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It is now widely recognized that in order to reach the target of limiting global warming
to well below 2°C above pre-industrial levels (as the objective of the Paris agreement),
cutting the carbon emissions even at an unprecedented pace will not be sufficient,
but there is the need for development and implementation of active Carbon Dioxide
Removal (CDR) strategies. Among the CDR strategies that currently exist, relatively
few studies have assessed the mitigation capacity of ocean-based Negative Emission
Technologies (NET) and the feasibility of their implementation on a larger scale to support
efficient implementation strategies of CDR. This study investigates the case of ocean
alkalinization, which has the additional potential of contrasting the ongoing acidification
resulting from increased uptake of atmospheric CO» by the seas. More specifically, we
present an analysis of marine alkalinization applied to the Mediterranean Sea taking
into consideration the regional characteristics of the basin. Rather than using idealized
spatially homogenous scenarios of alkalinization as done in previous studies, which are
practically hard to implement, we use a set of numerical simulations of alkalinization
based on current shipping routes to quantitatively assess the alkalinization efficiency via
a coupled physical-biogeochemical model (NEMO-BFM) for the Mediterranean Sea at
1/16° horizontal resolution (~6 km) under an RCP4.5 scenario over the next decades.
Simulations suggest the potential of nearly doubling the carbon-dioxide uptake rate
of the Mediterranean Sea after 30 years of alkalinization, and of neutralizing the mean
surface acidification trend of the baseline scenario without alkalinization over the same
time span. These levels are achieved via two different alkalinization strategies that are
technically feasible using the current network of cargo and tanker ships: a first approach
applying annual discharge of 200 Mt Ca(OH)» constant over the alkalinization period and
a second approach with gradually increasing discharge proportional to the surface pH
trend of the baseline scenario, reaching similar amounts of annual discharge by the end
of the alkalinization period. We demonstrate that the latter approach allows to stabilize
the mean surface pH at present day values and substantially increase the potential to
counteract acidification relative to the alkalinity added, while the carbon uptake efficiency
(mole of CO» absorbed by the ocean per mole of alkalinity added) is only marginally
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reduced. Nevertheless, significant local alterations of the surface pH persist, calling for
an investigation of the physiological and ecological implications of the extent of these
alterations to the carbonate system in the short to medium term in order to support a
safe, sustainable application of this CDR implementation.

Keywords: climate change mitigation, ocean acidification, ocean alkalinization, Mediterranean sea, carbon dioxide
removal, negative emission technologies, regional ocean model

1. INTRODUCTION

The Paris agreement of 2015 has set a cornerstone in
international climate policy by defining the goal of limiting
global warming to well below 2°C, a goal that is driven by the
necessity to avoid irreversible change and to restrain intolerable
risks to humanity, and supported by the feasibility to achieve
this goal and by its simplicity as a tangible target bridging the
communication gap between science and policy (Schellnhuber
et al., 2016). It is widely accepted that to achieve this goal,
it will not be sufficient to limit CO, emissions, but it will
require the implementation of active CO, removal from the
atmosphere (CDR) via negative emission technologies (NETs)
(IPCC, 2018), as confirmed by the most recent generation
of climate model projections within the CMIP6 initiative
(Tokarska et al., 2020). Several candidates of NETs have been
discussed in the past. Williamson (2016) has underlined that
the requirement of the implementation of NETs to reach the
goals of the Paris agreement calls for a broad assessment of
the viability of CDR and demands urgent action. While some
studies have emerged that assess NETs in theoretical, idealized
experiments (e.g., Keller et al., 2014), high-level reports of various
international bodies have identified the gap in current knowledge
between these scientific intellectual exercises investigating the
potential of a given NET and the feasibility of their practical
implementation (Renforth and Wilcox, 2020). The ocean plays
a particular role in the climate system acting as significant
sink of atmospheric heat and CO, due to its greater heat
capacity, solubility, and inertia. Recent estimates suggest that the
ocean has taken up more than 90% of the excess heat in the
climate system since 1970 and 20-30% of anthropogenic carbon
since the 1980s (IPCC, 2019; von Schuckmann et al., 2020).
This has caused the additional hazard of ocean acidification
lowering the average pH of the ocean surface by approximately
0.017-0.027 units per decade. The pH alteration of ocean
seawater since the pre-industrial period, that is unprecedented
in the last 65 million years (Hoegh-Guldberg et al., 2018),
has significant implications for marine organisms affecting
their metabolic regulation and capability to form calcium
carbonate (Kroeker et al., 2013), destabilizing the ecosystem and
ultimately threatening vital ecosystem services (Gattuso et al.,
2015).

