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Abstract The eastern boundary upwelling systems are among those regions that are most vulnerable to
an ocean acidification-induced transition toward undersaturated conditions with respect to mineral CaCO3,
but no assessment exists yet for the Humboldt Current System. Here we use a high-resolution (�7.5 km)
regional ocean model to investigate past and future changes in ocean pH and CaCO3 saturation state in this
system. We find that within the next few decades, the nearshore waters off Peru are projected to become
corrosive year round with regard to aragonite, the more soluble form of CaCO3. The volume of aragonite
undersaturated water off Peru will continue to increase in the future irrespective of the amount of CO2 emit-
ted to the atmosphere. In contrast, the development of the saturation state with regard to calcite, a less
soluble form of carbonate, depends strongly on the scenario followed. By 2050, calcite undersaturation
appears in the nearshore waters off Peru occasionally, but by 2090 in a high-emission scenario (RCP8.5),
�60% of the water in the euphotic zone will become permanently calcite undersaturated. Most of this
calcite undersaturation off Peru can likely be avoided if a low emission scenario (RCP2.6) consistent with the
Paris Agreement is followed. The progression of ocean acidification off Chile follows a similar pattern, except
that the saturation states are overall higher. But also here, calcite undersaturated waters will become
common in the subsurface waters under the RCP8.5 scenario by the end of this century, while this can be
avoided under the RCP2.6 scenario.

Plain Language Summary The oceanic uptake of anthropogenic carbon dioxdide represents a
large ecosystem service to humanity, but it leads to ocean acidification, which can stress marine life in a
major manner. Here we show that as a result of ocean acidification, the nearshore waters of the Humboldt
Current System are bound to become undersaturated with respect to the carbonate mineral aragonite
within the next decades. In contrast, future calcite undersaturation depends strongly on future carbon emis-
sions. In a high emission scenario, year round-calcite undersaturation will develop by the end of the century.
In contrast, if an emission scenario consistent with the Paris agreement was followed, the development of
calcite undersaturation can be largely avoided, saving marine ecosystems from a major threat.

1. Introduction

Eastern boundary upwelling systems (EBUS) belong to the most productive ecosystems of the world’s ocean
(Fr�eon et al., 2009). The EBUS account for about 11% of global new production (Chavez & Toggweiler, 1995)
and up to 20% of the global fish catch (Pauly & Christensen, 1995), even though they cover only �1% of the
global surface ocean area. This high productivity is a consequence of equatorward wind leading to the
upwelling of nutrient rich waters that fuel the strong phytoplankton growth and supports some of the
world’s most diverse marine ecosystems (Fr�eon et al., 2009). The upwelling also brings waters with high dis-
solved inorganic carbon, low pH, and low saturation states with respect to CaCO3 to the surface (Feely et al.,
2008; Hauri et al., 2009). This makes these regions sources of CO2 to the atmosphere, and together with the
Southern Ocean (Orr et al., 2005) and the Arctic Ocean (Qi et al., 2017; Steinacher et al., 2009), particularly
susceptible to the effects of ocean acidification (Gruber, 2011). This is especially the case for the Pacific
EBUS, namely the California and Humboldt Current Systems (HumCS), as these systems naturally have
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already among the lowest pH and CaCO3 saturation levels (Chavez et al., 2008; Hauri et al., 2009, 2013;
Mayol et al., 2012). Currently, more than 99% of the upper global ocean is supersaturated with regard to CaCO3

(Jiang et al., 2015) but model simulations have shown that an unabated continuation of ocean acidification by
the oceanic uptake of anthropogenic CO2 can push the EBUS quickly into unchartered territory, and particularly
into conditions where the upper waters become corrosive with regard to mineral CaCO3 (Gruber et al., 2012).

The CaCO3 saturation state of seawater is commonly quantified by X, defined (in very good approximation)
as the ratio of the in situ carbonate ion concentration over the saturation concentration of the carbonate
ion with respect to mineral CaCO3 (Zeebe & Wolf-Gladrow, 2001), with X > 1 indicating supersaturation,
and X < 1 indicating undersaturation. Most marine calcifyers, including animals such as corals, bivalves,
pteropods, and foraminifera, but also plants such as coralline algae and coccolithophores (Milliman, 1993),
tend to react quite sensitively to changes in X, irrespective of whether they form their structures out of the
more soluble form of CaCO3, i.e., aragonite, or the more stable form, calcite (Doney et al., 2009; Kroeker
et al., 2013; P€ortner et al., 2014). The response to changes in X is highly species specific (Doney et al., 2009;
Fabry et al., 2008) or even morphotype dependent (Iglesias-Rodriguez et al., 2008), with many organisms
showing clear negative responses already at rather high saturation levels (Barton et al., 2012; Byrne et al.,
2013; Fabry et al., 2008). But across all taxa, the saturation threshold of X 5 1 provides a clear limit beyond
which corrosion is thermodynamically favored, leading in nearly all studied organisms to dissolution effects
(Bednar�sek et al., 2012; Fabry et al., 2008). Even in those organisms that might be able to protect their
CaCO3 structures from the corrosive environment or that have mechanisms to repair the damages impaired
by dissolution, the exposure to such low saturation states comes with a cost that reduces their environmen-
tal fitness (Fabry et al., 2008; Maas et al., 2012; Mackey et al., 2015).

While a substantial amount of work has addressed ocean acidification in the California Current System (Feely
et al., 2008; Gruber et al., 2012; Harris et al., 2013; Hauri et al., 2009; Turi et al., 2016), very little is known about
the current state and future progression of ocean acidification in the HumCS, located off the west coast of
South America, straddling Peru and Chile. The strong upwelling make this EBUS the most productive of the
EBUS (Carr, 2002; Lachkar & Gruber, 2012), but also leads to high values of surface pCO2 and low values of X
(Friederich et al., 2008; Mayol et al., 2012). Here we investigate the past, present, and future evolution of ocean
acidification in the near-surface waters of the HumCS using a high-resolution regional ocean circulation model
with an embedded ocean biogeochemical module. We focus on the progression of the saturation state of sea-
water with regard to CaCO3 in the nearshore waters under two contrasting emission scenarios, the ‘‘business
as usual’’ scenario RCP8.5 and the ‘‘strong mitigation’’ scenario RCP2.6. The latter leads to a global warming
that is roughly consistent with the 28C target of the Paris Agreement, while the former is expected to lead to a
global warming in excess of 48C by 2090 and more beyond the end of this century (Collins et al., 2013).

