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Abstract

Continued oceanic uptake of anthropogenic CO2 is projected to significantly alter the
chemistry of the upper oceans, potentially having serious consequences for the ma-
rine ecosystems. Projections of ocean acidification are primarily determined from pre-
scribed emission pathways within large scale earth system models. Rather than run-5

ning the cumbersome earth system models, we can use a reduced-form model to
quickly emulate the CMIP5 models for projection studies under arbitrary emission path-
ways and for uncertainty analyses of the marine carbonate system. In this study we
highlight the capability of Hector v1.1, a reduced-form model, to project changes in
the upper ocean carbonate system over the next three centuries. Hector is run un-10

der historical emissions and a high emissions scenario (Representative Concentration
Pathway 8.5), comparing its output to observations and CMIP5 models that contain
ocean biogeochemical cycles. Ocean acidification changes are already taking place,
with significant changes projected to occur over the next 300 years. We project a low
latitude (> 55◦) surface ocean pH decrease from preindustrial conditions by 0.4 units15

to 7.77 at 2100, and an additional 0.27 units to 7.50 at 2300. Aragonite saturations
decrease by 1.85 units to 2.21 at 2100 and an additional 0.80 units to 1.42 at 2300.
Under a high emissions scenario, for every 1 ◦C of future warming we find a 0.107 unit
pH decrease and a 0.438 unit decrease in aragonite saturations. Hector reproduces
the global historical trends, and future projections with equivalent rates of change over20

time compared to observations and CMIP5 models. Hector is a robust tool that can be
used for quick ocean acidification projections, accurately emulating large scale climate
models under multiple emission pathways.

19270

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/19269/2015/bgd-12-19269-2015-print.pdf
http://www.biogeosciences-discuss.net/12/19269/2015/bgd-12-19269-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 19269–19305, 2015

Projections of ocean
acidification over the
next three centuries

C. A. Hartin et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1 Introduction

Human induced activities have led to increasing anthropogenic emissions of green-
house gases to the atmosphere. In the first decade of the 21st century CO2 emissions
from anthropogenic sources and land use changes accounted for ∼ 9 PgCyr−1, with
future emission projections of up to 28 PgCyr−1 by 2100 under a high emissions sce-5

nario (RCP 8.5) (Riahi et al., 2011). In response to this increasing atmospheric burden
of CO2, the oceans are experiencing both physical and biogeochemical changes: sur-
face and deep warming, changes in calcium carbonate saturations, and a decline in pH
(Doney, 2010). The oceans represent a major carbon sink and have absorbed 25–30 %
of the total anthropogenic carbon emissions since 1750 (Le Quéré et al., 2013; Sabine10

et al., 2011). There is some concern due to both the physical and chemical changes
that the oceans will be less efficient in the uptake of anthropogenic CO2 as the climate
continues to change (Sarmiento and Le Quéré, 1996; Matear and Hirst, 1999; Joos
et al., 1999; Le Quéré et al., 2007, 2010).

In particular, the ocean chemistry is quickly changing in response to the continued15

addition of CO2 to the atmosphere. Mean surface ocean pH has decreased by 0.1 units
relative to the preindustrial (Caldeira et al., 2003). If emission trends continue, ocean
acidification will occur at rates and extents that have not been observed over the last
few million years (Feely et al., 2004, 2009; Kump et al., 2009; Caldeira et al., 2003).
Ocean acidification occurs when CO2 dissolves in seawater, forming H2CO3, dissoci-20

ating to H+ and HCO−3 . The H+ ions quickly react with CO2−
3 forming more bicarbonate.

The net effect of adding CO2 to the system increases the concentration of H2CO3,
HCO−3 and H+, while decreasing CO2−

3 concentrations and lowering the pH, acting to

inhibit further uptake of CO2. HCO−3 , CO2−
3 and CO2 (aq), make up the total dissolved

inorganic carbon (DIC). A doubling of CO2 will not cause a corresponding doubling25

of CO2 (aq) but instead will result in an increase of ∼ 10 % in the oceans, due to the
nonlinearity of the carbonate system and buffering capacity of the oceans. At a pH of
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8.2, 88 % of the DIC is in the form of HCO−3 , 11 % in the form of CO2−
3 , and 0.5 % in the

form of CO2 (aq), these percentages will change as the oceans take up more carbon.
With declining CO2−

3 , the stability of biogenic carbonate (CaCO3) is also reduced
which is the primary mineral used by marine organisms to build their shells and skele-
tons. Numerous experiments and observations indicate that a reduction in the surface5

ocean pH and carbonate saturations may have significant effects on calcifying marine
organisms, e.g., phytoplankton and coral reefs, from changes in community structure
to suppressed calcification rates (Feely et al., 2004; Riebesell et al., 2000; Fabry et al.,
2008; Kleypas et al., 2005; Raven et al., 2005; Dutkiewicz et al., 2015). For example,
some coral reefs are believed to already be eroding for parts of the year due to changes10

in ocean acidification (Yates and Halley, 2006; Albright et al., 2013). Modeling studies
project changes in ocean acidification for both the surface and deep oceans. By the end
of the century all existing coral reefs will be surrounded by ocean chemistry conditions
that are well outside of the preindustrial values and even today’s saturations (Ricke
et al., 2013). Global surface pH is projected to drop by up to 0.4 units under IS92a15

scenario and even deep waters will experience pH changes of up to 0.3 units by 2100
under RCP8.5 (Gehlen et al., 2014; Orr et al., 2005). Ocean warming and acidification
are consistent across all of the CMIP5 models, however the intensities are strongly de-
pendent upon the scenario (Bopp et al., 2013). These studies indicate that the oceans
are already experiencing and will continue to experience significant changes in ocean20

acidification.
However, these model projections of ocean acidification are primarily from earth sys-

tem models (ESMs) run under prescribed emission pathways (e.g., RCPs); limiting
the analyses that can be conducted to only those scenarios. Here we present Hec-
tor, a reduced-form climate model that can emulate the median climate of CMIP5.25

