios could create a negative feedback on atmospheric pCO2 by
drawing down more CO2 into the ocean (Oschlies et al., 2008).
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These examples show that our simple representation of the ecosystem processes only capture the basic biological processes such as photosynthesis, grazing by zooplankton and export
to the seafloor and miss many important features that could change our results in several, so far
unpredictable ways.

7.2.2

Potential extensions of this thesis

Our model presents a wide range of opportunities for research projects. In the following I
discuss three questions that in my opinion are of particular relevance. Using our simulations to
study these questions could improve our knowledge about how anthropogenically induced perturbations may change the chemical environment in the CCS and in other upwelling systems.
How does global change affect my results?
As a consequence of increased atmospheric CO2 concentrations, the CCS ecosystems face
future challenges that go beyond the single process of ocean acidification. The work presented in
this thesis describes the sole impact of the oceanic uptake of anthropogenic CO2 on the chemical
properties of the CCS. As a further step, it is inevitable to study how global change induced
alterations in wind, temperature and precipitation would alter the findings of this thesis.
Due to the physical, chemical and biological complexity of the CCS and the combined effects
of various anthropogenic perturbations, it is not intuitive how the physical and biogeochemical
structure of the CCS are going to change in the future. In the literature there are several contradicting examples of climate change induced physical alterations that are projected or already
observed in some areas along the U.S. West Coast. Garcı́a-Reyes and Largier (2010) describe an
observation based increase of wind-driven coastal upwelling in the central part of the CCS, which
they attribute to climate change induced strengthening of large-scale atmospheric pressure gradients. However, Palacios et al. (2004) report increased stratification of the upper 200 m of the CCS
over the period of 1950-1993. Increased stratification would lead to a decreased supply of nutrients and low pH waters to the surface, which is opposite of what was observed by Garcı́a-Reyes
and Largier (2010). Furthermore, an ESM based analysis of climate change impacts on the CCS
proposes that there will be increased nutrient supply despite warming and increased stratification
(Rykaczewski and Dunne, 2010)
In the following section, I speculate how increased upwelling winds or increased stratification
could alter the carbonate chemistry dynamics of the nearshore CCS waters:

• If increased warming and the resulting greater stability of the water column (Palacios et al.,
2004) is strong enough to decrease the upwelling and as a result the surface supply and
seasonal amplitude of DIC and nutrient rich waters, it could dampen the seasonal decrease
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of pH and Ωarag . This effect would be especially relevant in the central and northern CCS,
where the dynamics of pH and Ωarag are mainly driven by seasonal upwelling (Chapter
5). Under this scenario, seasonal aragonite undersaturation and transition decades will be
delayed, while the timing of continuous aragonite undersaturation would not change.
• If climate change induced increased upwelling (Garcı́a-Reyes and Largier, 2010) is stronger
than warming induced stratification (Palacios et al., 2004), surface water will be fed with
more DIC and nutrients. This will result in a higher seasonal amplitude and in an amplification of ocean acidification during the upwelling season. The wider seasonal amplitude
of Ωarag and pH will lead to an earlier seasonal aragonite undersaturation. If equatorward
alongshore winds became stronger and persisted throughout the year, transition decades
would occur earlier because annual maximum values of pH and Ωarag would decrease, thus
leading to a more rapid change in the annual mean of pH and Ωarag .
• If upwelling source waters were enriched with DIC and nutrients (Rykaczewski and Dunne,
2010), seasonal ocean acidification would be exacerbated at the coast. Despite increased
stratification and minor changes to the upwelling strength, a simulation with the Earth System Model 2.1 following the IPCC SRES A2 scenario proposes increasing nutrient supply
and productivity, decreased dissolved oxygen concentration and increased acidification for
the CCS (Rykaczewski and Dunne, 2010). In their simulation, the water mass takes a
deeper and longer trajectory until it is upwelled at the U.S. West Coast. During it’s prolonged journey below the euphotic zone it is enriched with more DIC and nutrients. This
scenario will have similar effects on the carbon chemistry like the scenario with stronger
upwelling above. Their projected temperature increase is only ∼ 0.5◦ C by 2100, resulting
in a pH decrease and Ωarag increase of about 0.008 and 0.01 respectively, which is minor
compared to the decreases of pH (0.1) and Ωarag (0.4) we expect due to oceanic uptake of
anthropogenic CO2 .