We investigate here only the effect of rising atmospheric CO2, not considering the additional changes that
might occur owing to changes in climate or any other anthropogenic perturbation. This focus is motivated
by many studies having shown that for pH and other parameters of the inorganic carbon system in the
near-surface ocean, the trend signals imparted by the uptake of anthropogenic CO2 from the atmosphere
will exceed those driven by climate variability and change within a few decades (Fr€olicher et al., 2016; Love-
nduski et al., 2016; Orr et al., 2005; Steinacher et al., 2009). This is not only the case for the surface ocean
where changes in ocean acidification tend to be closely tied to the changes in atmospheric CO2 (Sarmiento
& Gruber, 2006), but also at depth, where theoretically, climate change could be more important. For exam-
ple, using a suite of Earth System Models, Resplandy et al. (2013) explicitly highlight for mode and interme-
diate waters that ‘‘physical and biological climate change feedbacks explain less than 10% of the simulated
changes.’’ Thus, by the end of the 21st century, the most important source of uncertainty with regard to the
future evolution of OA appears to be the uncertainty associated with the atmospheric CO2 scenario and not
that associated with climate change and internal variability.

2. Materials and Methods

2.1. Model Description and Simulations
The physical model is the Regional Ocean Modeling System (ROMS; Marchesiello et al., 2003; Shchepetkin &
McWilliams, 2005) configured for the South American West Coast. We used a spherical grid with a horizontal
resolution of 7.5 km covering the region from 158N to 408S and from 708W to 1008W. In the vertical, the
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model resolves 32 terrain-following levels with higher resolution near the surface. For the biogeochemical
module, we employed a nitrogen based NPZD (Nitrate-Phytoplankton-Zooplankton-Detritus) model (Gruber
et al., 2006) extended with a carbon and oxygen module (Hauri et al., 2013).

In total, we conducted six time-slice simulations consisting of (i) a preindustrial simulation representing con-
ditions for year 1870, (ii) a ‘‘present-day’’ simulation representing year 2000, (iii) two simulations for the year
2050 under RCP8.5 and RCP2.6 forcing, respectively, and (iv) two simulations for the year 2090 under the
same two scenarios. For all simulations, the model was forced at the surface and at the lateral boundaries
with the same present-day climatological conditions, with the exception being the concentration of atmo-
spheric CO2 and the lateral boundary condition for dissolved inorganic carbon (DIC) that varied between
each of the six time-slices considered. The simulations were designed in this manner to account exclusively
for the effect of oceanic uptake of anthropogenic carbon on the pH and calcium carbonate saturation state
of the seawater. The carbonate system parameters were calculated offline following the standard routines
from the Ocean Carbon Cycle Model Intercomparison Project (OCMIP-2; http://ocmip5.ipsl.jussieu.fr/OCMIP/
). The dissociation constants used are those presented by Mehrbach et al. (1973), as refitted by Dickson and
Millero (1987). All pH values shown here are on the seawater scale.

The atmospheric CO2 for the preindustrial year (1870) and for year 2000 was prescribed to 286 and 370
latm, respectively, computed from the atmospheric mixing ratios considering the mean atmospheric pres-
sure and assuming 100% relative humidity. For the future time-slices we used a ‘‘business as usual’’ (RCP8.5),
and a strong mitigation (RCP2.6) scenario. For 2050, the atmospheric CO2 for the two scenarios are 538
latm (RCP8.5) and 442 latm (RCP2.6), while for 2090, those concentrations are 841 and 428 latm, respec-
tively. The lateral concentration of DIC for the preindustrial and future time-slices was extracted from output
of a transient simulation of the global coupled carbon-climate Earth System Model GFDL ESM2M (Dunne
et al., 2012; Rodgers et al., 2015). This global Earth System Model was run transiently from year 1861 to
2100 with prescribed atmospheric pCO2 following the same scenarios we used in our regional model
(RCP8.5 and RCP2.6). We took 20 years averaged anomalies (e.g., the average of the years 2081–2100 minus
the average of the years 1986–2005) and added them to the present-day DIC values from the Global Data
Analysis Project (Key et al., 2004). Although the DIC in this Earth System Model simulation is affected by
both changes in climate and atmospheric CO2, we show in the supporting information section 4 on the
basis of a CO2-only simulation for RCP8.5, that the changes in DIC and implied changes in the saturation
state induced by climate change correspond to approximately 10% of those driven by the change in atmo-
spheric CO2. Since we are lacking a corresponding CO2-only simulation for RCP2.6, we use the CO2 and cli-
mate simulations for both scenarios to ensure consistency.

At the surface, we forced the model with monthly climatologies of heat and freshwater fluxes obtained
from the Comprehensive Ocean-Atmosphere Data Set (COADS) database (da Silva et al., 1994), while the
wind stress was taken from the Scatterometer Climatology of Ocean Winds (SCOW) climatology (Risien &
Chelton, 2008), applied also at a monthly resolution. The lateral boundary forcing for temperature, salinity,
oxygen, and nitrate was constructed using the data from the World Ocean Atlas 2013 (Garcia et al., 2014a,
2014b; Locarnini et al., 2013; Zweng et al., 2013; supporting information Table S1). All time-slice simulations
were run for 15 years, with the years 11–15 used for the analyses.

2.2. Model Evaluation
We focus here on the evaluation of the carbonate system, including surface ocean pCO2 and ocean interior
Xarag and Xcalc, the latter computed from in situ measurements of DIC and total alkalinity. For the evaluation
of the physical properties, we refer to prior publications that employed a comparable setup of ROMS for the
HumCS (Colas et al., 2008, 2012) as well as the supporting information, where we compare the modeled sur-
face temperature and salinity against our initial conditions (WOA2013; Locarnini et al., 2013; Zweng et al.,
2013) but also against the Simple Ocean Data Assimilation (SODA v1.4.2; Carton & Giese, 2008). Additionally,
the vertical profiles of temperature, salinity and nitrate are compared against the observations contained in
the CSIRO Atlas of Regional Seas (CARS2009) gridded data set (Ridgway et al., 2002). While we compare
against surface pCO2 observations that reflect (nearly) a climatological mean distribution, the interior data
are very sparse in time and space. Thus, great care must be taken when comparing our climatologically
forced simulations with such spot measurements. Nevertheless, these data are the only constraints we have
to assess whether our model simulated ocean interior fields bear any resemblance to reality.