Reduced-form models are powerful tools due to their computational efficiency, inex-
pensiveness to run, and ability to run multiple simulations under arbitrary future cli-
mate change emission pathways, allowing us to conduct parameter sensitivity studies
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and uncertainty analyses (Senior and Mitchell, 2000; Ricciuto et al., 2008; Irvine et al.,
2012).

This study builds upon Hartin et al. (2015), which introduced Hector v1.0, an open-
source, object-oriented simple climate model with the capabilities of projecting changes
in the surface ocean carbonate system over the next three centuries. This work is timely5

due to the fact that the recent CMIP5 process included numerous ESMs that contain
dynamic ocean biogeochemistry.

Other simple models have modeled the complexity of the nonlinear carbonate system
through mixed layer Impulse Response Functions (IRF) calculating air–sea fluxes (Joos
et al., 1996, 2001; Meinshausen et al., 2011) and evaluating the parameters of the10

carbonate system by back calculating from the ocean uptake of CO2 (Tanaka et al.,
2007; Harman et al., 2011). The IRF method has been widely used across the scientific
community, as it is cost-effective to run, provides surface to deep mixing estimates,
and can also be used to look at oceanic uptake of conservative tracers. However, the
carbonate system is not directly calculated and many effects like temperature effects on15

CO2 solubility are typically parameterized. The carbonate system is strongly dependent
upon temperature where pCO2 changes by about 4.2 % per Kelvin (Copin-Montegut,
1988; Takahashi et al., 1993). While these models are able to reproduce changes in
the global climate system, details in the carbonate system (HCO2−

3 , CO3, pH, pCO2,
and alkalinity) are not actively solved for.20

The remainder of the paper is organized as follows. Section 2 describes the model
components focusing on the ocean carbon cycle and carbonate chemistry. Section 3
presents the model experiments and comparison data used and lastly, Sect. 4 de-
scribes the main results and a discussion.

2 Model description – carbon cycle25

The carbon component in Hector contains three carbon reservoirs: a single well-mixed
atmosphere, a land component consisting of vegetation, detritus, and soil, and an
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ocean component consisting of four boxes (high and low surface boxes, an interme-
diate box, and a deep box) (Fig. 1). The change in atmospheric carbon is a function of
the anthropogenic emissions (FA), land-use change emissions (FLC), and atmosphere–
ocean (FO) and atmosphere–land (FL) carbon fluxes. The default model time step is
1 year.5

dCatm (t)
dt

= FA (t)+ FLC (t)− FO (t)− FL(t) (1)

The terrestrial cycle in Hector contains vegetation, detritus, and soil, all linked to each
other and the atmosphere by first-order differential equations. Vegetation net primary
production is a function of atmospheric CO2 and temperature. Carbon flows from the
vegetation to detritus and to soil and loses fractions of carbon to heterotrophic respi-10

ration on the way. An “earth” pool debits carbon emitted as anthropogenic emissions,
allowing a continual mass-balance check across the entire carbon cycle. Atmosphere–
land fluxes at time t are calculated by:

FL (t) =
n∑
i=1

NPPi (t)−RHi (t) (2)

where NPP is the net primary production and RH is the heterotrophic respiration15

summed over user-specified n groups (i.e., latitude bands, political units, or biomes)
(Hartin et al., 2015).

3 Ocean component

The ocean component is modeled after Lenton (2000), Knox and McElroy (1984) and
Sarmiento and Toggweiler (1984) consisting of four boxes; two surface boxes (high20

and low latitude), an intermediate and deep box, simulated a simple thermocline cir-
culation. The cold high latitude surface box makes up 15 % of the ocean, representing
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the subpolar gyres (> 55◦), while the warm low latitude surface box makes up 85 % of
the ocean. The temperatures of the surface boxes are linearly related to the global at-
mospheric temperature change, and are initialized at 2 ◦C in the high latitude and 22 ◦C
for the low latitude box. This temperature gradient sets up a flux of carbon into the cold
high latitude box and a flux out of the warm low latitude box. The ocean–atmosphere5

flux of carbon is the sum of all the surface fluxes (Fi = 2).

FO (t) =
n∑
i=1

Fi (t) (3)

Once carbon enters the system it is circulated between the boxes via advection and
water mass exchange, simulating a simple thermohaline circulation. We do not explic-
itly model diffusion. Simple box-diffusion models and “HILDA” (e.g., Siegenthaler and10

Joos, 1992) type models, are typically in good agreement with observations but are
more computationally demanding than a simple box model (Lenton, 2000). The change
in carbon of any box i is given by the fluxes in and out, with Fatm→i as the atmospheric
carbon flux:

dCi
dt

=
in∑
j=1

Fj→i −
out∑
j=1

Fi→j + Fatm→i (4)15

More specifically, the change in change in carbon of box i is related to the transport
(Ti→j ) in Sverdrups (Sv – m3 s−1) between i and j , the volume of i (Vi ), and the total
carbon in i (including any air–sea fluxes) (Ci );

dCi
dt

=
Ti→j
Vi
×Ci (5)

Volume transports are tuned to yield an approximate flow of 100 PgC from the surface20

high latitude to the deep ocean at steady state, simulating deep water formation. The
19275
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dynamics of ocean uptake of CO2 is strongly dependent on this downward transport
rate of CO2 laden waters from the surface ocean to depth.