Do aragonite undersaturated periods coincide with hypoxia?
Hypoxia is another acute threat to the CCS ecosystem. Recent observations show a shoaling
of the hypoxic boundary (∼60 µmol/kg) onto the continental shelf off Oregon (Chan et al., 2008;
Bograd et al., 2008). The hypoxic waters occupied 80% of the water column in the 60 m deep
shelf waters from June to October (Chan et al., 2008). Surveys of the benthic ecosystem, normally
thriving with shellfish and rockfish, were found to be dead and abandoned (Chan et al., 2008).
Using our ROMS simulations I propose to investigate the spatial and temporal dynamics of
oxygen in nearshore regions off the U.S. West Coast. Several interesting questions may be asked:

1. Do the spatial and temporal patterns of hypoxia coincide with ocean acidification?
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2. How does the frequency and severity of hypoxic events compare to those of undersaturated
events?
3. Is ocean acidification enhanced by hypoxia due to increased respiration?
4. Do hypoxia and ocean acidification have synergistic effects on the carbon chemistry?
5. How will hypoxia evolve in the future considering other global change perturbations?

Researchers at PMEL are currently elucidating question number four using observational
data from two U.S. West Coast cruises (May 2007 and August 2011). Question five was already
addressed by Rykaczewski and Dunne (2010) and Bianucci and Denman (2012). Both the Earth
System Model used by Rykaczewski and Dunne (2010) and the 2-D regional model used by
Bianucci and Denman (2012) project an additional decrease in O2 concentrations and an increase
in ocean acidification for the 21st century.
Are other Eastern Boundary Upwelling Systems also at risk of ocean acidification?
My thesis is an important base study for the analysis of the progression of ocean acidification
in additional Eastern Boundary Upwelling Systems (EBUS), which are all of great global ecological, biogeochemical and economic relevance (Section 7.1). The progression of ocean acidification
across EBUS is not expected to be uniform. Upwelling of DIC enriched waters triggers a seasonal
low in pH and Ωarag in all four EBUS. However, the origin and traveling time of the waters until
they are upwelled and the strength of the upwelling are different from system to system (Chavez
and Messié, 2009). Also, several studies comparing productivity between the four EBUS show
that there are large differences ranging from 0.37 Gt C yr−1 in the Benguela to 0.04 Gt C yr−1
in the CCS (Carr, 2001). These physical and biological discrepancies affect the chemical mean
state and dynamics of the systems and thus may delay or advance the approach to ocean acidification thresholds defined in my thesis (Chapters 4, 5 and 6). Simulations with the ROMS set-up
for the Humboldt Current System (Egger, 2011) hint towards even lower levels of pH and Ωarag
than in the CCS, while results from the Canary Current System (current work from Z. Lachkar)
indicate no imminence of ocean acidification yet. A detailed analysis and comparison of the carbon chemistry dynamics in all four EBUS are thought to highlight the mechanisms that lead to
these differences. The levels of severity of ocean acidification between EBUS and their resulting
ecosystem structures could give insights about the long-term responses of the organisms toward
such a physiological challenge. Also, quantifying the impact of ocean acidification across each
EBUS is important because they belong to the most productive regions. Together they constitute a significant part of the global fisheries and may potentially influence global biogeochemical
cycles.
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7.2.3