Among the ocean-based NETs, artificial ocean alkalinization
via the dissolution of Ca(OH),, known in short as ocean
liming, has attracted attention due to its capability of
contemporarily addressing two issues: global warming
via increased uptake of CO, and ocean acidification. The
principle behind ocean liming is based on the dissociation

of calcium hydroxide and carbon-dioxide to calcium ions
and bicarbonate:

Ca(OH), + 2CO, <= Ca** +2HCO; . (1)

Hence, per mole of added slaked lime this reaction in principle
consumes two moles of aqueous CO; increasing the alkalinity
of the water body by two mole equivalents. It should be
noted however, that this consumption of aqueous CO; does
not correspond directly to a removal of atmospheric CO,
which instead depends on the difference in partial pressure of
CO; between sea and atmosphere at the water surface. The
concentrations of dissolved inorganic carbon species within
the carbonate system resulting from the reactions above adjust
to a new equilibrium state depending on the environmental
conditions in place (Zeebe and Wolf-Gladrow, 2001) and part
of the added alkalinity is removed from the surface through
advective, diffusive processes, and convection. The combination
of these processes, along with the local temperature, salinity, and
pressure, ultimately determine the partial pressure of CO; in
the seawater and its pH. Furthermore, the production of slaked
lime itself generates a considerable amount of CO, (Renforth
et al,, 2013). Even if the generated carbon-dioxide is generally
of high purity and therefore feasible for geological storage, this
underpins the requirement of CO; and cost-efficient technologies
to provide slaked lime. In response to this challenge, Caserini
et al. (2019) have proposed a combination of ocean liming, CO,
storage and commercial industrial technologies producing H;
as a by-product, that significantly improves the efficiency and
reduces the cost of the overall process, but ultimately any full-
scale implementation will need to be carefully balanced against
the projected cost of CO, emissions.

Several studies have investigated the mitigation potential
of ocean liming applications at the global scales via model
projections of theoretical alkalinization scenarios following
different strategies. Ilyina et al. (2013) used a global ocean
biogeochemistry model to project a suite of scenarios with
alkalinization levels applied homogeneously over areas of
varying extend proportional to anthropogenic CO, emissions,
corresponding to about 2.4 Pmol/y of alkalinity (approximately
89 Pg Ca(OH),/y) in the initial phase of the experiment, based
on a scenario of rapid growth supported by intermediate use
of fossil energy sources (SRES A1B). In their conclusions the
authors indicate that a 2:1 molar ratio of added alkalinity per
emitted CO, applied over a large area is required to fully
counteract the decrease in mean global surface ocean pH, leading
however to local conditions in the carbonate chemistry that
exceed significantly from the range of natural variability. Keller
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et al. (2014) projected in an Earth System Model a scenario of
alkalinity discharge at 10 Pg Ca(OH),/y uniform in space and
time corresponding roughly to the maximum carrying capacity
of large cargo and tanker ships against an RCP8.5 baseline
scenario, finding that even at this scale the potential in terms
of mitigating atmospheric CO, levels and consequently global
warming are marginal. Lenton et al. (2018) implemented a
similar scenario with a global annual discharge of 0.25 Pmol/y
(~9.3 Pg Ca(OH),/y), but based on two opposing baselines of
unmitigated (RCP8.5) vs. strongly mitigated (RCP2.6) climate
change, revealing a significantly higher relative efficiency at lower
emissions. In addition they showed a low sensitivity of the
process when applied to large latitudinal bands or in different
seasons with respect to a spatial and temporal homogeneous
application of alkalinization. Gonzalez and Ilyina (2016)
constructed an alkalinization scenario based on a RCP8.5 with
gradually increasing alkalinity additions calibrated to reach the
atmospheric CO, levels of a corresponding RCP4.5 projection,
concluding that 114 Pmol would be required to achieve the goal
over the period from 2018 to 2100, at the price of unprecedented
ocean biogeochemistry perturbations with unknown ecological
consequences. None of these works however considered the
practicalities of an actual large-scale implementation of ocean
liming or investigated the relative efficiencies and sensitivities of
different strategies with respect to the oceanic uptake of CO, and
the mitigation of ocean acidification.