There are 4 measurable parameters of the carbonate system in seawater: DIC, TA,
pCO2 and pH, and any pair can be used to describe the entire carbonate system.
Within Hector, DIC and TA are used to solve for surface ocean pH and pCO2 values.5

These detailed carbonate chemistry equations are based on numeric programs from
Zeebe and Wolf-Gladrow, 2001 (A). We have simplified these equations by neglecting
the effects of pressure, since we are only concerned with the surface ocean. A best-fit
alkalinity (2311.0 molkg−1 for HL and 2435.0 mol kg−1 for LL), is solved for at the end
of spinup, that when calculated with an initial DIC input for each surface box results in10

a pre-industrial net zero flux of carbon over the global ocean. Hector is run to equilib-
rium in a perturbation-free mode, prior to running the historical period, ensuring that
Hector is in steady-state (Hartin et al., 2015; Pietsch and Hasenauer, 2006). The alka-
linity values are within the range of open ocean observations, 2250.0–2450.0 molkg−1

of solution (Key et al., 2004) and are held constant with time in Hector. We assume15

negligible carbonate precipitation/dissolution or alkalinity runoff from the land surface
over our period of interest (100–300 years). From this, Hector actively solves for pCO2,
pH (total scale), and HCO−3 , CO2−

3 , and aragonite (ΩAr) and calcite saturations (ΩCa) in
the surface ocean boxes.
pCO2 is calculated from the concentration of [CO∗2] and the solubility of CO2 in20

seawater, based on salinity, temperature, and pressure. [CO∗2] is calculated from
DIC and the first and second dissociation constants of carbonic acid from Mehrbach
et al. (1973), refit by Lueker et al. (2000) (A1). pCO2 is needed to calculate atmosphere
ocean carbon fluxes (Takahashi et al., 2009):

F = kα×∆pCO2 = Tr×∆pCO2 (6)25

where k is the CO2 gas-transfer velocity, α is the solubility of CO2 in seawater (K0),
and the ∆pCO2 is the difference in [CO2] between the atmosphere and ocean. The
product of k and α results in Tr, the sea–air gas transfer coefficient, where Tr (gCm−2
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month−1µatm−1) = 0.585 ·α ·Sc−1/2 ·U2
10, 0.585 is a unit conversion factor and Sc is

the Schmidt number. The Schmidt number (A1) is calculated from Wanninkhof (1992)
based on the temperature of each surface box. The average wind speed (U10) of
6.7 ms−1 is the same over both surface boxes (Table 1). We assume surface waters are
fully equilibrated with the overlying atmosphere given our time step of 1 year; the av-5

erage time for surface waters to come into equilibrium (Broecker and Peng, 1982). pH
(total scale), HCO−3 , and CO2−

3 are calculated using the H+ ion, solved for in a higher
order polynomial (A1).

Aragonite and calcite are the two primary carbonate minerals within seawater. The
degree of saturation in seawater with respect to calcite (ΩCa) and aragonite (ΩAr) is10

calculated from the product of the concentrations of calcium [Ca2+] and carbonate ions
[CO2−

3 ], divided by the solubility (Ksp). The calcium concentration is based on equations
from Riley and Tongudai (1967) at a constant salinity of 35. If Ω= 1, the solution is at
equilibrium, and if Ω > 1 (Ω < 1) the solution is supersaturated (undersaturated) with
respect to the mineral.15

Ω=

[
Ca2+

][
CO2−

3

]
Ksp

(7)

4 Model experiments and data sources

The Hector code is open-source and available at https://github.com/JGCRI/hector. The
repository includes all model code needed to compile, as well as, all input files and
R scripts to process the model output. For this study we run Hector v1.1, Git Com-20

mit #, with updated ocean temperature to better match the CMIP5 mean. Hector is
run under prescribed emissions from 1850–2300 for all four Representative Concen-
tration Pathways (RCP 2.6, RCP 4.5, RCP 6, RCP 8.5) (Moss et al., 2010; Fujino
et al., 2006; van Vuuren et al., 2007; Clarke et al., 2007; Wise et al., 2009; Riahi et al.,
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2007; Hijioka et al., 2008; Smith and Wigley, 2006). All emissions data is available at
http://tntcat.iiasa.ac.at/RcpDb/.