Additional hot topics in ocean acidification research

In the following I discuss several questions that need further attention from the broader ocean
acidification research community to better project the future marine ecosystem structures.
What is the sensitivity of organisms to multiple anthropogenic stressors?
Even though there currently is only little knowledge about the impact of ocean acidification
on a limited number of species, it is also imperative to study the response of organisms towards
other environmental perturbations. In the face of global change and ocean acidification costal
habitats undergo rapid physical, biological and chemical changes (Bograd et al., 2008; Meehl
et al., 2007). Therefore, many co-variables such as nutrient availability, temperature and light
levels influence the chance of survivorship of organisms exposed to ocean acidification. Only
few experimental studies have accounted for combined anthropogenic effects so far (Sciandra
et al., 2003; Feng et al., 2009). These experiments have indicated synergistic interactions in response to multiple stressors, where pCO2 in combination with either temperature, light or nutrient
availability were changed. Sciandra et al. (2003) found that nitrogen-replete conditions in combination with increased pCO2 triggers a decrease in the calcification/photosynthesis ratio of E.
huxleyi, while a pCO2 increase has no effect on this ratio when kept in nitrogen limited conditions. Feng et al. (2009) found that the calcification rate of the North Atlantic coccolithophores
does not change upon an increase in pCO2 at ambient temperatures, however the calcification
rate decreases substantially once temperature is also increased. These examples indicate that
multiple stressors produce biological responses that are not predictable from experiments with
single-factor treatments and stress the necessity for more multiple stressors experiments with a
wide range of species.
Are organisms able to adapt to ocean acidification?
Chapter 6 proposes that benthic organisms of the nearshore CCS ecosystem have a history
of temporal exposure to low pH and Ωarag waters. This may increase their chance of greater
capacity for adaptation. Adaptation is defined as the evolution of a species over hundreds of
generations, which results in species that are genetically and phenotypically different from the
contemporary population. Therefore, studying the evolution of organisms requires long-term
monitoring projects and long-term experiments. Also, such ”adaptation” experiments will only
be feasible (if at all) with organisms with relatively short generation times. Ohman et al. (2009)
analyze the interannual variability in spring-time size of the pteropod population in the southern
and central CCS from 1951 to 2008. Their assessment shows no sign of population size decline
during that period. However their study does not rule out that the morphology of pteropods has
changed (acclimation) nor whether they changed their vertical distributions (migration).
In summary, there is a great need to conduct longterm experiments to understand whether
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and how quickly organisms can adapt to ocean acidification and other stress factors. With more
data available about adaptation or acclimation potential ”winners” and ”losers” of the ecosystem
could be better identified.
Are impacts of ocean acidification already visible in the CCS ecosystem?
In parallel to the suggested long-term laboratory and field experiments (see above), scientific
focus should also be put on in situ surveys and monitoring of benthic species in the nearshore
ecosystem. Results could be compared with existing inventories of calcifiers (i.e datasets used in
Smith (1970) and Smith (1971)). Such studies could help to find answers to important questions
such as:
1. Has or will ocean acidification induce migration of species to regions of the CCS where
ocean acidification is not yet acute?
2. Have some organisms developed mechanisms for acclimation (i.e. plasticity of organisms
to react to environmental conditions without genetic changes) to aragonite undersaturated
conditions during the upwelling months?
3. Have some organisms already disappeared and how does it affect the ecosystem structure
and function?
4. Do patterns of species absence coincide with long periods of aragonite undersaturation (or
low Ωarag )?
Russell et al. (2012) are putting great effort into a coordinated study of carbon dynamics in
nearshore and inter-tidal waters, coupled with biological studies of mussels and sea urchins. However, to my knowledge they have not yet specifically addressed any of my above posed questions.
Ohman et al. (2009) have not found an impact of ocean acidification on the interannual variability in spring-time size of the pteropod population in the southern and central CCS from 1951
to 2008 (see above). Surveys of species composition around hydrothermal vents in Ischia, Italy
are nice examples how such in situ studies give insights into the sensitivity of different species
towards ocean acidification (Hall-Spencer et al., 2008). The typical rocky-shore community with
calcareous organisms such as sclerectinian corals, gastropods and coralline algae shifted along a
decreasing pH gradient towards the hydrothermal vent, to a community dominated by seagrass,
few dissolving gastropods and coralline algae.
How does the species specific sensitivity towards ocean acidification change the ecosystem
structure?
Data from experiments elucidating the response of organisms to certain levels of pH, HCO−
3
or Ωarag should be used to parameterize species specific physiological responses in regional
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ecosystem models. Experiments could be undertaken starting with our simple NPZD2 model,
by implementing two or more phytoplankton types with different sensitivities towards seawater
HCO−
3 concentrations. Results could show whether ocean acidification promotes clear ”winners”
and ”losers” according to their HCO−
3 sensitivity or whether the physical, chemical and biological
complexity of the ecosystem creates sufficiently many ecological niches that support all HCO−
3
sensitivities. In additional steps, more complex ecological models could be used to do sensitivity
experiments with several trophic levels. This may be an additional step to better understand the
impact of ocean acidification on the trophic structure of the ecosystem.

7.3

Limitations of current approaches

Much progress has been made during the last decade that has increased our understanding of
the impacts of ocean acidification. However, significant gaps remain. Although many laboratory
and mesocosm experiments have been conducted to assess the impacts of ocean acidification on
organisms, these experiments have their limitations. Laboratory and mesocosm experiments are
well suited for quantifying the effect of changing chemical conditions on rates of CaCO3 dissolution, individual growth, calcification and nitrification, and reproductive success (Walter and
Morse, 1984; Riebesell et al., 2007; Gazeau et al., 2007; Hutchins et al., 2007; Ross et al., 2011).
However, many of the carbon changes are expected to occur on timescales of decades, which
can not be easily simulated by direct experimentation. Moreover, many studies use organisms
that have been cultivated in an experimental setup for many years and are therefore poor representations of the in situ populations. Also, changes to biological processes are species specific
and given the great diversity in these coastal communities, results from a few organisms are not
representative of an ecosystem wide response. Even if all effects of ocean acidification on single
organisms are well quantified, complex interactions on the community level such as competition,
symbiosis and predator-prey relationships make it difficult to project future changes in the overall
ecosystem structure. In addition to the unknown impacts of ocean acidification on biology, knowledge about how organisms will respond to combined effects with increased temperature, hypoxia
or eutrophication is scarce (Section 7.2.3). Another uncertainty in future biogeochemical simulations comes from the emission scenarios used to force the model. These emissions scenarios are
based on assumptions about future economy, population dynamics and societal responses.
Taken together, the limited knowledge of diverse responses to changing environments and
the complexity of the ecosystem structure will always lead to unquantifiable uncertainties when
simulating natural systems.
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Concluding remarks