Here we propose a quantitative study of the potential of
a practical, regional implementation of ocean liming to the
Mediterranean Sea based on the existing network of tankers
and cargo ships. The regional application of ocean liming to
the Mediterranean Sea is supported by two factors: its wide
coverage through existing shipping routes across the basin
and its physical and biogeochemical characteristics. In fact, its
strategic location enclosed by three continents and providing
a short-cut connecting two ocean basins via the Suez channel
results in a dense network of shipping traffic (see section
2). Such commercial routes provide an opportunity for the
implementation of ocean liming using existing traffic as vehicle
to distribute lime across the basin with very limited additional
cost due to increased load ballast.

At the same time the physical characteristics of the semi-
enclosed basin with only a small opening at the Gibraltar
Straight strongly dominated by surface inflow, and with strong
major currents leading to wide circulation patterns with small
overturning cells at the Northern parts of the two sub-basins
(Millot and Taupier-Letage, 2005; Pinardi et al., 2019) lead
to an efficient distribution of discharged lime across the area
limiting uncontrolled dispersal into confining waters. Moreover,
the region represents an area of accumulation of anthropogenic
carbon uptake (IPCC, 2013; Khatiwala et al, 2013; Palmiéri
et al, 2015) and is generally recognized as a hotspot of climate
change (Giorgi, 2006; UNEP/MAP, 2017) showing clear trends
of warming and acidification across virtually the entire basin
(MedSea, 2014; Lacoue-Labarthe et al., 2016; Soto-Navarro
et al., 2020), which are nevertheless subject to high regional
variability depending on physical (stratification, overturning)
and biogeochemical features (productivity, alkalinity).

Alkalinization in the Mediterranean Sea is assessed in this
study following two different approaches of lime discharge: a
constant annual discharge and a time-varying approach based
on the acidification trend of the basin without alkalinization.
This strategy allows us to assess the evolution of the system
for each individual approach and compare their respective
potentials in mitigating the atmospheric CO, increases and the
ocean acidification.

2. METHODS

The model simulations performed in this study are ocean-only
experiments of a regional marine biogeochemical model system
with concentration driven atmospheric boundary conditions
of CO;. It should be noted that this approach does not
include feedback processes of the marine carbonate chemistry
with the atmospheric concentrations, which is nevertheless
justifiable in this context as the increase of the carbon sink
due to alkalinization across the Mediterranean Sea emerging
from this study is expected to be small compared to the
global atmospheric carbon reservoir (approximately 800 GtC,
Friedlingstein et al., 2019) and due to the swift adjustment of
the atmospheric concentrations given the rapid mixing time
scales of the atmospheric dynamics. It allows for simulations of
multiple decades of different alkalinization scenarios required
for the purpose of this work at resolutions that resolve the
Mediterranean Sea dynamics, which would be unfeasible in a
fully coupled system.

2.1. NEMO-BFM Model

The model used to simulate the marine physical and
biogeochemical dynamics is composed by the general circulation
ocean model NEMO (v3.4, Madec et al, 2013) and the
Biogeochemical Flux Model (BEM v5.2, Vichi et al.,, 2020). Its
application to the Mediterranean Sea relies on a spatial grid
with a horizontal resolution of 1/16° degree (which corresponds
to about 6.5 km) and a vertical z-coordinate discretization in
72 levels, with spacing ranging from 3 m in surface layer to
350 m at the bottom. The parameterizations and numerical
schemes used to resolve the physical processes are thoroughly
described in Oddo et al. (2009), therein referred to as MFS_V2.2
configuration. With respect to previous applications of the
BFM (Lazzari et al., 2012; Cossarini et al., 2015; Visinelli et al.,
2016), the ecosystem structure setup for the present work can
be considered a light-weight implementation that accounts for
two primary producers (Diatoms and Nanoflagellates) and two
predator types (Micro- and Meso-zooplankton). A key difference
is the representation of zooplankton and bacteria functional
groups at fixed stoichiometric ratios. A total of 32 state variables
are considered in the model, including dissolved inorganic
constituents and dissolved and particulate organic matter.
The parametrization of living and nonliving functional rates
derives from Vichi et al. (2013). The carbonate system dynamics
described by the prognostic evolution of Dissolved Inorganic
Carbon (DIC) and Total Alkalinity (TA) and parameterizations
for chemical dissociation rates and gas exchanges were set in
agreement with the protocol described in Orr et al. (2017).