Comparison data is obtained from a series of observational surface data and a suite
of CMIP5 models. Surface ocean observations of DIC, pCO2, pH, ΩAr, and ΩCa are
from ocean time-series stations in both the high and latitude oceans; Hawaii Ocean5

Time Series (HOT), Bermuda Atlantic Time Series (BATS), the European Station for
Time Series in the Ocean at the Canary Islands (ESTOC), the Irminger Sea, and the
Iceland Sea (Table 3) (Bates, 2007; Fujieki et al., 2013; Dore et al., 2009; Santana-
Casiano et al., 2007; Olafsson, 2007a, b; Gonzalez-Davila, 2009). The time-series
data are annually averaged over the upper 100 m of the water column. The carbonate10

parameters not found in Table 3 are computed from temperature, salinity, and carbon-
ate parameter pairs using the CO2SYS software (Lewis and Wallace, 1998). Lastly,
a longer record (1708–1988) of pH and ΩAr from Flinder’s Reef in the western Coral
Sea is used in the comparison (Pelejero et al., 2005). We use rates of change (∆)
over a 20 year period (1991–2011) to quantify how well Hector does at simulating the15

observed changes in the ocean carbonate parameters.
We also compare Hector to a suite of 15 CMIP5 Earth System Models (Table 4)

(Taylor et al., 2012). The CMIP5 output is available from the Program for Climate Model
Diagnostics and Intercomparison (http://cmip-pcmdi.llnl.gov/cmip5/). The CMIP5 data
are converted to annual global, high latitude and low latitude averages over the up-20

per 100 m of water depth, with one standard deviation of the annual averages and
CMIP5 model range calculated using the RCMIP5 package (https://github.com/JGCRI/
RCMIP5). All CMIP5 comparisons used in this study are from model runs with pre-
scribed atmospheric concentrations. We acknowledge that this is not a perfect com-
parison between emissions forced Hector and concentration forced CMIP5. However,25

very few CMIP5 models were run under prescribed emissions. We use a combination of
root mean square error (RMSE) and rates of change (∆) as our metrics to characterize
how well Hector compares to the CMIP5 median.
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5 Results and Discussion

Hartin et al. (2015) conducted a thorough analysis of Hector v1.0 demonstrating how
it can reproduce the historical trends and future projections of atmospheric [CO2], ra-
diative forcing, and global temperature under the RCPs. For this discussion we focus
on the upper ocean high and low latitude inorganic carbon chemistry under RCP 8.5,5

comparing to a suite of earth system models included in the CMIP5 archive and ob-
servations. Hector’s primary carbonate parameter outputs are summarized in Table 5.
Figures 2–6 compare Hector to observations and CMIP5 median, one standard devia-
tion and model spread.

DIC and pCO2, functions of the inorganic carbon species in seawater, are directly10

related to rising temperatures and atmospheric [CO2]. Hector captures the trend in DIC
concentrations for both the high and low latitude surface ocean with an average RMSE
of 4.6 µmolkg−1 when compared to CMIP5 models over the historical period (Fig. 2).
Low latitude DIC is slightly higher than the CMIP5 range, but rates of change are similar
between 1850 and 2100, 1.27 yr−1 for Hector and 1.24 yr−1 for CMIP5 (Table 5). To15

obtain a steady state, Hector is initialized with carbon values slightly higher than the
average CMIP5 values. Hector accurately tracks the pCO2 in both the high and low
latitude surface ocean with similar rates of change from 1850–2300 (Fig. 3). There is
a low bias in Hector compared to CMIP5 models after 2100, highlighted by the higher
RMSE; 1.4 µatm between 2006–2100 increasing to 6.0 µatm between 2006–2300. This20

is due to the low bias in projected atmospheric [CO2] over the same time period (Hartin
et al., 2015).

The oceanic uptake of CO2 since the preindustrial has caused the marine carbonate
system to shift to lower pH and lower [CO2−

3 ]. Hector accurately captures the decline
in pH compared to CMIP5 and observations from BATS, HOT, ESTOC, Irminger Sea,25

Iceland Sea, and Flinders Reef (Fig. 4). Since the pre-industrial, surface ocean pH de-
creased by 0.08 units, corresponding to a 24 % increase in [H+] concentrations and
an 8 % decrease in [CO2−

3 ]. This is in close agreement with numerous studies (Feely
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et al., 2004; Sabine et al., 2004; Caldeira et al., 2003; Orr et al., 2005) that estimate
an average global decrease in pH of 0.1 or a 30 % increase in H+. The Flinder’s Reef
pH record provides a natural baseline to compare future trends in ocean acidifica-
tion. While we don’t expect to match exactly, as this reef site is heavily influenced by
coastal dynamics, internal variability, and upwelling, rates of change from the prein-5

dustrial (1750) to 1988 are the same (0.0002 yr−1) for both Hector and Flinder’s Reef
(Table 5). Over the limited observational record from both the Pacific and Atlantic
Oceans (1992–2006), Hector accurately simulates the change in pH (−0.0015 yr−1)
compared to BATS (−0.0018 yr−1), HOT (−0.0014 yr−1), ESTOC (−0.0017 yr−1) and
CMIP5 (−0.0017 yr−1). More observations in the North Pacific show surface changes10

of pH of up to 0.06 units between 1991 and 2006 with an average rate of −0.0017 yr−1

(Byrne et al., 2010). Rates of change in high latitude pH over the same time period
are −0.0018 yr−1 for Hector and CMIP5. Under RCP 8.5, Hector projects a decrease
of over 0.40 units to 7.77 from 1850 to 2100 and by over 0.6 units to 7.5 by 2300 in low
latitude ocean pH, similar to CMIP5 (Table 5) and findings from intermediate complexity15

models (Montenegro et al., 2007). At approximately 2050, atmospheric [CO2] is double
the pre-industrial concentrations, corresponding to a 0.20 pH decrease to 7.96. Shortly
after this doubling, pH values are well outside the lowest observed natural variability
found in Flinder’s Reef.