In this thesis, I utilized a high-resolution oceanic circulation model to simulate the chemical
changes in the CCS induced by rising atmospheric CO2 concentrations. The results provide new
and unique insights into the past, present and future manifestations of ocean acidification in one
of the worlds most highly productive and economically important regions. These findings project
that during the next 40 years, there will be a rapid progression towards continuous undersaturation with respect to aragonite. The chemical environment of the CCS will soon depart from the
natural variability envelope of present day conditions, and these present day chemical conditions
are already different from those prevalent during the preindustrial era. Finally, I found that the
intensity, duration, and frequency of ocean acidification events will increase substantially in the
coming decades. These findings paint a picture of an ecosystem that is currently undergoing a
dramatic and likely unprecedented transition with respect to its chemical environment. While the
full ecological, biogeochemical, and societal consequences of such a transition are so far poorly
understood, this thesis provides the chemical framework for future research into the impacts of
ocean acidification in the CCS.
The progression of ocean acidification in the CCS is expected to proceed at a rapid pace irrespective of the trajectory of anthropogenic carbon emissions over the next several decades. Given
the continued and unabated rise in CO2 , it is unrealistic to expect that sufficient technological,
socioeconomic, and political changes can be implemented on scales that will meaningfully decelerate the pace of ocean acidification in the CCS during this time period. It is therefore imperative
that we pursue other concurrent actions to minimize the cumulative impact of ocean acidification.
Because coastal systems such as the CCS are often exposed to multiple stressors such as eutrophication, over-fishing and pollution, it may be most effective to focus on mitigation strategies that
address those impacts.
The underlying cause of this ocean acidification problem is the persistent rise of atmospheric
carbon dioxide concentrations as a result of human activity. Similarly, carbon dioxide emissions
are also driving substantial changes in Earth’s climate. Taken together, this dual effect has many
far-reaching and deleterious consequences for our planet and should provide sufficient motivation
for immediate and large reductions in CO2 emissions.

Appendix A

Supplemental Material: Rapid progression
of ocean acidification in the California
Current System
A.1

Model setup

We set up the UCLA-ETH Version of the Regional Oceanic Modeling System (ROMS) for the
entire California CS from the U.S./Canadian Border (48◦ N; approximately coincident with the
subtropical/subpolar gyre boundary) to the latitude of the middle of Baja California (28◦ N), and
extending out to about 1300 km from the shore. The standard setup has a horizontal resolution of
5 km and has 32 vertical levels, while we also developed a reduced resolution setup at 15 km for
sensitivity analyses. A detailed description of the model setup used here is given in Gruber et al.
(2011) and Lachkar and Gruber (2011), including detailed comparisons with several in-situ and
remotely sensed observations.
The standard model’s high horizontal resolution as well as the fact that it uses a terrainfollowing (σ) coordinate system in the vertical permits the detailed modeling of the upwelling
processes occurring on and near the shallow shelf, which are crucial for determining the conditions in the nearshore environments of the California CS. A nitrogen-based nutrient-phytoplanktonzooplankton-detritus-type (NPZD) model was coupled to the physical setup, with the parameters
chosen to reflect primarily the high-productivity regime in the nearshore areas (Gruber et al.,
2006). Thus, the simulations reported here use the same ecosystem parameters as Lachkar and
Gruber (2011), while Gruber et al. (2011) use a slightly altered set.
A carbon biogeochemistry module was added, representing the cycling of inorganic and organic carbon through the ecosystem, as well as the exchange of CO2 across the air-sea interface.
The carbon fluxes driven by the production and subsequent transformation of organic matter are
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tied to those of nitrogen with a fixed stoichiometric ratio of 117:16. The biogenic formation of
mineral CaCO3 is modeled by assuming that a fixed fraction of 7% of net primary production is
undertaken by organisms that form CaCO3 shells. Once formed, CaCO3 is modeled to dissolve
with a constant first order rate of 0.0057 day−1 . Since only a negligible amount of the produced
CaCO3 dissolves in the euphotic zone, while about half of the organic carbon is being remineralized, the resulting inorganic-to-organic carbon export ratio is about 14%. This is larger than the
global mean export ratio of about 7 to 10% (Sarmiento et al., 2002; Jin et al., 2006), but typical of
mid-latitude regions. The exchange of CO2 across the air-sea interface is formulated employing a
classical bulk parameterization approach (Sarmiento and Gruber, 2006) with the gas transfer velocity depending on the square of the wind speed (Wanninkhof, 1992). Given the climatological
forcing, the coefficients for steady winds was selected. No seasonal cycle in atmospheric pCO2
is considered. The sediment is modeled using a ”bucket” approach, where all sinking material
arriving at the sediment-water interface is added to the sediment box and is then subject to aerobic remineralization and dissolution with rates that are lower than those in the water column. No
anaerobic processes are considered.
The models were initialized with observations corresponding to nominal years of 1750 (preindustrial) and 1995, respectively, with temperature, salinity, and nutrient concentrations taken
from the World Ocean Atlas 2005 (http://www.nodc.noaa.gov/OC5/WOA05/pr woa05.html), and
with the carbon parameters provided by data from the GLobal Ocean Data Analysis Project
(GLODAP) (Key et al., 2004) for pre-industrial and present-day conditions. A seasonal cycle was
added to the lateral DIC boundary conditions using a monthly climatology of pCO2 (Takahashi
et al., 2009) and assuming constant salinity normalized alkalinity. Similarly, a seasonal cycle was
added to the lateral boundary conditions for alkalinity, using an observationally-based parameterization of alkalinity with regard to sea-surface temperature and salinity (Lee et al., 2006a).
The seasonal cycles of DIC and alkalinity were propagated downward by assuming that its seasonal amplitude decreases at the same rate as the seasonal amplitude of temperature decreases.
All models were spun-up for at least 10 years, which proves sufficient for such regional models
(Gruber et al., 2006).