Journal of Geophysical Research: Oceans 10.1002/2018JC013857

FRANCO ET AL. 2020

http://ocmip5.ipsl.jussieu.fr/OCMIP/


For the surface ocean pCO2, we used the gridded climatology of Landsch€utzer et al. (2014) which was inter-
polated from SOCAT using a neural network approach (Landsch€utzer et al., 2013), as well as the raw data
from the SOCATv4 (Bakker et al., 2016) and the LDEO (version 2012) data bases (Takahashi et al., 2013). For
the ocean interior, we used the DIC and total alkalinity data contained in the GLODAPv2 database (Lauvset
et al., 2016). From this data set, we extracted the data for the regions off Peru and Chile, respectively (Figure
1). The observations include four cruises at 58S, 128S, 158S, and 168S obtained in 1992 and 1994, respec-
tively, two transects at 32.58S from 2003 and 2010, and a meridional cruise obtained in 2009 extending
from 58S to 408S. The saturation states Xarag and Xcalc were computed from the measured DIC, alkalinity,
temperature, and salinity in the same manner as done for the model. In order to remove the effect of eddies
and other smaller scale variations, we averaged these data over four regions to create regional mean pro-
files. These regions include the nearshore regions off Peru and Chile, respectively, as well as their offshore
counterparts, with the north-south boundary set at 208S, and the offshore boundary set at about 500 km
offshore. We evaluate the model by comparing the annual mean time-slice simulation representing the
nominal year 2000 with the observations mentioned above, recognizing that the limited observations are
potentially substantially biased by seasonal and interannual variations.

In general, the simulated saturation states (solid lines in Figure 1) agree reasonably well with the observa-
tions (dots with shaded areas in Figure 1). The model captures the overall surface to depth gradient very
well, and in the offshore region of Chile, the model matches the profiles of Xarag and Xcalc nearly perfectly
(Figures 1d and 1h). But in the other regions (Figures 1a–1c and 1e–1g), the model fails to simulate the
details of the vertical gradient in the ocean’s thermocline. The model tends to generally overestimate X and
also simulates a too deep transition from the elevated high surface saturation states to the low saturation
states in the ocean interior. This leads to an overestimation of the saturation horizons, i.e., the depth where
X becomes unity, by up to 300 m. Some of the differences in the near-surface ocean could be due to sea-
sonal biases in the observations, but the general overestimation throughout most of the upper ocean likely
reflects a model bias. In fact, the places where X is overestimated by the model correspond also to the pla-
ces where the density is underestimated (see supporting information Figure S3), indicating that the main
cause of the bias is a too deep thermocline in the model.

The overall overestimation of the modeled aragonite and calcite saturation states at depth implies that our
model simulated shoaling of the saturation horizons needs to be viewed as a conservative estimate, with

Figure 1. (a–d) Averaged vertical profiles of Xarag over different regions off the Humboldt Current System: inshore Peru
(green), offshore Peru (purple), inshore Chile (red), and offshore Chile (blue). (e–h) Averaged vertical profiles of Xcalc for
the same regions. The solid colored lines show the model results. The dots show measured in situ values at the locations
shown in the reference map. The gray areas for each profile are the standard deviations calculated at each depth of the
observed and modeled averaged profiles. The dashed vertical line indicates the saturation value.
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the implication that the transitions modeled here might actually occur earlier, at lower atmospheric pCO2

levels. We refrain here from applying a bias correction (as done, for example by Orr et al. (2005) and Stei-
nacher et al. (2009)), because the observations are too scarce to firmly establish the magnitude of the bias.

The comparison of the modeled surface ocean pCO2 (which is also a relatively good proxy for pH) with the
observations reveals a similar picture (see supporting information Figure S5 and supporting information
Table S2). The model tends to simulate a slightly too high surface pCO2, amounting to a positive bias of �4
latm in the annual mean and across the whole domain (excluding the first 100 km from the coast). This
overestimation corresponds to an underestimation of X of less than 0.05 units, i.e., smaller than the surface
biases for X. This suggests that the surface differences seen in Figure 1 could indeed reflect a seasonal bias
in the observations. There are not enough observations in the nearshore to construct a true climatology of
pCO2 there, but the simulated range is well within the observed range determined from the raw observa-
tions (cf., supporting information Table S2), particularly when considering that the nearshore pCO2 observa-
tions contained in the SOCATv4 and the LDEO databases are on the low side relative to the much more
abundant measurements reported by Friederich et al. (2008). Details on these calculations and further com-
parisons can be found in the supporting information (Echevin et al., 2008; Lee et al., 2006; Takahashi et al.,
2006; Turi et al., 2014; Wang et al., 2014).

In summary, the evaluation of the simulated inorganic carbonate system with the currently available obser-
vations in the HumCS suggests that the model successfully captures the main modes of the spatial variabil-
ity. Additional model evaluations in the supporting information Figures S1–S5 show that the large-scale
ocean circulation and many details of the upwelling dynamics are also well captured by our model setup.
We thus consider the model well suited to investigate how the changes in atmospheric CO2 has affected
the pH and the saturation states until now, and how it will affect them in the coming decades. However, we
clearly will need to discuss the implications of our identified biases on the results and our conclusions.

3. Progression of Near-Surface Ocean Acidification

As the atmospheric CO2 increases between the preindustrial (�1870), the present, and the future, the sur-
face pH and the saturation states with respect to aragonite (Xarag) and calcite (Xcalc) decrease across the
entire HumCS (Figure 2). While the absolute changes are spatially relatively uniform, these changes act
upon regionally very different initial (preindustrial) distributions. This leads also to a rather different regional
evolution with regard to the transition toward undersaturated conditions.

For preindustrial times, the model reconstructs for the open ocean HumCS surface pH, Xarag and Xcalc val-
ues that are similar to those of the low latitudes (Feely et al., 2009; Figures 2a, 2e, and 2i). But in the near-
shore areas, particularly those off Peru and to a lesser degree off Chile, the values are much lower in
comparison to the rest of the world’s ocean present values (see also Figures 3a–3d). Off Peru, a large part of
the nearshore 50 km has preindustrial pH values below 8, and Xarag and Xcalc saturation levels below 2.2
and 3.4, respectively. Even more extreme is the nearshore 15 km region between 58S and 158S (nearshore
box in Figure 3a), where the preindustrial annual mean surface pH was simulated to be as low as
7.89 6 0.04 (1 SD of the spatial mean), which is �0.3 pH units lower than the preindustrial global average
surface pH (Feely et al., 2009). Such low values are also a condition that the global surface ocean will only
experience in the second half of this century and only if a high-emission scenario is followed (Bopp et al.,
2013; Gattuso et al., 2015). Similarly, low values in relation to global average conditions are reconstructed in
this nearshore region for Xarag (Figures 3a and 3b) and Xcalc (Figures 3c and 3d). Although these values are
well above saturation (1.94 6 0.22 for Xarag and 3.01 6 0.33 for Xcalc), the annual mean values are approxi-
mately 1–1.5 units below the present-day global ocean mean (Jiang et al., 2015).