Aragonite and calcite are forms of biogenic calcium carbonate. Formaninferia and20

coccolithophorids are composed of calcite the less soluble form of biogenic calcium
carbonate, while corals and pteropods are composed of aragonite. Hector accurately
simulates the decline in saturations (ΩAr and ΩCa) from 1850–2300 under RCP8.5 to
CMIP5 and observations (Fig. 5). Since the preindustrial, surface low (high) latitude
ΩAr decreased by 0.4 (0.3) units, with similar rates for CMIP5. Rates of change over25

a 14 year period for Hector (−0.007 yr−1) agree well with CMIP5 (−0.006 yr−1) and
HOT (−0.010 yr−1). Repeat oceanographic surveys in the Pacific Ocean observed an
average 0.34 % yr−1 decrease in the saturation state of surface seawater with respect
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to aragonite and calcite over a 14 year period (1991–2005) (Feely et al., 2012), while
the average decrease in Hector is between 19 and 25 %.

Saturations Of both Ar and Ca decrease rapidly over the next 100 years in both the
high and low latitude. Hector accurately captures the decline in saturations with low
RMSE values for both ΩAr (0.027) and ΩCa (0.012). Under RCP8.5 Hector projects5

that low latitude ΩAr will decrease by 1.85 units to 2.21 by 2100 and by 2.6 units
to 1.42 by 2300. For low latitude ΩCa, Hector projects low latitude ΩCa decrease by
2.88 units to 3.34 by 2100 and by over 4.09 units to 2.31 by 2300. A lowering of ΩAr
from approximately 4 to 3 is predicated to lead to significant reductions in calcification
rates in tropical reefs (Kleypas et al., 1999; Silverman et al., 2009). In agreement with10

Roy et al. (2015) and Ricke et al. (2013) by the end of the 21st century (2072 under
RCP8.5) Hector projects that the low latitude oceans ΩAr will drop below 3, well out-
side of the preindustrial values of ΩAr > 3.5 and the ΩCa high latitude will drop below
2. While at the end of the 21st Century, the oceans are not undersaturated (Ω < 1),
the threshold for biogenic carbonate precipitation is species dependent and can be15

significantly higher than 1 when combined with other factors. For example, some coral
reef communities need to develop in waters that have ΩAr > 3.3 (Pelejero et al., 2010;
Hoegh-Guldberg et al., 2007; Kleypas et al., 1999). The lowest observed ΩAr found in
individual coral reef ecosystems was ΩAr = 2.85 (Shamberger et al., 2011).

Figure 7 highlights the relationship between surface temperature change and surface20

carbonate chemistry changes across the 4 RCPs. Under RCP 8.5, for every one degree
of surface warming surface in Hector (CMIP5), pH declines by 0.107 (0.122) units
(change relative to 1990–1999 plotted over 2006–2100). This is similar to Bopp et al.,
who calculated a global change of 0.125 units ◦C−1 across the CMIP5 models. Under
RCP 8.5, for every one degree of surface warming surface in Hector (CMIP5), aragonite25

saturation declines by 0.438 (0.432) units. For calcite saturations (not shown), for every
one degree of surface warming in Hector (CMIP5), calcite saturations decrease by
0.681 (0.673) units. Our high latitude ocean box warms faster than the rest of the
world’s oceans, therefore, we chose to combine both the high and low latitude oceans
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into one global value, also making it easier to compare to Bopp et al. (2013). This is an
area of future research to better emulate the high latitude surface ocean temperature.

Lastly, Fig. 8 highlights pH and ΩAr projections under all four RCPs from 1850 to
2300. Over the last 20 years both pH and ΩAr have declined sharply and will continue
to rapidly decline under RCP 4.5, 6.0 and 8.5.5

6 Conclusions

We developed a simple, open-source, object oriented carbon cycle climate model, Hec-
tor, that reliably reproduces the median of the CMIP5 climate variables (Hartin et al.,
2015). The ocean component presented in this study, directly calculates the upper
ocean carbonate system (pCO2, DIC, pH, ΩAr, ΩCa). Under all four RCPs, pH, ΩAr,10

and ΩCa decrease significantly outside of their preindustrial values. In the near future
the open ocean and coral reef communities are likely to experience pH and carbon-
ate saturation levels that are unprecedented in the potentially the last 2 million years
(Hönisch et al., 2009). Even at a best case scenario, RCP 2.6 (Fig. 8), pH will drop to
7.73 by 2100 and to 7.43 by 2300. This may result in drastic changes to marine ecosys-15

tems in particular the CaCO−3 secreting organism. For example, the rate of coral reef
building decreases, calcification rates of planktonic cocolithophores and foraminifera
decreases, changes in trophic level interactions and ecosystems, have all been pro-
posed to be potential consequences of ocean acidification (Cooley and Doney, 2009;
Silverman et al., 2009; Fabry et al., 2008; Riebesell et al., 2000).20

Organic carbon, CaCO3 sediment interactions, and changes in ocean circulation are
not currently simulated within Hector. We assume negligible CaCO3 interactions on
hundred year time scales; however, this is a necessary component under interglacial
and glacial cycles. We neglect any climate feedbacks on the carbon cycle resulting
from changes in ocean circulation. CMIP5 models show up to a 60 % decrease in the25

Atlantic meridional overturning circulation by 2100 (Cheng et al., 2013). While this may
have a significant impact on the uptake and transport of carbon, in Hector v1.1, we
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hold ocean circulation constant with time and accurately simulate global variables out
to 2100 with a slight bias after 2100. We also note that other factors such as eutroph-
ication, river discharge, and upwelling will likely increase the probability that coastal
regions will experience the effects of ocean acidification sooner than the projected
open ocean values in Hector (Ekstrom et al., 2015).5

This study is timely because the CMIP5 archive, includes a large suite of ESMs
that contained dynamic biogeochemistry, allowing us to study future projections of the
marine carbon cycle. Rather than running the earth system models, we can use Hector
to quickly emulate the CMIP5 median for projection studies under different emission
pathways and uncertainty analyses of the marine carbonate system. Due to Hector’s10

simplistic nature and fast execution times, Hector has the potential to be a critical tool
to the decision-making, scientific, and integrated assessment communities, allowing for
further understanding of future changes to the marine carbonate system.

