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Anthropogenic climate change poses an unprecedented challenge to human society. Several strategies to
counteract dangerous impacts of rising global mean temperatures and ocean acidification are currently
being debated. Besides a rigorous reduction of anthropogenic carbon dioxide (CO,) emissions — the most
efficient way to stabilize the Earth’s climate — climate engineering is sometimes regarded as an alternative
way to counter the release of CO, into the atmosphere due to the combustion of fossil fuels and land use
change®. Measures have been proposed to either reduce incoming solar radiation or actively remove CO,
from the atmosphere?. By running numerical experiments until year 2200 using a coarse-resolution three-
dimensional ocean general circulation model we investigate the sequestration efficiency of ocean liming
as a climate engineering measure and its impacts on the state of the marine carbonate system and
associated ecosystem. Assuming the IPCC “business-as-usual” CO, emission scenario A1F1® between
years 2000 and 2100, our model ocean was exposed to continuous injection of limestone (CaCOs) at
different rates below the current carbonate compensation depth (CCD) between the years 2015 and 2115.
In order to achieve an effective drawdown of atmospheric mixing ratios of CO, from 1200 ppmv to 1000
ppmv by the end of our simulation, an amount of 83.33 x 10%® gram CaCOj; (corresponding to 10 x 10%°
gram C) per year must be supplied to the oceans, more than three times exceeding the worldwide present-
day output of limestone mining®. We find that ocean liming, in order to effectively counteract unabated
CO, emissions, would lead to strongly increasing pH values by up to 2.5 units in the mesopelagic zone,
entailing potentially harmful consequences for marine organisms. Due to the sluggishness of the vertical
pH profile, we thus find ocean liming not to be a feasible technique to counteract a business-as-usual CO,
emission scenario.

Introduction pCO, will continue to effect changes in ocean chemistry, as the
uptake of CO, by the oceans leads to the formation of bicarbonate
ions according to:

5o CO,+COz” + H,0 > 2HCO;

A small part of the newly formed HCOj3 decays into carbonate

(COg%) and hydrogen (H*) ions

HCO; > CO.% + H*

resulting in a lowering of the ocean’s pH value, a process referred
ss to as ocean acidification'®. In accordance with Sabine et al® the

surface oceans pH value has dropped from 8.2 to 8.1

corresponding to a 30% increase in H* ion concentration since

preindustrial times™. A continuation of this process could have

harmful consequences for marine biota'2.

s Besides the concept of reducing anthropogenic CO, emissions
as recommended by the Kyoto-protocol, a variety of climate
engineering concepts has been proposed as methods to avoid
dangerous climate change. Iron fertilization to stimulate the
marine biological carbon pump of the ocean was one of the first

es concepts aiming at an increase of the ocean’s uptake of
atmospheric C0213. However, field studies have shown that iron
fertilization might be much less efficient than expected*. One of

Since the beginning of the industrial revolution humanity has
been steadily emitting increasing amounts of greenhouse gases
into the atmosphere. The cumulative CO, emissions between
years 1850 and 2006 owing to burning of fossil fuels have been
assessed to an amount of 330 Petagram Carbon (Pg C; 1 Pg =
10" g) while changes in land use account for further 158 Pg C°.
As a consequence, global mean temperatures have risen by about
0.8 °C since the beginning of the twentieth century due to the
associated increased radiative greenhouse-gas forcing®. It has
been projected, that unbridled future emissions of CO, and other
greenhouse gases could lead to an increase of global mean
temperatures by up to 6 °C by the end of the twenty-first
century’.