Off Peru, even lower saturation states are modeled to occur in winter (JJA: June–July–August), also extend-
ing substantially further offshore than in summer (DJF: December–January–February; Figures 3e–3h). The
largest seasonal amplitude is found in the region between 50 and 200 km offshore, reflecting the winter
entrainment of very low saturation waters during the deepening of the mixed layer. The seasonal variations
are much smaller in the very near shore region, largely owing to the compensatory nature on the saturation
states between variations in upwelling and productivity. Further offshore, beyond about 500 km from the
Peruvian shore, the seasonal variations are relatively small.
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In contrast to the situation off Peru, the mean values as well as the offshore-onshore gradient of the carbon-
ate chemistry are less pronounced off the coast of Chile (Figure 4). Despite this, the waters in the nearshore
15 km are simulated for the year 2000 to have an annual mean Xarag of 2.44 6 0.16 and an annual mean
Xcalc of 3.78 6 0.23, that is still lower than the global mean (Jiang et al., 2015). As is the case for the Peruvian
sector of the HumCS, the lowest saturation states occur in austral winter (JJA) when upwelling is strongest.

This low starting point in all the parameters of the carbonate chemistry in the coastal surface waters off
Peru and Chile imply a potential for an early and rapid transition toward widespread undersaturated condi-
tions with regard to mineral CaCO3. By the year 2000, the surface pH in the HumCS dropped by about �0.1
units, while Xarag and Xcalc dropped by 0.2 and 0.4 units, respectively, relative to preindustrial conditions
(Figures 2b, 2f, and 2j). These changes correspond to the global trend (Bopp et al., 2013; Feely et al., 2009;
Steinacher et al., 2009), indicating that like most of the global ocean, also the surface carbonate system in
the HumCS has closely followed the atmospheric CO2 perturbation. This does not lead yet to the appear-
ance of undersaturation, but off Peru during the season of maximum upwelling (JJA), surface Xarag starts to
approach unity (Figure 3f).

Figure 2. Evolution of surface ocean acidification in the Humboldt Current System. (first row) Annual mean surface pH for
the (a) preindustrial (1870), (b) 2000, (c) 2090 (RCP2.6), and (d) 2090 (RCP8.5) time-slices. (second row) As for the first one,
but (e–h) for the annual mean surface saturation state with respect to aragonite (Xarag). (third row) As for the first one,
but (i–l) for the annual mean surface saturation state with respect to calcite (Xcalc).
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If the high-emission scenario RCP8.5 was followed, the surface ocean along the entire coast off Peru will
become undersaturated with regard to aragonite year long by 2090, resulting in a surface annual mean
Xarag of 0.80 6 0.14 in the nearshore 15 km band (Figure 2h). In winter (JJA), the Xarag values go as low as
0.70 in this region (Figure 3n) while they hover only slightly below 1 in summer (Figure 3m). The regions fur-
ther offshore will remain supersaturated in the annual average, but a good fraction beyond the coastal
15 km band becomes undersaturated during winter (Figure 3n).

Perhaps even more concerning is the appearance of pockets of yearlong-undersaturated conditions with
respect to calcite at the end of the 21st century along the coast off Peru, even though averaged over the
nearshore 15 km region, the surface ocean remains slightly supersaturated (1.24 6 0.22). During the maxi-
mum upwelling season (austral winter), a large part of the nearshore becomes undersaturated, with a
regional seasonal mean Xcalc of 1.09 6 0.05 (Figure 3p). This high-emission projection contrasts strongly
with the low emission scenario RCP2.6, for which the entire surface will remain supersaturated with respect

Figure 3. Evolution of surface ocean saturation states with regard to aragonite (Xarag) and calcite (Xcalc) off Peru. (a–d)
Conditions for preindustrial times (1870), (e–h) conditions for the year 2000, (i–l) conditions for 2090 (RCP2.6 scenario),
and (m–p) conditions for 2090 (RCP8.5 scenario). (first two columns) Xarag for December–February and June–August,
respectively. (third and fourth columns) As before, but for Xcalc. Also shown is the boundary of the 15 km nearshore
region in Figure 3a used for subsequent analyses.
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to calcite (Figures 3k and 3l) and also the undersaturated conditions with respect to aragonite will be much
less severe (Figures 3i and 3j).

Although the region off Chile exhibits higher annual mean surface pH and CaCO3 saturation states values
than off Peru, the absolute change in the CaCO3 saturation states from preindustrial to the end of the cen-
tury conditions is larger (regardless of the scenario followed). This larger trend off Chile is mainly due to the
larger reduction of the initial concentration of carbonate ion off Chile, i.e., is a direct consequence of the
nonlinearity of the carbonate chemistry (see section 4). When following the RCP8.5 scenario, surface pH
within 15 km off the coast declines by nearly 0.4 units in the year 2090. Similarly, annual mean surface Xarag

near the coast decreased �1.5 units to 1.29 6 0.12 in year 2090, straddling undersaturated conditions in
winter (Figure 4n), while this decrease is ‘‘only’’ �1.15 units in the region off Peru (Figures 2a and 2d). In con-
trast, if RCP2.6 is followed Xarag values remain above 2 (2.04 6 0.16) on the annual mean. The conditions for
Xcalc at the end of the century are less dramatic off Chile than off Peru. Near the coast, the annual mean sur-
face values decrease to 2.00 6 0.18 in 2090 under high CO2 emissions conditions, while under the RCP2.6
scenario surface Xcalc near the coast remains well above saturation (3.16 6 0.24).

Figure 4. As Figure 3, but for the region off Chile.
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The striking difference between the two scenarios largely reflects the very different emission trajectories,
with atmospheric CO2 reaching a value of 840 latm under the RCP8.5 scenario by 2090, while it increases
only to 428 latm under the RCP2.6 scenario (Figure 5a). The change in the surface ocean carbonate sys-
tem tends to be ‘‘slaved’’ to the atmospheric CO2 change (Gruber, 2011; Orr, 2011), owing to the rise in
atmospheric CO2 being the key driver for the oceanic uptake of anthropogenic CO2 (or reduced outgas-
sing of CO2; Sarmiento & Gruber, 2006). Thus, the reduced growth of atmospheric CO2 in the RCP2.6 miti-
gation scenario leads to a direct reduction in the magnitude of future ocean acidification in the surface
ocean. Given rapid mixing within the upper ocean, this signal is seen throughout the upper 60 m, the
layer corresponding roughly to the euphotic zone in the HumCS. Figure 5 reveals also that the separation
between the two emission scenarios occurs predominantly after 2050 off Peru, with the model simulated
conditions for 2050 being rather similar between the two scenarios, largely reflecting the similar atmo-
spheric CO2 levels at that time (Figure 5a). However, a closer inspection reveals also that in RCP2.6, ocean
acidification continues to aggravate until the end of this century, even though in this scenario atmo-
spheric CO2 has stabilized and is actually already on a downward trend. This indicates that in this case,
the progression of ocean acidification has uncoupled itself from atmospheric CO2. In the nearshore region
off Chile, the separation between the two scenarios starts already in 2050, especially in the surface layer
(Figure 5b).