Appendix: Carbonate Chemistry

Modified from Zeebe and Wolf-Gladrow (2001)15

DIC∗
(
K1

[H+]
+2

K1K2

[H+]2

)
=
(

TA−
KBBT

KB + [H+]
−
KW

[H+]
+ [H+]

)
∗
(

1+
K1

[H+]
+
K1K2

[H+]2

)
(A1)

This equation results in a higher order polynomial equation for H+, in which the roots
(1 positive, 4 negative) are solved for. Once H+ is solved for, pH, pCO2, HCO−3 , and

CO2−
3 can be determined.

[
CO∗2

]
=

DIC(
1+ K1

[H+] +
K1K2

[H+]2

) (A2)20

pCO2 =

[
CO∗2

]
KH

(A3)

19283

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/19269/2015/bgd-12-19269-2015-print.pdf
http://www.biogeosciences-discuss.net/12/19269/2015/bgd-12-19269-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 19269–19305, 2015

Projections of ocean
acidification over the
next three centuries

C. A. Hartin et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

[HCO−3 ] =
DIC(

1+ [H+]
K1

+ K2
[H+]

) (A4)

[CO2−
3 ] =

DIC(
1+ [H+]

K2
+ [H+]2

K1K2

) (A5)

K1 =

[
H+][HCO−3

]
[CO2]

(A6)

K2 =

[
H+][CO2−

3

]
[
HCO−3

] (A7)

K1 and K2 are the first and second acidity constants of carbonic acid from Mehrbach5

et al. (1973) and refit by Lueker et al. (2000).

KB =

[
H+][B(OH)−4

]
[B(OH)3]

(A8)

KB is the dissociation constant of boric acid from DOE (1994).

KW =

[
H+][

OH−
] (A9)

KW is the dissociation constant of water from Millero (1995).10

Ksp =
[
Ca2+

]
∗
[
CO2−

3

]
(A10)

Ksp of aragonite and calcite is calculated from Mucci, (1983).
For those equations with multiple coefficients please see the references listed below.
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1. KH and K0 are similar equations calculating Henry’s constant or the solubility of
CO2, however they return different units (mol kg−1 atm−1 and mol L−1 atm−1) (see
Weiss, 1974 for equations and coefficients). KH is used to solve pCO2 while K0 is
used to solve air–sea fluxes of CO2.

2. The Schmidt number is taken from Wanninkhof (1992) for coefficients of CO2 in5

seawater.

Ca (molkg−1) is calculated from Riley and Rongudai (1967)
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Table 1. Description and values of ocean parameters constant in Hector.

Model Parameter Description Value Value

ocean_area Area of ocean 3.6×10−14 m2 Knox and McElroy (1984)
part_high Fractional area of HL 0.15 Sarmiento and Toggweiler (1984)
part_low Fractional area of LL 0.85 Sarmiento and Toggweiler (1984)
thick_HL thick_LL Thickness of surface ocean 100 m Knox and McElroy (1984)
thick_inter Thickness of intermediate ocean 900 m
thick_deep Thickness of deep ocean 2677 m Total depth 3777 m
HL_volume Volume of HL 5.4×10−15 m3

LL_volume Volume of LL 3.06×10−16 m3

I_volume Volume of IO 3.24×10−17 m3

D_volume Volume of DO 9.64×10−17 m3

As Surface Area of HL 5.4×10−13 m2

As Surface Area of LL 3.06×10−14 m2

S Salinity HL and LL 34.5
U Wind speed HL and LL 6.7 ms−1
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Table 2. Initial model conditions prior to the spinup phase. Carbon values change slightly after
spinning up to a steady state.

Model Parameter Description Initial Value Notes

THL Temperature of high latitude surface ocean box 2 ◦C Lenton (2000)
TLL Temperature of low latitude surface ocean box 22 ◦C Lenton (2000)
CHL High Latitude carbon 140 Pg C Lenton (2000)
CLL Low Latitude carbon 770 Pg C Lenton (2000)
CIO Intermediate Ocean carbon 8400 Pg C Lenton (2000)
CDO Carbon DO 26 000 Pg C Lenton (2000)

Preindustrial carbon flux HL 1.0 PgCyr−1

Preindustrial carbon flux LL −1.0 PgCyr−1

aTH High-latitude circulation 4.9e7 m3 s−1 Tuned to give ∼ 100 PgC
from surface to deep

aTT Thermohaline circulation 7.2e7 m3 s−1 Tuned to give ∼ 100 PgC
from surface to deep

aEID Water mass exchange – intermediate to deep 1.25e7 m3 s−1 Lenton (2000); Knox and
McElroy (1984)

aELI Water mass exchange – low latitude to intermediate 2.0e8 m3 s−1 Lenton (2000); Knox and
McElroy (1984)

FL Total Atmosphere–Land Carbon Flux 0 PgCyr−1

FO Total Atmosphere–Ocean Carbon Flux 0 PgCyr−1

tAlk_HL Alkalinity high latitude surface 2311.0 molkg−1 Calculated with DIC re-
sulting in preindustrial
carbon flux of 1.0 PgC

tAlk_LL Alkalinity low latitude surface 2435.0 molkg−1 Calculated with DIC re-
sulting in preindustrial
carbon flux of −1.0 PgC

t solved for after spinup and then remains constant. a represents those parameters found within the input file.