Frontiers in Climate | www.frontiersin.org

March 2021 | Volume 3 | Article 614537


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Butenschon et al.

Alkalinization in the Mediterranean Sea

2.2. Reference Simulation

A reference experiment was designed to reproduce the
physical and biogeochemical evolution of the Mediterranean
Sea determined by the meteoclimatic forcing representative of
present and future conditions under the RCP4.5 scenario (Moss
et al., 2010), namely for the 2000-2050 period. In contrast to
most previous works on ocean alkalinization that are based
on scenarios with comparatively high levels of greenhouse gas
concentrations (RCP8.5 or SRES A1B) we chose a scenario with
an intermediate concentration pathway as baseline to recognize
the fact that liming on its own is unlikely sufficient as a mitigation
measure against global warming (e.g., Ilyina et al., 2013; Keller
et al., 2014) and unlikely to be applied as a single strategy,
but in combination with other mitigation strategies. In fact,
a strong commitment to greenhouse gas emission reductions
has been declared within the UNFCC process (UNFCCC, 2020)
and net-zero emission targets have been declared by 823 cities,
101 regions, and 1541 companies (Data-Driven EnviroLab and
NewClimate Institute, 2020).

Physical boundary conditions were extracted from the
CMIP5 dataset of the atmosphere-ocean global circulation
model CMCC-CM (Scoccimarro et al., 2011) and consist of 6-
hourly atmospheric fields, daily fresh water discharges (rivers
and Black Sea exchange), and monthly fields of temperature,
salinity, and velocities prescribed at the open lateral boundaries
in the neighboring parts of the Atlantic ocean (see Lovato
et al, 2013 for technical details). The initial conditions
for seawater temperature, salinity, dissolved oxygen, nitrate,
phosphate, and silicate were derived from the SeaDataNet
database (http://www.seadatanet.org/), while for DIC and TA two
gridded datasets were blended in correspondence of the Gibraltar
Strait: GLODAPv2 (Olsen et al., 2016) for the Atlantic region
and the reconstructed fields of Lovato and Vichi (2015) for the
Mediterranean sea. Biogeochemical properties at the lateral open
boundaries were solved with a zero-gradient condition, as the
Atlantic region included in the model is big enough to allow for
internal adjustment of the ecosystem dynamics with minor drifts.

The terrestrial inputs of dissolved inorganic nutrients
(nitrate, phosphate, and silicate) were prescribed using monthly
climatologies corresponding to the median value over the period
1990-2009 of the estimates provided by Ludwig et al. (2010).
As terrestrial inputs influencing the carbonate system are poorly
constrained and only estimates at the subregional scale are
available (see e.g., Regnier et al., 2013), a major effort was put
in the compilation of an observational dataset of Dissolved
Inorganic Carbon and Total Alkalinity concentrations for those
Mediterranean rivers with a minimum annual water discharge of
1 km?® as given in Ludwig et al. (2009). Reference concentration
data for 66 rivers (see Supplementary Table 1) were combined
with the respective annual freshwater flows to determine DIC
and TA loads and missing concentrations were set equal to the
average values computed over the 10 coastal sub-basins defined
in Ludwig et al. (2010). Exchanges at Bosphorus Strait were set
using constant values for DIC and TA as in Cossarini et al. (2015).

The coupled model components were spun up with a stepwise
strategy by first running the physical component alone for

FIGURE 1 | Spatial distribution of annual slaked lime disposal over the
Mediterranean basin for both alkalinization scenarios based on cargo and
tanker shipping traffic. Discharge is given relative to the basin scale average, in
a logarithmic scale.

20 years and consequently using the last year to drive the
biogeochemical process in a perpetual mode until the surface
gas exchanges reached a stable condition, which occurred after
10 years. Afterwards, the reference experiment was performed
using the time varying boundary conditions and forcing fields
previously described. Alkalinization scenarios are started only 20
years within the reference experiment in order to allow for the
system to return to a fully transitional, non-equilibrium state of
air-sea fluxes. A brief comparison to reference data for present
day conditions illustrating the feasibility of model results in
the principle prognostic variables of this study is given in the
Supplementary Material (section 3).