Sabine et al.® have shown that the present day ocean is a sink
of atmospheric CO,, which has already taken up approximately
118 + 19 Pg C during 1800 and 1994. Currently the ocean
absorbs about 2 Pg C per year®, a process which might weaken in
the future due to increasing sea surface temperatures (SSTs) and
changes in ocean circulation®. Nonetheless, rising atmospheric
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Figure 1: Time series of anthropogenic CO, emissions in Pg C
year! (a), atmospheric partial pressure of CO, (pCO,) in patm for

so the no-liming control run (b), global mean CO, uptake by the
ocean in mol C m? year™ under different liming scenarios in the
Bering Sea (blue: 0.01 Pg C year™ equivalents of CaCOs; green
1.0 Pg C year™; red 10.0 Pg C year™) (c), atmospheric pCO,
under the different liming scenarios in the Bering Sea (blue: 0.01

ss Pg C year? equivalents of CaCOs; green: 1.0 Pg C year; red:
10.0 Pg C year?) (d), (e) the same as in (c) but for the upwelling
area off Peru, (f) the same as in (d) but for the upwelling area off
Peru

a

15

the most recent proposals for these so-called carbon-management

60 technique is accelerated weathering via the dissolution of

olivine®™® which attempts to enhance natural processes in the
warm and humid tropical land area. In the meantime, a number of
so-called solar-management techniques are being discussed. As
an example, Crutzen et al.® proposed the injection of sulphuric
acid into the stratosphere to increase the planetary albedo.
Although a stabilization of global mean temperatures to
preindustrial levels could be achieved, a number of serious
problems such as the high dependency on continuous
deployment!” and ocean acidification® remain.

In order to find a climate engineering approach to solve both
problems of anthropogenic climate change — global warming and
ocean acidification — by altering the marine biogeochemistry, Rau
and Caldeira (1999)*°, Caldeira and Rau (2000)% and Rau et al.
(2007)% proposed to add limestone to the oceans. This concept
could be regarded as an enhancement of the natural process of
carbonate dissolution resulting in increased ocean alkalinity. As a
result, this method would accelerate the oceans uptake of CO,
under a concomitant relaxation of pH values towards
preindustrial values.

Based on this concept, Harvey (2008)% suggests to sprinkle
limestone powder at rates of 4 billion t of CaCO3 per year over
the ocean surface from where it sinks towards deep waters. Since
the upper ocean is super-saturated with respect to carbonate,
dissolution of CaCO; occurs only below the carbonate
compensation depth (CCD). Harvey proposes to supply CaCO;
only to upwelling regions exhibiting a shallow position of the
calcite CCD (~500 m), guaranteeing resurfacing of carbonate
enriched water masses, which has a stronger potential to take up
atmospheric CO,. Using an ensemble of one-dimensional water
column advection-diffusion models distributed over the global
ocean domain and utilizing vertical velocities derived from
observations, the author concludes that the CaCOj3 supply of the
proposed magnitude could help to reduce the atmospheric CO,
content by up to 0.27 Gt C per year.

Here we address the feasibility of ocean liming with respect to
changes in oceanic chemistry , with direct implications for marine
ecosystems. More specifically, we investigate the amount of
limestone required to reduce the atmospheric partial pressure of
CO, (pCO,) by at least 10 per cent in year 2200 compared to
business-as-usual without liming and the effects this has on ocean
pH.

The model

In this study we employ the Potsdam version of the Modular
Ocean Model® which is based on GFDLs MOM-3%. This ocean
general circulation model (OGCM) was coupled to a state-of-the-
art sea-ice”® and carbon cycle / marine ecosystem model®. The
OGCM is driven by surface fluxes derived from an anomaly
model of the atmospheric energy-moisture balance® ?® and
utilizes the climatological NCEP/NCAR reanalysis database?’.
Its spatial resolution possesses a horizontal mesh size of
3.75°x3.75°. The vertical water column is divided into 24
unequally spaced levels with thickness increasing from 25 m at
the top to about 500 m at the bottom. An empirical

115 parameterization of bottom-enhanced vertical mixing using a
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35 Figure 2: Evolution of atmospheric pCO, levels, oceanic CO4% concentrations and pH values. (a) Time series of atmospheric pCO, levels
in patm under different liming scenarios (blue: 0.01 Pg C year™ equivalents of CaCOs; green: 1.0 Pg C year’; red: 10.0 Pg C year™). (b)