The evolution of ocean acidification within the upper twilight zone, i.e., the upper most layer of the aphotic
zone between 60 and 120 m, follows largely that of the surface and the euphotic zone, although with an
offset reflecting the lower pH and saturation levels at depth (Figure 5). For the region off Peru, this offset
leads to an earlier onset of about a decade of undersaturated conditions in the 60–120 m depth layer com-
pared to that within the top 60 m. For the region off Chile, the saturation states in the twilight zone are sub-
stantially lower than those in the upper 60 m, owing to the presence of very strong vertical gradients in all
properties, including DIC and alkalinity. As a consequence, the progression of ocean acidification pushes
this layer toward undersaturated conditions for aragonite by the end of this century, and in the case of the
RCP8.5 scenario, also very close to calcite undersaturation (Figure 5b). Thus, while the upper ocean of the
upwelling system off Chile likely stays supersaturated, the layer just underneath is being pushed toward
widespread undersaturation in a similar manner as the system off Peru.
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Figure 5. Temporal evolution of ocean acidification in the nearshore 15 km off the coast of (a) Peru and (b) Chile in
response to different carbon emission scenarios. Shown in blue is the atmospheric CO2 concentration (inverted, right
axis), in red Xarag, and in green Xcalc. The solid lines indicate the evolution for the historical period and the RCP8.5 sce-
nario for the future. The dashed lines indicate the results for the RCP2.6 scenario. The thin vertical bars on the right hand
side of each figure indicate the seasonal range of the monthly averaged values across the entire 15 km offshore band.
The thick vertical lines indicate the potential variations in Xarag and Xcalc induced by interannual variations associated
with the El Ni~no-Southern Oscillation, estimated from the calculated relationship between these parameters and the
observed temperature anomalies (see also section 6.1).
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4. Abrupt Shoaling of the Saturation Horizons

While the progression of the surface ocean acidification parameters (pH and X) is rather smooth, the shoaling
of the saturation horizon is found to occur rather abruptly, that is, within the coarse temporal resolution of the
model it changes much faster during the second half of the century relative to before. This shoaling is relevant
since it restricts the vertical extent of the habitat in the upper ocean that is characterized by supersaturated
waters and is thus amenable for organisms that cannot tolerate corrosive (undersaturated) conditions.

In year 2000 and off Peru, the annual mean saturation depth for aragonite is found at around 390 m in the
offshore region, shoaling to around 300 m when approaching the continental slope (Figure 6a). For calcite,

Figure 6. Progression of the vertical distribution of X along an offshore section at 7.58S. (a, c, e) Conditions for year 2090
under RCP2.6. (b, d, f) Conditions for year 2090 under RCP8.5. (a, b) Xarag. (c, d) Xcalc. Solid white contour: saturation hori-
zon for year 2000; dashed white contour: saturation horizon for year 2050; solid black contour: saturation horizon for year
2090. (e, f) Vertical profiles of the carbonate ion concentration relative to the saturation concentration with respect to ara-
gonite (red) and calcite (blue). The line in the profile is the average across the entire section shown in the other figures,
and the shaded area comprises the maximum and minimum carbonate ion concentration at each depth for each time-
slice. Note the break in the vertical axis at 60 m.
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the saturation depth is even deeper, around 800 m, shoaling to about 500 m along the slope (Figure 6c).
These depths changed little between preindustrial times and year 2000, with the total shoaling amounting
to a few tens of meters (supporting information Figures S6A and S6B). But much larger changes are pro-
jected for the future. By the year 2050, and essentially independent of the emission scenario, the aragonite
saturation depth is simulated to shoal by more than 150 m to �230 m in the offshore region and even
more in the nearshore 15 km (Figures 6a and 6b). In the year 2050, aragonite undersaturated waters are
found overlying almost all sediments at depths of 20 m or less, with the saturation horizon shoaling to as lit-
tle as 10 m during the summer season (DJF and MAM; not shown).

The shoaling trend continues until the end of the century. In the case of the RCP8.5 scenario, the saturation
depth for aragonite is projected to shoal by another 200 m to an annual average depth of 25 m in the off-
shore region, while closer to shore, aragonite undersaturated waters now comprise the whole water column
in the first 75 km (Figure 6b). In the low emissions scenario, the situation is only slightly less severe. The ara-
gonite undersaturated conditions across the whole water column extend only out to 20 km from the coast
on the annual mean, and the aragonite saturation depth remains somewhat deeper (50 m) in the offshore
region (Figure 6a). Thus, the rate of shoaling of the saturation horizon is not at all proportional to the rise in
atmospheric CO2 and the oceanic uptake of anthropogenic CO2, as is (largely) the case for the change in pH
and X.

This nonlinear response of the shoaling of the saturation horizon to the oceanic uptake of anthropogenic
CO2 is also seen for the calcite saturation horizon. Off Peru, this horizon shoals very little between 2000 and
2050 and remains below 700 m (Figures 6c and 6d). After 2050, large changes are potentially in store, but in
contrast to Xarag, the shoaling of the calcite saturation horizon by 2090 will depend in great measure on the
emission scenario. Under the RCP8.5 scenario (Figure 6d), this saturation horizon shoals right into the sur-
face ocean, making the whole water column in the first 20 km from the coast undersaturated with respect
to calcite in the annual mean. During the upwelling season, this undersaturated water column can extend
as far as 50 km offshore. In the region further offshore, the calcite saturation depth is projected to shoal to
50 m depth. In contrast, the calcite saturation depth is projected to remain below 500 m by the end of the
century under the RCP2.6 scenario (Figure 6c), even though the upper ocean Xcalc will decrease consider-
ably. Although this value is projected to go as low as 1.5 in the layer overlying the sediments in the top
60 m, no calcite undersaturation occurs in the top 60 m in this scenario (see also supporting information
Figures S8 and S9).