2.3. Alkalinization Scenarios

This regional application of ocean liming to the Mediterranean
Sea explores the potential of using the existing vessel traffic as a
vehicle for lime disposal. Among the variety of vessels crossing
the basin, bulk carriers, and container ships were identified as
the best targets to perform liming operations due to their high
load capacity and the wide spatial coverage of shipping routes
(Caserini et al., 2021). The traffic associated with these two ship
classes, taken from monthly data of traffic density in the year
2017 available from the EMODnet-Human Activities Project
(EMODnet, 2019), was translated into a monthly climatological
gridded dataset of vessel time suitable for lime disposal excluding
any traffic closer than 5 km to the coastline and it represents
the spatial driver of the following ocean liming scenarios that
are implemented over a 30 year-long time period starting from
2020. The alkanization amounts per area and time unit are
then computed from the gridded vessel time dataset by applying
constant lime discharge rates of each vessel during navigation
(see Figure 1).

Similar to previous studies (Keller et al., 2014; Lenton
et al,, 2018), a first scenario (CTS200) was implemented by
considering a cumulative annual lime disposal of 200 Mtons
over the entire basin, a technically feasible rate considering
the amount of shipping traffic in the Mediterranean Sea and
the typical capacity of cargo and tanker ships (Caserini et al.,
2021). This rate was implemented in the model through the
addition of 7.58 kg Ca(OH),/s to the surface TA for each ship,
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FIGURE 2 | Lime disposal over the Mediterranean basin for the CTS200 (orange) and CTS009 scenario (green) vs. mean surface pH trend of the RCP4.5 baseline
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which scaled by the time spent by vessels in a single gridpoint
per month and integrated over space and time, leads to the
cumulative target of 200 Mt/y and is significantly lower than the
discharge of 1 tCa(OH),/s hypothesized in other alkalinization
scenarios (e.g., Renforth et al, 2013). The sedimentation of
Ca(OH); has been neglected here due to its short dissolution
time scales compared to its sinking velocity (Caserini et al,
2021). This scenario primarily addresses the potential of a
sudden intervention to sequestrate atmospheric CO, through
alkalinization and evaluates the basin wide spatial changes
occurring in the carbonate system.

A more adaptive strategy, somewhat similar to the approach
adopted in Ilyina et al. (2013), was applied in a second simulation
(CTS009) aiming to stabilize the mean surface pH at present
day values. This scenario is based on the observation that the
increase of surface pH through alkalinization is at first order
proportional to the lime disposal increase emerging from a
series of idealized one-dimensional perturbation experiments
illustrated in Supplementary Material (section 4). We then
assumed that this linear relationship would approximately
transfer to the full scale experiment if stablization of present day
pH conditions can be achieved at basin scale, an assumption
ultimately to be confirmed by the result of this simulation. Hence,
a time varying lime disposal was implemented with annual
increments proportional to the smoothed mean surface pH trend
of the baseline scenario (see Figure 2) leading to a cumulative
discharge over the 2021-2050 period of approximately 3.2 Gt
Ca(OH); compared to the 6.0 Gt of the CTS200 scenario. We
used the smoothed pH timeseries here in order to obtain a
non-linear representation of the pH trend while maintaining the
higher frequency interannual variability, which was achieved via
the convolution of a Hann window function with a width of 11

years. The conversion factor used in this scenario to compute
the alkalinization levels based on the pH trend was established
empirically at 0.009 pH units per (mmol Ca(OH), m~2d 1) of
basin mean alkalinity addition via the adjustment of an initial
guess in a brief sensitivity simulation and correcting it for the
remaining pH trend.

A control simulation in perpetual mode representing the
conditions of year 2000 was performed for the entire simulation
period in order to identify any residual model drift (<2.5%),
computed in the control simulation via Hann smoothing of the
temporal evolution of the simulation (with the same 11 year
width window used for the pH trend above) and removed from
the scenario projections.

3. RESULTS

In this section we provide the results for the two alkalinization
scenarios CTS200 and CTS009 investigated in this study
compared to the baseline simulation RCP4.5 looking at the
impact of the lime discharge on surface alkalinity and the two
target indicators for the mitigation of greenhouse-gas increase
and acidification, i.e., the air-sea flux of CO, representing
the uptake of atmospheric CO; by the ocean and surface pH
indicating the surface water acidity.

