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While it has been known for decades that the oceanic uptake of anthro-
pogenic CO2 will lead to a reduction in the pH of seawater (1, 2), these 
changes were considered to be of an amplitude too small to harm marine 
organisms or to lead to appreciable changes in the biogeochemical cy-
cling of elements in the ocean. It was only when first experimental re-
sults 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 com-
munity began to realize that this is a potentially serious issue (3–6). The  
carbonate 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 undersaturated with 
regard to mineral forms of CaCO3, such as calcite or the less stable 
forms aragonite and high magnesium carbonate (7). When Ω > 1, sea-
water 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) (8). However, upwelling regions such as the Southern Ocean (9, 
10) and the Eastern Boundary Upwelling Systems (11) 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 organ-
ic 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, re-
vealed that waters with Ωarag < 1 are being transported onto the continen-
tal shelf during strong upwelling events, and even reaching the surface 
ocean in a few nearshore locations (11). While the upwelling of waters 
with low pH and Ωarag is a naturally occurring event along the U.S. West 
Coast (12, 13), 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 (11, 12). 

With atmospheric CO2 likely to in-
crease 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 consti-
tutes one of the most productive eco-
systems in the world with a high 
biodiversity (14, 15) and important 
commercial fisheries (16), yet may be 
particularly prone to reaching wide-
spread undersaturation soon due to its 
low initial pH and Ωarag. Global ocean 
models have failed so far to recognize 
ocean acidification in Eastern Bounda-
ry Upwelling Systems (17), since their 
coarse resolution is insufficient to re-
solve the local dynamics responsible 
for bringing the waters with low pH 
and Ωarag to the surface (9, 18, 19). We 
overcome this limitation here by using 
a regional model at eddy-resolving 
resolution, and investigate the progres-
sion of ocean acidification in the Cali-
fornia CS from 1995 until 2050 under 
two future CO2 scenarios, i.e., the 
“high” emissions SRES scenario A2 
and the “low” emissions SRES scenar-
io B1 (20). We contrast these projec-
tions 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 Oce-
anic Modeling System (ROMS) (21), to which we have coupled a simple 
nitrogen-based ecosystem model and a full description of the marine 
inorganic carbon system (22, 23) (see supplementary materials for de-
tails 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 simu-
lation, atmospheric pCO2 was prescribed at 280 ppm, while for the tran-
sient 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) (Fig. 1). Over the same time period, the annual 
mean surface ocean Ωarag decreased from 2.58 ± 0.19 to 2.27 ± 0.20 re-
flecting the reduction of the carbonate ion concentration from the titra-
tion 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 de-
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have a low carbonate saturation state, making them particularly susceptible to 
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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 year-round undersaturation within the next 20 to 30 years. This has potentially 
major implications for the rich and diverse ecosystem that characterizes the 
California CS. 
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creased 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 Califor-
nia 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 (13). 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 
(supplementary materials), although the mean Ωarag remains slightly 
supersaturated (1.05 ± 0.13). 

These changes are not confined to the surface ocean, as anthropo-
genic CO2 is transported from the surface to depth, causing changes in 
the carbonate chemistry there as well (Fig. 1, D to F). As a result, the 
aragonite saturation horizon, which was located at about 350 m in the 
offshore 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 an-
other 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 re-
gion, 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 sur-
face in many parts of the central California CS (fig. S4). Thus, ocean 
acidification will severely reduce the habitat for organisms that are sen-
sitive to the saturation state, and particularly for those who cannot toler-
ate undersaturated conditions for an extensive period of time. 