A.2

Model simulations

Three simulations were undertaken with the standard 5 km resolution setup: A time-slice simulation to establish the pre-industrial conditions (see also Hauri et al. 2009), a transient simulation
from 1995 through 2050 to investigate the potential future evolution of the ocean’s carbonate
system in the California CS and a control simulation over the same time period to establish the
model’s drift. This drift turned out to be very small, so that the reported results are based on the
transient simulations only. The physical part of the model remained the same, i.e., irrespective of
the different simulation periods, the model was forced at the surface with the same monthly cli-
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matologies of momentum and density fluxes computed from QuikSCAT and the Comprehensive
Ocean-Atmosphere Data Set (COADS) data products, respectively. Also the lateral boundary
conditions for temperature, salinity, nutrients, and circulation remained the same. In contrast,
the lateral and surface boundary conditions for the carbon system evolved with time: For the
pre-industrial time-slice simulation, atmospheric pCO2 was prescribed at 280 ppm, and the lateral DIC boundary conditions were those provided by the pre-industrial DIC field of GLODAP.
For the transient simulation, atmospheric pCO2 increased from 364 ppm in 1995 to 541 ppm in
2050 (Frölicher et al., 2009) following the SRES A2 emissions scenario (Nakićenović and Swart,
2000). At the lateral boundaries, the DIC concentrations were prescribed to increase as well,
with the increases taken from a global Earth-system model simulation that was forced with either
the SRES A2 or B1 emissions scenario. More specifically, we used the present-day DIC field of
GLODAP as a basis, and each year a DIC increment was added, determined from simulations
with the NCAR CSM1.4-carbon model (Frölicher et al., 2009) and defined as the modeled DIC
difference at each location between DIC at time t ≥ 1995 and in 1995. Alkalinity was assumed
to remain unchanged as it is not directly affected by the oceanic uptake of CO2 from the atmosphere. For the control simulation, the lateral and atmospheric boundary conditions remained the
same as those provided for 1995.
Three additional transient simulations were performed with the 15 km setup in order to investigate the sensitivity of the results to the emission pathway: A control run with atmospheric
CO2 and the lateral boundary conditions fixed for 1995, and two simulations where atmospheric
CO2 and the lateral boundary conditions for DIC increased according to the SRES A2 and B1
emissions scenarios (Nakićenović and Swart, 2000). In the latter (low CO2 emission) scenario,
atmospheric CO2 increases ”only” to 492 ppm by 2050.