Figure 3 shows the mean surface alkalinity, pH and total air-
sea flux of CO;. The time-series for alkalinity (left) highlights
a significantly different behavior for the two alkalinization
strategies in terms of surface water alkalinity. Under the constant
discharge scenario CTS200 (orange) it exhibits an abrupt increase
in surface alkalinity by about 80 ymol kg=! over the first few
years and afterwards increases much more gradually and slower
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to reach about 2,760 umol kg~! by the end of the simulation,
indicating significant fluxes of alkalinity from the surface to the
deeper layers. For the CTS009 scenario (green) on the contrary
surface alkalinity increases steadily over the entire period to
reach a little lower surface average of 2,740 pumol kg~! by
2050. Surface pH (center) exhibits under the constant discharge
scenario CTS200 (orange) an abrupt increase of about 0.04 units
over the first couple of years and afterwards resembles the trend
of the baseline scenario (blue) maintaining the initial offset,
while the variable discharge scenario CTS009 (green) fulfills
its aim of stabilizing mean surface pH at the level of 2020 at
the beginning of the alkalinization experiment. In case of the
oceanic uptake of atmospheric CO,, the CTS200 scenario rapidly
doubles the carbon sink from little less than 40 Mt CO, y!
to almost 80 Mt CO; y~! and subsequently largely maintains
this level showing only a minimal increase over the remaining
years. The CTS009 scenario gradually increases the uptake over
the alkalinization period, until reaching approximately the same
level as the CTS200 scenario toward the end of the experiments.
The values of CO; of air-sea exchange and the level of surface pH
obtained are coherent with estimates from previous works on the
Mediterranean basin (MedSea, 2014; Palmiéri et al., 2015).

The spatial distribution of the changes induced by the
alkalinization scenarios is illustrated in Figure4 for surface
alkalinity, Figure5 for surface pH and Figure 6 for air-sea
flux of CO;. The mean present day conditions of surface
alkalinity are, as to be expected, strongly correlated with surface
salinity (Supplementary Figure 1) showing comparatively low
values in the fresher waters of the Western Mediterranean
along the North African coast gradually increasing toward the
Levantine basin. An exception to this pattern is caused by
large lateral inputs of alkalinity which lead to local extremes
in surface alkalinity around the deltas of e.g., the Po and
Rhone deltas and the Dardanelles. In areas of high alkalinity
under present day conditions substantial increases can be
observed under the RCP4.5 projected future conditions (mainly
Adriatic and Aegean See, Northern Levantine Basin), while
other areas remain comparatively stable. These changes are
amplified under both alkalinization scenarios, leading to increase
of alkalinity across the basin, even if at varying extent, with
the exception of the Alboran Sea, the surface waters of

which are mostly of Atlantic origin where no alkalinization
was applied.

Acidification of the Mediterranean under the baseline
scenario RCP4.5 occurs in general across the basin with stronger
acidification levels of little less than 0.1 pH units in the
Western Mediterranean gradually decreasing toward the Eastern
Mediterranean where acidification levels vary between 0 and
0.05 pH units. A noteworthy exception to this general pattern is
presented by the Adriatic Sea with particularly low pH decreases
between 0 and 0.025 pH units and increasing levels of pH in the
South Adriatic Gyre. Only along the shallow North-Eastern coast
slightly higher levels of acidification are reached in this sub-basin.
Other areas of low acidification levels are observed in coincidence
with gyres and overturning cells in the Gulf of Lions, the Cretan
Sea and west of Cyprus (Robinson and Golnaraghi, 1994; Pinardi
etal., 2015, Supplementary Figure 1).

The relative geographic pattern is largely maintained in
the alkalinization scenarios, but offset toward a pH neutral
basin average as shown in Figure 3. Under the given discharge
levels, the two scenarios lead to very similar changes in surface
pH conditions at mid-century with marginally higher levels
for the CTS200 simulation. For both alkalinization scenarios
the highest increases in pH with respect to present day
conditions are reached in the Northern Adriatic and Aegean
Sea with increments up to approximately 0.2 and 0.1 pH units,
respectively. Various local maxima of pH can be observed
coincident with the circulation features previously mentioned
for the baseline changes and in the vicinity of large ports where
shipping traffic and hence discharge is particularly high, e.g.,
nearby Valencia, Marseille, Genova, Valletta, Piraeus.