The nonlinear and rather abrupt nature of the shoaling of the saturation depths can be explained in terms
of the changes in the in situ carbonate ion concentration ([CO22

3 ]) relative to the concentration profile of
the carbonate ion at saturation, as it is the intercept of these curves that defines the saturation horizon (Fig-
ures 6e and 6f; Hauri et al., 2013). In preindustrial times, the in situ [CO22

3 ] profile intercepts the saturation
[CO22

3 ] profiles for aragonite and calcite at �350 m and �750 m, respectively. As anthropogenic CO2

invades the ocean from the surface, it first titrates away the CO22
3 in the upper ocean, leading to a strong

reduction in the in situ [CO22
3 ] concentration there between preindustrial times and the present. However,

this has little implication for the depths of the saturation horizons, as they are beyond the reach of the
present-day anthropogenic CO2 invasion (Sabine et al., 2004). As the concentration of anthropogenic CO2

builds up in the ocean and penetrates deeper, the [CO22
3 ] drops also in the deeper ocean, leading to a sud-

den onset of the shoaling of the saturation depth. The rate of shoaling depends on the rate at which
anthropogenic CO2 is accumulating, but even more critically also on the shape of the [CO22

3 ] profile. Wher-
ever the vertical gradient of [CO22

3 ] is small, the saturation depth tends to shoal quickly, because a small
decrease in the [CO22

3 ] leads to a rapid change in the aragonite saturation depth. Conversely, wherever the
vertical gradient of the [CO22

3 ] is large, the saturation depth tends to shoal slowly. This explains why the sat-
uration horizon for aragonite shoals only slowly first, as the in situ [CO22

3 ] gradient near the intercept with
the saturation [CO22

3 ], i.e., at �400 m is large during both 1870 and 2000, but this gradient is much smaller
when the intercept shoals to the euphotic zone between 2050 and 2090, leading to a strong jump in the
saturation horizon between these two time-slices.

While fundamentally similar, the situation is less extreme off the coast of Chile. When analyzing a similar
transect perpendicular to the coast at 258S (supporting information Figure S9), the aragonite saturation hori-
zon shoals considerably between the different time-slices from �500 m in 1870 to �30 m near the coast by
2090 in the RCP8.5 scenario. However, contrary to the region off Peru, the aragonite undersaturated water
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does not reach the surface by the end of the century (supporting information Figure S8A). This is due to the
fact that the initial [CO22

3 ] is much higher than the one off Peru (>170 lmol kg21 in 2000) and although the
waters below 30 m, and especially those overlying the sediments will become undersaturated by 2090 in
the case of the high-emission scenario, the system will tolerate a larger increase in atmospheric CO2 before
the water column becomes completely undersaturated.

5. Habitat Restriction

The potential ecosystem implications of the development of pervasive upper ocean aragonite and calcite
undersaturation conditions are manifold, particularly when considering that many calcifying organisms
begin to experience stress when seawater conditions are still well above the saturation threshold (at X
above 1; e.g., Barton et al., 2012; Byrne et al., 2013; Fabry et al., 2008). In order to determine the changes in
habitat size for organisms with a particular sensitivity, we analyze the volume of water within a certain
range of aragonite and calcite saturation values. We focus on the nearshore region extending 15 km off the
coast of Peru (Figure 7) and off the coast of Chile (Figure 8).

The changes in habitat suitability are very large in the 15 km region off Peru (Figure 7). While only �20% of
the waters in the top 60 m had annual mean values of Xarag lower than 1.5 during preindustrial times (yel-
low bars), this volume increased to 60% by 2000. In addition, waters with Xarag larger than 2 (blue bars) that
occurred in about 10% of the top 60 m during preindustrial times are now essentially absent (4% annual
mean). By 2000, no undersaturated conditions are simulated for the upper 60 m yet, but this is bound to
change. By the year 2050, and irrespective of the emission scenario, between 10% (RCP2.6) and 25%
(RCP8.5) of the top 60 m of the water column will become undersaturated with respect to aragonite in the

Figure 7. Volume fractions of classes of (left) Xarag and (right) Xcalc within 15 km off the coast of Peru (top) for the top
60 m and (bottom) from 60 m to 120 m. Included are the simulation results for 1870, 2000, and the projections for the
years 2050 and 2090 under the RCP8.5 and RCP2.6 scenario, respectively. The first four columns within each bin represent
the four seasons (DJF, MAM, JJA, and SON), while the fifth represents the annual mean.
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annual average (red bars), with seasonal intrusions of aragonite undersaturated water doubling that
fraction.

The volume of undersaturated waters continues to increase rapidly, such that by the year 2090, supersatu-
rated waters essentially have vanished from the top 60 m of the water column under the RCP8.5 scenario,
leaving no habitat for organisms that are sensitive to corrosive conditions with respect to aragonite. Under
the RCP2.6 scenario, however, 40% will remain supersaturated, primarily in the very near surface and during
the spring-summer (SON-DJF) season, when strong photosynthetic activity can reduce the surface ocean
CO2 concentration, thereby raising pH and the saturation state.

The subsurface layer (60–120 m) saturation levels progress in a similar manner as the top 60 m, but with an
earlier transition toward widespread undersaturation. The fraction of waters undersaturated with respect to
aragonite is simulated to increase rapidly from being absent in year 2000 to 5 to 25% in 2050 and then to
100% in 2090, with only a small difference between the two scenarios considered. The rapid transition from
about 5% undersaturated conditions in 2050 to 100% undersaturated conditions in 2090 is particularly strik-
ing for the RCP2.6 scenario, since atmospheric CO2 actually decreases during this period in this scenario
(Figure 5a).

In the case of the saturation state with respect to calcite, the fraction of water with values greater than two
(blue bars in Figure 7) in the top 60 m within 15 km off the coast of Peru has already decreased from occu-
pying the totality of the water column in preindustrial time to 85% (annual mean) in the present day. This
fraction will continue to decrease to less than 25% by 2050 and waters with Xcalc values between 1 and 1.5
will appear in 5% (RCP2.6) to 20% (RCP8.5) of the top layer. But by 2090, a large difference in Xcalc between
the two carbon emission scenarios arises. While calcite undersaturated water becomes dominant (>60%) in
the top 60 m in the RCP8.5 scenario, calcite undersaturated water is not projected to occur by year 2090
under the RCP2.6 scenario. A similarly striking difference is found in the twilight zone, the 60–120 m layer,

Figure 8. As Figure 7, except for the 15 km region off the coast of Chile.
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where the fraction of water with undersaturated conditions will remain absent in the RCP2.6 scenario. How-
ever, under the RCP8.5 scenario, this layer transitions drastically from supersaturated values in 2050 to
100% calcite undersaturation in 2090. Thus, in contrast to the situation with regard to aragonite saturation
levels, where the development of undersaturated conditions is essentially unavoidable given the current
set of plausible projections of atmospheric CO2 levels, the development of undersaturated conditions with
respect to calcite depends greatly on the emission pathway.