A.3

Model Evaluation

The distributions of sea-surface temperature (SST) and chlorophyll in the standard setup compare well with satellite-based products (correlation coefficients r of >0.99 for SST and ∼0.8
for chlorophyll for the whole domain) (Gruber et al., 2011; Lachkar and Gruber, 2011). Also the
simulated distributions of density, nutrients, and chlorophyll in the interior ocean compare overall
favorably with in-situ observations.
However, a couple of shortcomings have been identified (see e.g., Figures S6 and S7 in Gruber et al. 2011 and Figures 1 - 3 in Lachkar and Gruber 2011). First, the offshore-onshore gradients of many thermocline properties is somewhat too weak in the model, possibly reflecting a
too weak wind stress curl in our forcing. Second, the thermocline waters in the nearshore 300 km
tend to be a bit too cold and too fresh, possibly indicating a too strong contribution of waters of
northerly origin.
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Figure A.1 Comparison of model simulated Ωarag with in situ observations from the U.S. West
Coast Cruise in 2007 (Feely et al., 2008). Shown are a series of offshore sections at ∼ 42◦ N (line 5,
panels a and c), at ∼38 ◦ N (line 7, panels b and d), at ∼37 ◦ N (line 8, panels e and g) and at ∼35◦ N
(line 9, panels f and h). The model section was sampled at a random day in the same month and
year as the observations.

A.3. Model Evaluation

123

Third, nitrate concentrations are too low in the upwelling waters, likely contributing to the
the model underestimating net primary production in comparison to calibrated satellite-based estimates (Kahru et al., 2009). These biases are of relatively modest size, however, and we consider
them not to have important ramification for the future evolution of ocean acidification.
More important is the evaluation of the model simulated saturation state Ωarag . To this end, we
use the observations gathered during the U.S. West Coast Cruise undertaken in the summer 2007
(Feely et al., 2008) (data available from the Carbon Dioxide Analysis and Information Center
(CDIAC) http://cdiac.ornl.gov/oceans/Coastal/NACP West.html) and computed Ωarag in the same
manner as done in our model. We sampled the model along the same sections for the same month,
but using a random day.
Comparison of four offshore sections along the Central California region between ∼35 ◦ N
and ∼42 ◦ N reveal that the model tends to capture the surface to depth and the onshore-offshore
gradients well, but that the model tends to overestimate Ωarag throughout the water column (Figure
A.1). It also tends to underestimate the vertical gradient in Ωarag . As a result of these biases, the
modeled depth of the saturation horizon for aragonite, i.e. Ωarag = 1, is overall too deep. In the
nearshore areas, the depth bias amounts to between 50 and 100 m, whereas further offshore, the
depth bias is somewhat smaller, i.e., generally around 50 m. These agreements and mean biases
are considerably overprinted by a substantial amount of smaller-scale variability within and between the sections, much more so in the observations than in the model. This underestimation
of variability in our model results is to a large degree a consequence of our using monthly climatological forcing. This wind forcing therefore does not capture the day-to-day variability in
atmospheric conditions, which is an important cause of the observed smaller scale variations in
Ωarag , especially short-term upwelling events such as captured along line 5. The Taylor diagram in
Figure A.2 depicts the agreements and disagreements between the simulated and observed distribution of Ωarag in a more quantitative manner. In the upper 100 m, model simulated Ωarag is well
correlated with the observations (r=0.68), while the correlation decreases to 0.57 further below.
At the same time, the modeled standard deviation in relation to that in the observations decreases
substantially from a ratio of above 0.8 in the upper 100 m to less than 0.4 in the depth range from
100 to 250 m. The trend reverses further down in the water column, with a higher correlation (r =
0.75) and a ratio of standard deviations of nearly 1.5. These numbers differ little between whether
the analysis is done just for the central California CS domain or for the entire area covered by
the U.S. West Coast Cruise. Also shown in Figure A.2 are the mean biases (mean errors), which
range between about +0.06 to +0.08 in the upper 100 m to +0.11 to +0.15 in the depth range from
100 to 250 m (positive values indicating that the model overestimates the observed Ωarag ).
The reasons underlying these biases in Ωarag are likely manifold. One contribution may come
from the biases in the thermocline properties with the colder and fresher water of northern origin having, on average, higher Ωarag than those of southern origin, which contain a substantial
signature from the Eastern Tropical North Pacific oxygen minimum zone (Castro et al., 2001).
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Figure A.2 Taylor diagram of model simulated Ωarag in comparison with in situ observations from
the U.S. West Coast Cruise (Feely et al., 2008). Shown in the figure are the relative standard deviations between the model simulated properties and the observations as the radial distance from the
origin, and the correlation between the model and the observations as the angle from the vertical.
The model was sampled on a random day in the same month and year as the observations. The
numbers in the legend are the mean error of the model relative to the observations with positive
values indicating that the model overestimates Ωarag .