19294

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/19269/2015/bgd-12-19269-2015-print.pdf
http://www.biogeosciences-discuss.net/12/19269/2015/bgd-12-19269-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 19269–19305, 2015

Projections of ocean
acidification over the
next three centuries

C. A. Hartin et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 3. Time-series information and carbonate parameters from each location.

Time-Series Site Location Time-Series
Length

Reference Ocean Carbon
Measurements

Data Access

BATS Sargasso Sea 1988–2011 Bates (2007) TA, DIC http://www.bios.edu/research/projects/bats
HOT North Pacific 1988–2011 Dore et al. (2007) TA, DIC, pH,

pCO2, ΩAr, ΩCa

http://hahana.soest.hawaii.edu/hot/hot_jgofs.
html

ESTOC Canary Islands 1995–2009 Gonalez-Davila (2009) TA, pH, pCO2 http://www.eurosites.info/estoc.php
Iceland Sea Iceland Sea 1985–2013 Olafsson (2007a) DIC, pCO2 http://cdiac.ornl.gov/oceans/Moorings/

Iceland_Sea.html
Irminger Sea Irminger Sea 1983–2013 Olafsson (2007b) DIC, pCO2 http://cdiac.ornl.gov/oceans/Moorings/

Irminger_Sea.html
Flinders Reef Coral Sea 1708–1988 Pelejero et al. (2005) pH, ΩAr ftp://ftp.ncdc.noaa.gov/pub/data/paleo/coral/

west_pacific/great_barrier/flinders2005.txt
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Table 4. CMIP5 ESM models used in this study, containing ocean carbonate parameters. Note,
not all variables are reported for each model under all scenarios.

Model Model Name Institute

CanESM2 Second Generation Canadian Earth System
Model

Canadian Center for Climate Modeling and Analysis,
BC, Canada

CESM1-BGC Community Earth System Model version 1,
Biogeochemistry

The National Center for Atmospheric Research and
University Corporation for Atmospheric Research,
United States

CNRM-CM5 National Center for Meteorological Research
Climate Model version 5

National Centre for Meteorological Research and Cen-
tre Européen de Recherche et de Formation Avancée,
Toulouse, France

GFDL-ESM2G Geophysical Fluid Dynamic Laboratory Earth
System Model with GOLD ocean component

Geophysical Fluid Dynamics Laboratory, United States

GFDL-ESM2M Geophysical Fluid Dynamic Laboratory Earth
System Model with MOM ocean component

Geophysical Fluid Dynamics Laboratory, United States

HadGEM2-CC Hadley Centre Global Environmental Model,
version 2 (Carbon Cycle)

Met Office Hadley Centre, UK

HadGEM2-ES Hadley Centre Global Environmental Model,
version 2 (Earth System)

Met Office Hadley Centre, UK

IPSL-CM5A-LR L’Institut Pierre-Simon Laplace Coupled
Model, version 5A, low resolution

Institut Pierre Simon Laplace, France

IPSL-CM5A-MR L’Institut Pierre-Simon Laplace Coupled
Model, version 5A, medium resolution

Institut Pierre Simon Laplace, France

IPSL-CM5B-LR L’Institut Pierre-Simon Laplace Coupled
Model, version 5A, new atmospherical physic
at low resolution

Institut Pierre Simon Laplace, France

MIROC-ESM Model for Interdisciplinary Research on Cli-
mate, Earth System Model

Atmosphere and Ocean Research Institute (The Uni-
versity of Tokyo), National Institute for Environmental
Studies, and Japan Agency for Marine-Earth Science
and Technology

MIROC-ESM-CHEM Model for Interdisciplinary Research on Cli-
mate, Earth System Model, with atmospheric
chemistry model

Atmosphere and Ocean Research Institute (The Uni-
versity of Tokyo), National Institute for Environmental
Studies, and Japan Agency for Marine-Earth Science
and Technology

MPI-ESM-LR Max Planck Institute Earth System Model, low
resolution

Max Planck Institute for Meteorology, Germany

MPI-ESM-MR Max Planck Institute Earth System Model,
medium resolution

Max Planck Institute for Meteorology, Germany

NorESM1-ME Norwegian Earth System Model, version 1, in-
termediate resolution

Norwegian Climate Center, Norway
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Table 5. Absolute values and rates of change per year (∆) for the low (high) latitude surface
ocean between 1850, 2100 and 2300 under RCP 8.5 for DIC (µmolkg−1), pCO2 (µatm), pH
(unitless), ΩAr (unitless) and ΩCa (unitless).