Hovmoeller plot of the time evolution of the vertical profile of CO4>

concentrations in umol/L in the water column of the Bering Sea

under the maximum liming scenario. (c) The same as in (b) but for the pH value. (d) Hovmoeller plot of the time evolution of the vertical
profile of CO;% concentrations in pmol/L in the water column off Peru under the maximum liming scenario. (€) The same as in (d) but

40 for the pH value.

vertical background diffusivity of 0.1 cm? s* was applied®,
Isopycnic mixing was fixed to a number of 1.25x107 cm? s*
s Whereas thickness diffusivity is allowed to vary between
0.275x107 and 0.55x10” cm? s*. The OGCM benefits from a
tracer advection scheme which is nearly free of spurious diffusion
and dispersion®.
The biogeochemistry sub-model is isogeochemical, i.e.
s0 weathering and exchange processes with the oceanic sediment are
neglected. The model comprises the following prognostic ocean
tracers: dissolved inorganic carbon (DIC), total Alkalinity
(ALKA), phosphate (PO,), oxygen (Oy), nitrate (NO3), silicate

(SiOH,), phytoplankton (PHY), zooplankton (ZOO), dissolved

ss organic carbon (DOC), particulate inorganic carbon (POC) and
dissolved iron (Fe) supplied by the Aeolian dust input. According
to Six and Maier-Reimer (1996)*° a constant Redfield
stoichiometry between organic carbon, nitrate, phosphate and
oxygen was assumed. The growths rates of phytoplankton have

s been parameterized as a function of photosynthetically available
radiation (PAR), temperature, mixed layer depth and the
concentrations of micro (iron) and macro (phosphate, nitrate)
nutrients, where only the scarcest nutrient available is regarded to
be the limiting factor (Liebigs law).
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Figure 3: Distribution maps of CO;* and pH. (a) Distribution of CO5* concentrations at depth of about 700 m in umol/L in year 2200
s under the maximum liming of the Bering Sea region. (b) Distribution of pH values at depth of about 700 m in umol/L in year 2200 under
the maximum liming of the Bering Sea region. (c) The same as in (a) but for the region off Peru. (d) The same as in (b) but for the region

off Peru.

Vertical sinking of POC and mineral ballast (biogenic calcite
40 and opal) below the 100 m horizon in steady-state is prescribed
by an exponential with depth declining function®®. Across the sea
surface the ocean can exchange CO, with a well-mixed
atmospheric box. The air-sea gas-exchange of CO, is
parameterized according to Wanninkhof et al. (1992)* while the
45 CO, solubility and the carbonate system equilibrium constants
were taken from Dickson et al. 1994%. A more detailed
description of our model referred to as POTSMOM-C is given in
Hofmann and Schellnhuber (2009)2.

s0 EXperimental design

Our numerical experiments cover the time frame between years

1800 and 2200. Here we utilize the atmospheric anomalies of
temperature, precipitation, relative humidity and sea level
pressure resulting from an anthropogenically forced climate
ss simulation as in Kuhlbrodt et al. (2009)** - based on the
business-as-usual emission scenario A1FI - who employed a fully
coupled Earth system model of intermediate complexity
(CLIMBER-30))*. The wind stresses were kept constant, i.e. we
only used forcing data from NCEP/NCAR? even for the transient
60 simulations.

In order to be consistent with the climate simulation by
Kuhlbrodt et al. (2009)% anthropogenic CO, was released
between years 1800 and 2000 into the atmospheric box at rates
inferred from reconstructions®, while during 2001 and 2100

65 emission rates provided by the IPCC’s SRES AIFI scenario®
were utilized. During subsequent years we assume a linear
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Figure 4: Air to sea flux of CO, in mol C m? year? in year 2000 (a), and year 2200 (b) under maximum liming of the Bering Sea. (c)

depicts the isolated contribution of liming to the air-sea CO, flux.

s decline of emission rates to zero until year 2200. This
corresponds to an emission of anthropogenic CO, of 4075 Pg C
in total.