Another potential reason is our possibly overestimating the vertical export of CaCO3 , which adds
too much alkalinity to the thermocline upon the dissolution of this exported mineral. A third reason is the limited representativeness of the observations, as these were taken during a period of
exceptionally large upwelling, which cannot be captured by our climatologically forced model.
The positive bias of the model’s simulated Ωarag distribution implies that the volumetric census
of a particular class of Ωarag will also be biased, i.e., that too little volume will be simulated to be
in the low Ωarag classes and especially in the undersaturated class. We applied no bias correction
to our model since we considered the observations from one single cruise as insufficient to arrive
at a representative bias distribution. The impact of applying a constant reduction of 0.1 to the
simulated Ωarag for the volume census is shown in Figure A.3.
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Figure A.3 Temporal evolution of volumes with a particular range of Ωarag in the case for the model
simulated Ωarag having been corrected by lowering it by 0.1. Plotted in white are the temporal
evolution of selected Ωarag classes for the original case shown in Figure 4.2 in the main text.
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Figure A.4 Simulated Seasonal evolution of Ωarag in the nearshore 10 km in 2050. Shown is an
alongshore section for the top 120 m from 30◦ N to 50◦ N.
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Figure A.5 Temporal evolution of atmospheric pCO2 for the two employed IPCC-SRES scenarios, i.e., A2 and B1. The atmospheric CO2 was simulated by the Earth-system model NCAR
CSM1.4-carbon in response to the respective emission scenarios (Nakićenović and Swart, 2000).
Also shown is the observed timeseries of atmospheric CO2 for the Mauna Loa site (Tans and Keeling, 2012), indicating that both model-based scenarios have a positive bias of about 5 ppm, which
is equivalent to the atmospheric growth over about 2 to 3 years. This small positive bias is a result
of the NCAR CSM1.4-carbon model having simulated a smaller CO2 uptake from the atmosphere
than observed (Frölicher et al., 2009)
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Figure A.6 Temporal evolution of volumes with a particular range of Ωarag in the upper ocean (0-60
m) for the (a) A2 and (b) B1 scenarios. The plotted results are based on simulations with the 15 km
resolution setup.
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Figure A.7 As Figure 4.3 in the main text, but for the A2 and B1 scenarios and based on the
results from the simulations with the 15 km resolution setup.
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The light blue line defines the study area of 50 km along the coast. Because
of the perpendicular orientation of the regional boundaries the off-shore part of
each region’s lower boundary lays south of the above mentioned latitudes. The
yellow dots indicate the locations used in the model-observational data (Feely
et al., 2008) spatial comparison. The arrow is pointed at the transect used for
visual comparison. The Santa Monica Bay Observatory Mooring (33◦ 55.9 N and
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Analysis of variability of pH at 100 m. (a) indicates the percentage of the total
variability of surface pH that occurs at frequencies less than b = 6 year−1 (b)
Time-series of pH at 100 m over 5 years for two distinct example locations and
(c) a variance conserving plot of the frequency × power density spectrum (PDS)
vs the frequency of the Fourier transformed time-series. The arrows point out the
locations of the two example sites described in panels (a) and (b). The black solid
line represents the PDS and the black dashed lines envelope the ±95% confidence
interval. The red dashed lines show the boundaries a, b and c of the integrals
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variability of surface Ωarag that occurs at frequencies less than b = 6 year−1 (b)
Time-series of Ωarag at 100 m over 5 years for two distinct example locations and
(c) a variance conserving plot of the frequency × power density spectrum (PDS)
vs the frequency of the Fourier transformed time-series. The arrows point out the
locations of the two example sites described in panels (a) and (b). The black solid
line represents the PDS and the black dashed lines envelope the ±95% confidence
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Vertical sections of (a) pH, (b) Ωarag , (c) alkalinity, (d) DIC, (e) temperature
and (f) salinity of observations (left, Feely et al. 2008) and the corresponding
model output (right), off Pt. St. George, California. A five year average of
model parameters over May and June (2006 - 2010) is compared to observations
sampled between May and June 2007. The black dots represent sample locations.
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The relative distributions of the mean intensities of aragonite undersaturation
events (bars, left y-axis) and their cumulative distributions (dots, right y-axis) during the five-year periods around 1750 (black, atmospheric pCO2 ∼ 267.5 ppm),
2010 (orange, atmospheric pCO2 = 387.8 - 398 ppm), 2030 (blue, atmospheric
pCO2 = 443.9 - 459.5 ppm) and 2050 (red, atmospheric pCO2 = 523.1 - 541.8
ppm). The results are normalized to the total number of events in each period per
cell and year. The upper x-axis represents Ωarag for the corresponding undersaturation intensity. Cumulative distributions are not plotted beyond the first value to
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A.1 Comparison of model simulated Ωarag with in situ observations from the U.S. West
Coast Cruise in 2007 (Feely et al., 2008). Shown are a series of offshore sections
at ∼ 42◦ N (line 5, panels a and c), at ∼38 ◦ N (line 7, panels b and d), at ∼37 ◦ N
(line 8, panels e and g) and at ∼35◦ N (line 9, panels f and h). The model section
was sampled at a random day in the same month and year as the observations. . . 122
A.2 Taylor diagram of model simulated Ωarag in comparison with in situ observations
from the U.S. West Coast Cruise (Feely et al., 2008). Shown in the figure are
the relative standard deviations between the model simulated properties and the
observations as the radial distance from the origin, and the correlation between
the model and the observations as the angle from the vertical. The model was
sampled on a random day in the same month and year as the observations. The
numbers in the legend are the mean error of the model relative to the observations
with positive values indicating that the model overestimates Ωarag . . . . . . . . . . 124
A.3 Temporal evolution of volumes with a particular range of Ωarag in the case for the
model simulated Ωarag having been corrected by lowering it by 0.1. Plotted in white
are the temporal evolution of selected Ωarag classes for the original case shown in
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A.4 Simulated Seasonal evolution of Ωarag in the nearshore 10 km in 2050. Shown is
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A.5 Temporal evolution of atmospheric pCO2 for the two employed IPCC-SRES scenarios, i.e., A2 and B1. The atmospheric CO2 was simulated by the Earth-system
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Daneri G., Dellarossa V., Quiñones R., Jacob B., Montero P., and Ulloa O. (2000). Primary
production and community respiration in the Humboldt Current System off Chile and associated oceanic current System off Chile and associated oceanic areas. Marine Ecology Progress
Series, 197:41–49.