DIC pCO2 pH ΩAr ΩAr
1850 2100 2300 1850 2100 2300 1850 2100 2300 1850 2100 2300 1850 2100 2300

Hector 2073.9
(2107.5)

2264.1
(2258.1)

2357.6
(2335.5)

294.7
(244.7)

879.6
(816.6)

1766.5
(1732.1)

8.17
(8.23)

7.77
(7.76)

7.50
(7.46)

4.06
(2.17)

2.21
(0.96)

1.42
(0.56)

6.22
(3.45)

3.34
(1.52)

2.13
(0.88)

∆ 1.27
(1.00)

0.47
(0.39)

3.90
(3.81)

4.43
(4.58)

-0.0027
(−0.0030)

−0.0014
(−0.0015)

-0.0123
(−0.0081)

−0.0040
(−0.0020)

-0.0192
(−0.0129)

−0.0061
(−0.0032)

CMIP5 2025.10
(2089.93)

2210.90
(2218.02)

2318.72
(2285.76)

292.01
(275.02)

930.87
(889.58)

1966.53
(1927.00)

8.15
(8.15)

7.73
(7.69)

7.43
(7.37)

3.56
(1.70)

1.87
(0.73)

1.21
(0.41)

5.47
(2.71)

2.84
(1.16)

1.82
(0.65)

∆ 1.24
(0.85)

0.54
(0.34)

4.26
(4.10)

5.18
(5.19)

-0.0023
(−0.0031)

−0.0015
(−0.0016)

-0.0113
(−0.0065)

−0.0033
(−0.0016)

-0.0175
(−0.0103)

−0.0051
(−0.0026)

Historical rates of change 1991–2011 (20 years )∗

DIC pCO2 pH ΩAr ΩCa
BATS 1.12 2.13 −0.0022 −0.009 −0.014
HOT 1.67 1.71 −0.0016 −0.009 −0.014
ESTOC 1.44 0.081 −0.0025 – –
Iceland Sea 1.88 1.12 −0.0012 −0.006 −0.009
Irminger Sea 1.10 1.6 −0.0023 −0.009 −0.013
Hector 0.90

(0.76)
1.80
(2.88)

−0.0018
(−0.0021)

−0.009
(−0.007)

−0.014
(−0.010)

CMIP5 1.59
(2.46)

1.76
(1.45)

−0.0017
(−0.0028)

−0.0073
(−0.0054)

−0.011
(−0.0089)

Common year range across all variables for BATS, HOT, Iceland and Irminger. ESTOC is from 1995–2002
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Figure 1. Representation of the steady state ocean carbon cycle in Hector. For details on
the terrestrial component see Hartin et al. (2015). The atmosphere consists of one well-mixed
box, connected to the surface ocean via air–sea fluxes of carbon. The ocean consists of four
boxes, with advection (represented by solid arrows) and water mass exchange (represented by
dashed arrows) simulating thermohaline circulation (see Table 2 for description of parameters).
The carbon exchange from the high latitude to deep box is initially tuned to ∼ 100 PgCyr−1. The
inorganic carbon cycle is solved for in the high and low latitude surface boxes. At steady state,
there is a flux of carbon from the atmosphere to the high latitude surface box, while the low-
latitude surface ocean releases carbon to the atmosphere. The lower left number represents
the initial carbon pools of each box in Pg C yr−1 and the lower right hand numbers are the depth
of each box in meters.
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Figure 2. Dissolved inorganic carbon (DIC) for high (top) and low latitude (bottom) surface
ocean under RCP 8.5; Hector (blue), CMIP5 median, standard deviation, and model range
(red, n = 13 (1850–2100) and n = 3 (2101–2300)); and observations from BATS (teal), ESTOC
(pink), HOT (purple), Iceland (yellow) and Irminger Sea (light pink). Note a doubling of CO2,
from preindustrial values occurs around 2050.
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Figure 3. pCO2 for high (top) and low latitude (bottom) surface ocean under RCP 8.5; Hec-
tor (blue), CMIP5 median, standard deviation, and model range (red, n =10 (1850–2100) and
n = 2 (2101–2300)); and observations from BATS (teal), HOT (purple), ESTOC (pink), Iceland
(yellow) and Irminger Sea (light pink).
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Figure 4. pH for high (top) and low latitude (bottom) surface ocean under RCP 8.5; Hector
(blue), CMIP5 median, standard deviation, and model range (red, n = 12 (1850–2100) and
n = 2 (2101–2300)); and observations from BATS (teal), ESTOC (pink), HOT (purple) Flinder’s
Reef (green), Iceland (yellow) and Irminger Sea (light pink).
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Figure 5. Aragonite saturation (ΩAr) for high (top) and low latitude (bottom) surface ocean
under RCP 8.5; Hector (blue), CMIP5 median, standard deviation, and model range (red, n = 11
(1850–2100) and n = 3 (2101–2300)); and observations from BATS (teal), HOT (purple) and
Flinder’s Reef (green).
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Figure 6. Calcite saturation (ΩCa) for high (top) and low latitude (bottom) surface ocean un-
der RCP 8.5; Hector (blue), CMIP5 median, standard deviation, and model range (red, n = 11
(1850–2100) and n = 3 (2101–2300)); and observations from BATS (teal), HOT (purple), Ice-
land (yellow) and Irminger Sea (light pink).
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Figure 7. Relationships between the global mean change in surface pH and surface aragonite
saturation, and sea surface temperature change (◦C) for all scenarios. These changes are
relative to 1990–1999 and plotted over 2006–2100.
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Figure 8. Low latitude aragonite saturation (ΩAr) and pH time series for Hector from 1850–
2300 for RCP 2.6 (red), RCP 4.5 (green), RCP 6.0 (teal) and RCP 8.5 (purple). Note that even
under a strongly mitigated scenario (RCP 2.6), both ΩAr and pH at 2300 are still lower than
preindustrial values.
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