In the region off Chile, the amount of carbon emitted to the atmosphere in the coming decades will also
determine the degree to which calcifying organisms will experience stress until the end of the century. If
the high-emission scenario (RCP8.5) is followed, by 2090 the top 60 m near the coast will have Xarag values
lower than 1.5 year round (Figure 8), with 35% of the water column undersaturated with respect to arago-
nite. However, when the mitigation scenario (RCP2.6) is followed, no aragonite undersaturated water is pro-
jected to occur in the top 60 m. In the subsurface layer (60–120 m) aragonite undersaturated water is
modeled to occupy only 50% on the annual mean by year 2090 under RCP2.6, contrasting strongly with the
100% under the high-emission scenario RCP8.5. The contrast between the two scenarios is even more evi-
dent for Xcalc. Unlike the region off Peru, calcite undersaturated waters do not reach the surface layer by
year 2090 under RCP8.5. But they are projected to occupy about 35% of the volume in the subsurface layer.
However, undersaturated conditions with regard to calcite can be completely avoided, even in the subsur-
face layer, if the low emissions pathway is followed.

6. Discussion

Although the present-day values of Xarag and Xcalc in the nearshore 15 km off the coast of Peru are very
low in comparison with the global ocean, they are comparable with those in other hotspot regions of ocean
acidification, such as the Southern Ocean and the California Current System (Feely et al., 2008; Jiang et al.,
2015; McNeil & Matear, 2008). Given the similar present-day values, it is entirely expected that the onset of
widespread aragonite undersaturation will occur within a similar time frame as that projected for these
other two regions, which is within the coming decades (Gruber et al., 2012; McNeil & Matear, 2008; Orr
et al., 2005). And as was the case for these two other systems, this onset is more or less bound to occur irre-
spective of which carbon emission trajectory is followed. Thus, the onset of widespread undersaturation
with respect to aragonite in the nearshore areas of the northern Humboldt Current System is a develop-
ment that humankind has already committed to itself and can be considered as virtually unavoidable. The
situation is similar, yet less severe, for the southern parts of the nearshore HumCS (off Chile). Here, this com-
mitted undersaturation does not extend to the surface, but exists in the subsurface layer between 60 and
120 m. Although we focus here on a relatively narrow 15 km strip along the coasts of these two regions, the
conclusions are not very different from those resulting from the analysis of a 50 km wide band (see support-
ing information plots S10 and S11).

An important reason for this unavoidable trajectory is that undersaturation is projected to occur in the sur-
face waters off Peru and in the subsurface waters off Chile even in the case of the strong mitigation scenario
RCP2.6. This was unexpected. A simple interpolation of the results from the RCP8.5 experiment would have
suggested for Peru that the onset of severe undersaturation, i.e., where more than 50% of the top 60 m vol-
ume becomes undersaturated year round, would not occur until atmospheric CO2 reached a value of �640
latm. For RCP8.5, this occurs in 2065, while atmospheric CO2 in the RCP2.6 scenario reaches a maximum of
443 latm, and thus always stays well below the apparently critical value of 640 latm (Figure 5). Thus, based
on the usually strong relationship between the atmospheric CO2 and the magnitude of ocean acidification
(see e.g., Gruber et al., 2012; McNeil & Matear, 2008; Orr, 2011; Steinacher et al., 2009), the upper ocean
under the RCP2.6 scenario should have remained supersaturated. Yet the extent and severity of the arago-
nite undersaturation continued to develop for decades after 2050, when atmospheric CO2 ceased to
increase in the RCP2.6 scenario.

This decoupling in the development of upper ocean acidification from the atmospheric CO2 forcing in the
nearshore regions of the HumCS is most likely the result of ocean circulation that brings older waters
toward the coastal upwelling systems. The anthropogenic CO2 burden in these waters tend to continue to
increase, even when atmospheric CO2 stops increasing (Fr€olicher & Joos, 2010; Joos et al., 2011), an effect
that one observes already today for bomb radiocarbon (Graven et al., 2012). This is because these waters
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usually have not been in contact with the atmosphere for several years to decades, which results in them
not having fully realized the total amount of anthropogenic CO2 burden that is consistent with the current
lower level of CO2 in the atmosphere (Resplandy et al., 2013). As a result, the ocean continues to take up
anthropogenic CO2 from the atmosphere, furthering ocean acidification in coastal upwelling systems, even
though the atmospheric CO2 has stabilized. Resplandy et al. (2013) demonstrated this effect to occur in the
high latitude regions as well as some of the upwelling regions, but actually found this effect to be strongest
in the eastern tropical Pacific across a range of different Earth System Models. They also showed that this
delay between when the maximum in atmospheric CO2 is reached and when the minimum saturation state
occurs in the upper ocean can amount to several decades, consistent with our regional model results. Fur-
ther support for our interpretation stems from the simulations with the GFDL model that we used for the
lateral boundary conditions. Also in the GFDL model, the delay between the peak in atmospheric CO2 and
the trough in subsurface ocean acidification amounts to several decades in the Humboldt Current System
(see supporting information Figure S14).

In strong contrast to the unavoidable onset of aragonite saturation, the development of widespread calcite
undersaturation by the end of the 21st century appears avoidable. With the onset of calcite undersaturation
impacting a much wider array of marine organisms than the presence of ‘‘simple’’ aragonite undersatura-
tion, avoiding this consequence of the emissions of CO2 by anthropogenic activities is of great benefit for
the marine organisms of the Humboldt Current System, and ultimately for the entire ecosystem. Thus, this
provides an additional argument in engaging in an aggressive mitigation pathway, so that the impact of
ocean acidification can be retained within limits (Gattuso et al., 2015; Steinacher et al., 2013), even though
the RCP2.6 emission pathway looks increasingly outside the realm of possibilities without major employ-
ment of negative emissions technologies (Obersteiner et al., 2018).

We focused here on the onset of undersaturated conditions by using a thermodynamically well defined
threshold. While this threshold is undeniably important, it is certainly not the only threshold of relevance
for biological systems. Many organisms simply react to the magnitude of the change or the rate at which
these changes occur, irrespective of the absolute level of the stressor. Other organisms have critical thresh-
olds that are much higher than that chosen here, especially corals and many larvae (Barton et al., 2012;
Byrne et al., 2013; Fabry et al., 2008). It is beyond the scope of our study to assess all potential other thresh-
olds, but we note that the selection of higher thresholds would simply tend to aggravate and accelerate the
transitions described here, but not fundamentally alter the main conclusion. In contrast, if the rate of
change was the most important concern for organisms, then our conclusion would not hold, as the rate of
change in the regions of our study are not really different from those elsewhere. However, the evidence for
the rate of change being the key driver for the impact of ocean acidification is not well established, while
the presence of critical thresholds has been demonstrated clearly, as summarized by P€ortner et al. (2014).