BIBLIOGRAPHY

147

de BoyerMontégut C., Madec G., Fischer A., Lazar A., and Iudicone D. (2004). Mixed layer
depth over the global ocean: An examination of profile data and a profile-based climatology.
Journal of Geophysical Research, 109(C12):C12003.
Dee D. P., Uppala S. M., Simmons A. J., Berrisford P., Poli P., Kobayashi S., Andrae U., Balmaseda M. A., Balsamo G., Bauer P., Bechtold P., Beljaars A. C. M., van de Berg L., Bidlot
J., Bormann N., Delsol C., Dragani R., Fuentes M., Geer A. J., Haimberger L., Healy S. B.,
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Steinacher M., Joos F., Frölicher T. L., Plattner G.-K., and Doney S. C. (2009). Imminent
ocean acidification in the Arctic projected with the NCAR global coupled carbon cycle-climate
model. Biogeosciences, 6:515–533.
Stramma L., Johnson G., Sprintall J., and Mohrholz V. (2008). Expanding oxygen-minimum
zones in the tropical oceans. Science, 320(5876):655.
Stramma L., Schmidtko S., Levin L., and Johnson G. (2010). Ocean oxygen minima expansions
and their biological impacts. Deep Sea Research Part I: Oceanographic Research Papers, 57
(4):587–595.

158

BIBLIOGRAPHY

Strub P. and James C. (2002). The 1997-1998 oceanic El Niño signal along the southeast and
northeast Pacific boundaries–an altimetric view. Progress in Oceanography, 54(1-4):439–458.
Stumm W. and Morgan J. Aquatic chemistry: An introduction emphasizing chemical equilibria
in natural waters, (1970).
Sutton A. J., Sabine C. L., Feely R. A., Newton J., Salisbury J., Vandemark D., Musielewicz S.,
Maenner S., Bott R., and Lawrence-Slavas N. (2011). Natural variability of pCO2 and pH in
the Atlantic and Pacific coastal margins of the U.S. AGU Fall Meeting.
Swanson A. K. and Fox C. (2007). Altered kelp (Laminariales) phlorotannins and growth under
elevated carbon dioxide and ultraviolet-b treatments can influence associated intertidal food
webs. Global Biogeochemical Cycles, 13(8):1696–1709.
Tabata S. (1975). The general circulation of the Pacific Ocean and a brief account of the oceanographic structure of the north pacific ocean part I-circulation and volume transports. Atmosphere, 13(4):133–168.
Takahashi T., Sutherland S., Feely R., and Wanninkhof R. (2006). Decadal change of the surface water pCO2 in the North Pacific: A synthesis of 35 years of observations. Journal of
Geophysical Research, 111:C07S05.
Takahashi T., Sutherland S. C., Wanninkhof R., Sweeney C., Feely R. A., Chipman D. W., Hales
B., Friederich G., Chavez F., Sabine C., Watson A., Bakker D. C., Schuster U., Metzl N.,
Yoshikawa-Inoue H., Ishii M., Midorikawa T., Nojiri Y., Körtzinger A., Steinhoff T., Hoppema
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