Figure 6 illustrates the general characteristics of air-sea flux
pattern of CO, of the Mediterranean Sea acting as strong sink
over large parts of the Western Mediterranean, the Adriatic,
and the Aegean Sea, while the Eastern Mediterranean acts
as comparatively weak sink (top-left for average present-day
conditions). Most noticeable changes under RCP4.5 for mid-
century (top-right) are an increased influx of CO; in locations
corresponding to the pH changes described in the previous
paragraph, i.e., in the Adriatic Sea (particularly the South Adriatic
gyre with maximum increases of around 50 mg C m—2 d!), the
Aegean and Cretan Sea, the Gulf of Lions and west of Cyprus. The

Frontiers in Climate | www.frontiersin.org

March 2021 | Volume 3 | Article 614537


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Butenschon et al.

Alkalinization in the Mediterranean Sea

Present Day

- 2900

- 2825

1]

- 2750

- 2675 3

LK [umol kg

- 2600 <
- 2525

- 2450

BALK [umol kg-1]

CTS200

BALK [umol kg-1]

CTS009

AALK [umol kg-1]

FIGURE 4 | Fields of mean surface alkalinity [zmol kg~'] for present day
(2016-2020) and changes of mean fields at mid-century (2046-2050) with
respect to present day conditions for RCP4.5 baseline scenario, CTS200
scenario and CTS009 scenario (from top to bottom).

maps of changes for the two alkalinization scenarios reflect this
overall pattern elevating the CO, uptake to positive values across
the entire basin which in the South Adriatic gyre and Aegean Sea
reach levels in excess of 120 mg C m~2 d~!, again with slightly
stronger fluxes for the CTS200 scenario compared to the CTS009
scenario. In contrast to the pH fields, the high shipping traffic
in the vicinity of ports does not seem to impact the air-sea flux
pattern significantly.

Looking in more detail at these combined results some distinct
features emerge in addition to these large scale patterns. In the
two areas where increased shipping traffic (and therefore higher
levels of alkalinization) coincides with significant lateral inputs
of alkalinity and dissolved inorganic carbon and the topography
of the area leads to accumulation of alkalinity, the patterns of
the alkalinization scenarios diverge from those of the baseline
scenario. The areas under direct influence of the lateral inputs
are less sensitive to the artificial addition of alkalinity in terms of
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FIGURE 5 | Fields of mean surface pH for present day (2016-2020) and
changes of mean fields at mid-century (2046-2050) with respect to present
day conditions for RCP4.5 baseline scenario, CTS200 scenario and CTS009
scenario (from top to bottom).

pH and air-sea flux response, while away from the lateral inputs
toward the center of the basins alkalinization induces prominent
features of pH and CO; uptake absent in the baseline scenario.
Another interesting feature are the pronounced increases of CO,
in the future scenarios at the locations of the cyclonic gyres
in the South-Adriatic and North-West Mediterranean Sea, both
subject to dense water formation and convection events in winter.
In these locations the increase in air-sea flux is triggered by
decreased levels of DIC originating from the intermediate layer
that turns these locations into efficient carbon sinks, an effect that
is further accentuated in the alkalinization scenarios.

4. DISCUSSIONS

The alkalinization strategies applied in this study to the
Mediterranean Sea illustrate the potential of ocean liming to
mitigate climate change by increasing the air-sea flux of CO,
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scenario and CTS009 scenario (from top to bottom).

across the basin and counteracting acidification. In contrast to
previous studies, the analyzed scenarios offer a clear pathway into
practical implementation being based on realistic levels of lime
discharge using the current network of cargo and tanker shipping
routes across the Mediterranean Sea as described in more detail
in the accompanying work of Caserini et al. (2021). Two different
approaches of alkalinization scenarios have been explored: one
(CTS200) with a constant annual discharge of lime over the
entire scenario period and another with gradually increasing
alkalinization levels (CTS009) proportional to the pH decreases
in the baseline scenario RCP4.5. It should be noted that similar to
previous works on the topic this study is based on a single model
projection of a single baseline scenario. Consequently, the study
provides a proof of concept of the feasibility of the approaches
taken, while for a full, robust quantification taking into account
the various sources of uncertainty involved (e.g., scenarios, model

structure, and parametrization, internal variability) a larger set of
ensemble simulations would be required.