6.1. Caveats
Even though we consider these conclusions as robust, a number of important caveats needs to be dis-
cussed, such as (i) the impact of model biases, (ii) the lack of consideration of climate variability, (iii) the lack
of consideration of longer-term climate change, and (iv) the use of time-slice rather than time-continuous
simulations. First, the limited observations available would suggest that our modeled saturation levels are
biased high rather than low. This implies that our modeled transition to undersaturated conditions occurs
more likely too late rather than too early. However, the overestimation of X values by the model could also
imply that the increase in the volume of undersaturated water in Figures 7 and 8 is somewhat larger, since
the fractional change in Xarag per unit change in anthropogenic CO2 is larger for high than for low Xarag val-
ues. But we consider this effect to be small, since it will be mostly compensated for by the fact that the total
change to reach undersaturated conditions needs to be larger owing to the positive bias in our model.

The second important caveat in our study is the lack of consideration of year-to-year variability, associated
e.g., with the El Ni~no/Southern Oscillation (ENSO) phenomenon. Given the observation of substantial physi-
cal and biological changes associated with ENSO in the HumCS (Chavez et al., 2008), ENSO quite likely will
lead to strong year-to-year changes in ocean acidification, as seen for the California Current System (Turi
et al., 2016). But we do not expect a major impact in terms of the centennial-scale transition toward under-
saturatured conditions. However, the presence of ENSO would delay the moment when the ocean
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acidification-induced changes in pH and the saturation states would move outside the current envelope of
variability.

In order to assess the potential impact of ENSO on our conclusions, we estimated the likely signal of ENSO on
the modeled saturation states by considering the observed relationship between Xarag and Xcalc with temper-
ature in the first 120 m of the water column taken from all the available observations in the region off Peru
and off Chile from GLODAPv2. The slope obtained with this linear regression was then multiplied separately
by the average temperature anomaly during all El Ni~no months and all La Ni~na months for both regions to
obtain the mean change in Xarag during each condition. Afterward the Xarag values obtained were scaled
with the standard deviation calculated with the full time series of temperature anomalies available (1982–
2017). The temperature anomalies were obtained from NOAA for the Ni~no 1 1 2 region (http://www.cpc.ncep.
noaa.gov/data/indices/sstoi.indices). This resulted in a zero-order estimate of the El Ni~no related increase in
Xarag for the region off Peru of 0.46 units and a La Ni~na related decrease of 0.28 units. The increase in Xcalc is
estimated to be about 0.70 during an El Ni~no event, and a decrease in Xcalc of 0.43 during La Ni~na. The associ-
ated interannual standard deviations are about 1.5 times smaller. While this variability is clearly substantial, it
is still much smaller than the changes that are looming ahead, confirming the conclusions of our study.

Perhaps more concerning is the third major caveat, which is the lack of consideration of climate change.
This is particularly relevant since observations have revealed a long-term trend toward stronger equator-
ward wind, strengthening the upwelling (Sydeman et al., 2014). We expect that a trend toward stronger
upwelling would tend to exacerbate the progression toward undersaturation, as was found for the Califor-
nia Current System in an idealized wind enhancement experiment (Lachkar, 2014). Also a possible trend
toward the upwelled waters becoming older and hence containing a larger amount of remineralized
organic matter leading to lower pH and saturation states (Rykaczewski & Dunne, 2010) would tend to accel-
erate ocean acidification in the HumCS. Thus, with respect to all discussed caveats, our projections can be
considered as conservative with regard to the speed and extent of the transition toward undersaturated
conditions. This is particularly the case when it comes to the assessment of the ultimate impact of the simu-
lated changes on marine organisms and ecosystems, as we have focused here only on one of many poten-
tial stressors, i.e., ocean acidification, leaving out the other major threats, such as warming, changes in the
availability of limiting resources (nutrients, food), and ocean deoxygenation (Gruber, 2011).

A further argument for our results being robust are the results of several analyses where the relative contri-
bution to uncertainty stemming from (i) model uncertainty, (ii) scenario uncertainty, and (iii) uncertainty
arising from internal variability were quantified (e.g., Fr€olicher et al., 2016). These studies generally found
that with regard to the progression of ocean acidification, the impact of climate variability is relatively small
beyond the next 30 years, especially for surface pH (Fr€olicher et al., 2016). Concretely, Fr€olicher et al. (2016)
showed that by 2050, about 70% of the total uncertainty in future projections of pH at the level of large-
scale marine ecosystem regions stems from uncertainties associated with scenarios, and only 30% from
model uncertainties and internal variability. We suspect that similar conclusions would have been reached
for the saturation state. These results pertain to the surface ocean only, and the relative roles of the uncer-
tainties stemming from the scenarios, models and internal variability are likely somewhat different at depth.
Even though we currently lack a corresponding analysis at depth, we believe that our conclusion about sce-
nario uncertainty being the most important determinant for the future evolution of ocean acidification in
the Humboldt Current System still holds, since our results depend largely on the processes in the upper few
hundred meters, i.e., are still closely related to those at the surface.

The forth and final caveat is of comparatively less concern, in our opinion. Time-slice simulations are indeed
somewhat tricky, as they cannot fully reproduce the temporal evolution of a simulation run in time-
continuous mode. However, by keeping the spinups for each time-slice relatively short and by adjusting
both the initial and boundary conditions for each time-slice, we attempted to minimize the potential errors.
This is supported by our experience in the California Current System, where we had compared time-slice
with time-continuous simulations and where we found little difference (Gruber et al., 2012).

7. Conclusion

The present-day low pH and CaCO3 saturation state imprinted by year-round upwelling off Peru and Chile
make the nearshore regions of the HumCS particularly vulnerable to future ocean acidification. Our model
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simulations suggest that off Peru, year-round aragonite undersaturation in the top 60 m is unavoidable
even when carbon emissions in the next decades are reduced considerably. In addition, if CO2 emissions
continue along a ‘‘business as usual’’ trajectory, this region of the Humboldt Current System will become
one of the first regions globally that will experience calcite undersaturation. But if emissions are curtailed,
and an emission trajectory is followed that is coherent with the Paris Agreement, then the development of
these calcite undersaturated conditions can likely be avoided. Off Chile, similar conclusions can be drawn,
but for the subsurface waters in the twilight zone (60–120 m), i.e., while undersaturated conditions are
bound to become dominant in the case of aragonite, calcite undersaturation is modeled to occur only in
the high-emission RCP8.5 scenario. Thus, the different emission trajectories offer two strongly contrasting
futures with regard to the development of ocean acidification in the Humboldt Current System.
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