We have conducted two series of three model runs assuming
an annual supply of 0.083, 8.333, and 83.333 Pg CaCO,

10 corresponding to 0.01, 1.0, and 10.0 Pg C respectively during
years 2015 until 2115 at two different upwelling regions in the
Pacific Ocean located near coastal areas. Sites were chosen to
mimic potential advantages to technical deployment which were
associated with proximity to land and upwelling regions. The first

1s location chosen was the Bering Sea (172.5° W, 56.25° N) and the

second site the upwelling region in the Equatorial East Pacific off
Peru (83.75° W, 0°). In our simulations we did not apply a
sophisticated model of vertical particle sinking and dissolution as
in the study by Harvey (2008)?2. Although it must be regarded as
0a caveat, we mimic optimal supply of limestone by a
corresponding input of DIC and total alkalinity at a fixed depth of
700 m, assuming immediate dissolution of limestone. Each mole
of dissolving CaCOj increases the DIC content by one mole and
the total alkalinity by two units®, which results in a
2 corresponding increase in the concentrations of COz* and an
increase in the pH value. It is important to note that, in contrast to
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the model by Harvey (2008)?* which only simulates vertical
transport in the water column, POTSMOM-C allows to simulate
the full three dimensional transport of any tracer.

Results and discussion

In steady-state, after a model spin-up over more than 6000 years,
the atmospheric pCO, level equilibrates at about 282 patm while
net primary production of phytoplankton and export production
of POC amounts to about 43.0 and 8.6 Pg C year™ respectively,
values comparable to observational estimates®® 3" ®. This initial
state defines the models preindustrial climatological state in the
year 1800.

Unbridled anthropogenic CO, emissions in the untreated case
(without liming), following the scenario prescribed above (see
Fig. 1a) lead to steadily increasing atmospheric pCO, levels
which grow to a maximum of 1750 patm in year 2200 (see Fig. 1
b). Global mean sea surface temperatures are projected to
increase by 7.9 °C with a concomitant decline in the sea surface
pH value by approximately 0.7 units until year 2200.

Liming of the Bering Sea and the upwelling region off Peru
between years 2015 and 2115 with rates given above leads to
measurable results in atmospheric pCO, drawdown only in case
of the supply of an equivalent of 10 Gt C year™. As found in our
numerical experiments, a lesser rate of limestone input would
hardly offset unabated future anthropogenic CO, emissions (see
Fig. 1d). For liming rates of equivalents of 0.01, and 1.0 Gt C
year! the atmospheric pCO, drawdown reveals only values of
less than 10 patm at the end of our simulation. In case of a
maximum liming, the atmospheric pCO, level would be reduced
by approximately 100 patm in year 2200 compared to the
untreated case.

Since the extra CO4> ions released by liming are added in the
mesopelagic zone at depths of about 700 m, there is a time
retardation between the moment of the first CaCO; supply and
the beginning of the uptake of extra CO, by the ocean. In order to
take effect the CO4> enriched water masses need to be upwelled
to the sea surface. As can be inferred from Figure 1 c, a
recognizable CO, uptake by the ocean starts only several decades
after year 2015.

From the Hovmoeller diagram (Figure 2 a and c¢) depicting the
time evolution of the CO,% concentrations within the water
column at sites of limestone addition it becomes clear that an
appreciable amount of CO4* enriched water resurfaces not before
year 2100. Our simulation also reveals that most of the extra
CO4% is transported laterally by advection and diffusion away
from the input (and upwelling) location (Fig. 3 a and c), strongly
weakening, the expected effect of atmospheric pCO, drawdown
at the sea surface.

Figure 4 illustrates the impact of liming on the air to sea flux
of atmospheric CO, in the Bering Sea. While the sea surface
CO3* concentration between years 2015 and 2115 increases the
average carbon flux is enlarging from about zero to 20 mol C m
year (Fig. 4a and b).

In order to crudely assess the efficiency of the method, the
theoretical assumption could be made that one mole of CaCO;
can take up one mole of CO, when diluting in water. However,
because of the buffering properties of the ocean carbonate system
this number must be multiplied by 0.6 under present day
conditions®. From this, a cumulative limestone dissolution of an
equivalent of 1000 Gt C could lead to a maximum carbon uptake
from the atmosphere of about 600 Gt C, corresponding to
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approximately 280 patm reduction in pCO,. Since most of the
extra CO;” remains in the deep ocean, the efficiency of this
method is even lower. Our model simulation results in only one
third (about 100 patm) of the expected atmospheric pCO,
reduction.