The reduction of habitats of organisms sensitive to ocean acidifica-
tion 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. Fig. 2). In 1750, our model simulates that 
about 16% of the waters in the euphotic zone (0 to 60 m) in that region 
had an Ωarag above 2 with the majority (60%) having an Ωarag between 
1.5 and 2.0 (Fig. 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 
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 dominat-
ing, and undersaturated waters appearing seasonally. In the coming dec-
ades, waters with an Ωarag less than 1 are projected to expand 
substantially in the euphotic zone of the central California CS, occupy-
ing 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 (fig. S4). 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 (Fig. 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 maxi-
mally 120 m) undersaturated conditions had become common by 2005 
(Fig. 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 (13), 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 early developments occur irrespective of whether at-
mospheric CO2 follows the “high” (A2) or the “low” (B1) CO2 scenario 
(see supplementary materials). This lack of sensitivity is due to two fac-
tors. First, the two scenarios do not differ substantially in their atmos-
pheric CO2 levels for the next 20 years, and only around 2035 begin to 
deviate more strongly from each other (fig. S5). Second, since surface 
waters are following the increase in atmospheric CO2 relatively closely, 
the primary determinant for the degree of ocean acidification in the up-
per 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 (Fig. 3), resulting in near-
ly identical results for the two scenarios (fig. S7). This means that the 
timing of when particular chemical thresholds are reached in the upper 
ocean depends only on when the corresponding atmospheric CO2 con-
centration 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 in-
crease in atmospheric CO2 of 1.5 ppm/year or more (24), a level of 400 
ppm is virtually certain to be reached within this decade. When atmos-
pheric CO2 reaches ~500 ppm, the top 60 m in our model begin to expe-
rience 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 (Fig. 3), which previ-
ously have been proposed as the first oceanic regions to become 
undersaturated (9, 18). 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 thresh-
old. 

The progression of ocean acidification may occur even faster or at 
lower atmospheric CO2 concentrations than projected by our model sim-
ulations. First, our model tends to overpredict Ωarag in the nearshore 
regions (see supplementary materials), 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 fig. S3). 
Second, our model is forced with the present-day climatological bounda-
ry conditions for all years up to 2050, while theoretical considerations 
(25), model simulations (26), and historical trends (27) suggest that the 
upwelling favorable winds may increase in the coming decades in re-
sponse to global warming. This could enhance the upwelling of corro-
sive 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 Sys-
tem with some confidence, the impacts of these chemical changes on 
organisms, ecosystems and biogeochemistry remain highly uncertain (6, 
28, 29). The limited evidence available suggests that most aragonite 
secreting organisms, such as pteropods or oysters respond negatively to 
lowered Ωarag (30), with the early life stages appearing to be particularly 
sensitive (31). 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 
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curve with a threshold at Ωarag = 1 (28). Rather, some organisms or life 
stages respond already negatively at higher Ωarag, while others can toler-
ate undersaturated conditions for some time. In addition, organisms liv-
ing 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 (32). Regardless of 
these uncertainties associated with the biological response to ocean acid-
ification, our simulation 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. Fig. 3). Such 
conditions likely will be challenging to calcifying and other organisms 
and the fisheries that depend on them (33). 

Although we focused in this study here on the changes in Ωarag, 
ocean acidification alters all aspects of the carbonate chemistry in the 
ocean, including pH and the concentrations of dissolved CO2, bicar-
bonate, and carbonate (34), each of which can impact physiological pro-
cesses and hence affect marine organisms and ecosystems (35). The 
changes in these properties are highly correlated (fig. S7), though, since 
they are mechanistically linked through the driver of OA, i.e., the ocean-
ic uptake of CO2 from the atmosphere. This increases dissolved CO2 and 
bicarbonate, but decreases pH, Ωarag, and carbonate with predictable 
ratios (34). Therefore, regardless of whether the parameter impacting a 
biological process is Ωarag or the dissolved CO2 concentration, the 
changes are unprecedented. 

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 (35, 36), both of which are 
also observed to occur in the California CS (37, 38) and likely get more 
severe as well (39). Thus, specific attention should be given to the de-
velopment of ocean acidification in this very rich and productive ecosys-
tem, and also to some of the other Eastern Boundary Current Systems 
where similar conditions prevail. 
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Fig. 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 x axis). Depicted are 
the evolution of three depth layers, i.e., 0 to 60 m, 60 to 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 (18). 
Shaded curves depict the modeled trajectories including ±1 
standard deviation of the seasonal variations. All simulations 
are done for the A2 scenario. 

Fig. 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). 

Fig. 1. Temporal evolution of ocean acidification in the 
California Current System from 1750 until 2050 for the A2 
scenario. (A to 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 to 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) to (C) 
indicate the position of the offshore section. 
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