The most important and presumably most dangerous side
effect of reducing the atmospheric pCO, from 1750 to 1650 patm
is a tremendous increase in the oceans pH values at intermediate
depth (see Fig. 2c and e). The accumulation of carbonate ions at
the liming sites entails an increase of pH values from 7.8 in year
2000 to 10.0 in year 2115. Moreover, water masses carrying
elevated pH values will spread across the whole basin of the
Pacific Ocean (see Fig. 3 b and d) potentially threatening the
health and life of all marine organisms. Responses of calcifying
organisms to changes in ocean pH have been subject to
investigation in recent years (e.g.*> *') and proposals to sequester
CO, in the deep ocean have motivated a broadening of the scope
onto other marine organisms (e.g.*2**44). Still, no data exists for
gelatinous zooplankton®. Portner et al. (2004)* report acute
sensitivity to decreases in pH in pelagic squid and higher
tolerance in fish, due to species-specific capacity in extracellular
acid-base regulation. Probably owing to the absence of such
regulatory mechanisms, copepods exhibit increasing mortality
rates with longer exposure period, although deep-living species
appear to be more tolerant*. Thus, although little is still known
about responses of many important taxa®®, extracellular acid-base
regulation capacity has been suggested to determine species-
specific sensitivities to changes in pH, and is further hypothesized
to depend on the mode of life and habitat, with hypometabolic
organisms (typically of the deep sea) exhibiting highest
sensitivity*’. Observations indicate that these compensatory
mechanisms are associated with changes in energy use and
allocation and thus imply potentially harmful long-term
consequences for growth and reproduction on species, population
and ecosystems levels®,

To date, most experiments have focussed on physiological
responses to increases in pCO, and decreases in pH values. While
growth rates of various marine phytoplankton species have been
shown to be limited by CO, availability under elevated pH
values®, to our knowledge virtually no information on
sensitivities of mesopelagic taxa to increases in pH is available. It
is however plausible to hypothesize similar responses as
mentioned above, because acid-base regulation functions as a
compensatory mechanism to changes in extracorporeal in relation
to intracorporeal pH-levels.

However, this hypothesis represents as an optimistic best case.
Increases in pH at rates associated with anthropogenically liming
the ocean significantly exceed rates recorded in Earth history®. It
is therefore unlikely that the evolutionarily developed adaptive
processes of acid-base regulation will respond efficiently to a
rapid rise of pH-values and enable marine organisms to adapt,
even at high energy costs. Furthermore, differing sensitivities and
mobility would further affect food availability, resulting in
impacts on food-web interactions and ecosystem structure.
Steadily increasing temperatures will continue to add another
stressor to marine organisms, potentially further increasing
sensitivity to pH changes®2.

Conclusions

Our study reveals that an input to the oceans localized in the
Bering Sea and the upwelling area off Peru of 83.33 Pg CaCO;
(10 Pg C) per year between 2015 and 2115 would be necessary to

reduce the atmospheric pCO, level from 1750 to 1650 patm by
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year 2200. This amount exceeds the worldwide production of
lime stone in year 2006 by more than a factor of 3. In contrast to
the study by Harvey (2008)", in our model lateral advection and
isopycnal diffusion transports the extra carbonate ions rapidly
s away from the injection site, greatly diminishing the efficiency of
CO, drawdown. As a result, carbonate enriched intermediate
waters resurface approximately 50 to 100 years after injection.
Furthermore, addition of carbonate ions via dissolving

limestone that would result in drawdown of pCO, of 100 patm

10 would increase the pH value at the injection site by up to 2.5
units. Environmental impacts thereof are unknown. However, as
marine organisms are not evolutionary adapted to rates of
changes similar to rates associated with anthropologically liming
the ocean, impacts are likely to be severe and potentially

15 outweigh avoided impacts of climate change. Liming the ocean is
thus not a feasible climate engineering option.
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