Keeping this limitation in mind, we can state that both
proposed approaches substantially increase the CO, sink of
the Mediterranean Sea (doubling the uptake under present day
conditions) and neutralize acidification in terms of the basin
average pH by the end of the alkalinization period of 30 years.
These conditions are achieved however on considerably different
pathways. The CTS200 scenario of constant discharge provokes
a rapid increase of surface pH and air-sea flux and resumes after
this offset to follow the trends of the system under the baseline
scenario with an annual uptake of around 70-80 MtC/y over the
larger part of the simulation leading to a cumulative increase in
CO; air-sea flux by 1.02 GtC achieved via the total discharge
of 6.00 Gt Ca(OH), over the full duration of the alkalinization
scenario. The CTS009 scenario in contrast, gradually increases
the air-sea flux toward a similar annual uptake of around 80
GtCly at the end of the simulation, leading to a total of 0.53
GtC of air-sea flux increase discharging cumulatively 3.21 Gt
Ca(OH);, but manages to stabilize the surface pH at present day
levels. The difference between the two scenarios is particularly
important with respect to the pH rise over the first couple of years
in the CTS200 scenario, which exceeds twice the acidification
rate occurring over a decade in the RCP4.5 scenario and hence
strongly alters the alkaline environment of the Mediterranean
Sea. While the ecological impacts of acidification of the ocean are
subject to a wide field of research, comparatively little is known
about the opposite process of alkalinization in order to appreciate
the impacts of such changes on the Mediterranean Sea ecosystem.
Among the side effects mentioned in literature are the potential
of positive and negative feed-backs, affecting nutrient limitation
of primary producers, causing physiological damage to marine
organisms and altering their metabolic balance (Cripps et al.,
2013; Bach etal., 2019), but more research is required on the topic
in order to enable a quantified estimate of the resilience of marine
ecosystems to alkalinization and an adequate risk assessment.
This point is even more relevant when considering the spatial
heterogeneity of alkalinization impacts illustrated in Figure 5,
which shows that local extremes of pH variation may differ from
the basin annual mean by more than 0.1 pH units. The location
of pH maxima resulting from the map suggests the reduction
of lime discharge in areas of high shipping traffic and reduced
mixing with the surrounding water bodies like the Northern
Adriatic and Aegean Sea. The same holds for the vicinity of
large ports, where pH is strongly affected by alkalinization in
contrast to areas of dense traffic but effective redistribution
via ocean currents, e.g., Gibraltar and Alboran Sea in order to
avoid damaging effects to the local ecosystems. Similarly, the
results for the Agean and Adriatic Sea suggest, that it might
be beneficial to reduce alkalinization in areas where other large
sources of alkalinity seem to reduce the efficiency of the process.
In contrast, while generally the increase of stratification across
the basin reduces the carbon sink of the Mediterranean Sea, its
cyclonic gyres that are associated with dense water formation
appear increasingly efficient in absorbing atmospheric carbon,
suggesting that increased alkalization in areas feeding into these
gyres may be beneficial. Nevertheless, the present study does
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provide only a first indication toward the role of these features
and their interaction with alkalinization strategies, more detailed
and targeted studies are required for a more conclusive picture.

In order to fully appreciate the different potential of the two
alkalinization pathways and given that the two scenarios apply
different total amounts of lime and distribution of discharge over
the alkalinization period even though reaching similar levels of
air-sea flux and pH by the end of the scenarios, we put into
relation lime discharge, air-sea flux and the pH changes with
respect to the RCP4.5 baseline scenario. To this purpose we
define two indicators: the transient alkalinization efficiency as the
ratio of cumulative CO, air-sea flux increase over the cumulative
added alkalinity and the transient alkalinization sensitivity as
the ratio of change of mean surface pH with respect to the no
alkalinization case over the cumulative added alkalinity.

Figure 7 shows the temporal evolution of these two indicators
in the Mediterranean Sea over the alkalinization period for both
liming scenarios. The transient alkalinization efficiency (left),
which describes the CO, uptake potential of the alkalinization
approach, starts at a value of little more than 0.2 mol CO,
(mol TA)~! and reaches up to 0.5 mol CO, (mol TA)~! with
slightly higher values (by about 3%) for the constant discharge
scenario. These values are substantially lower than the upper
bound of 1 mol CO, (mol TA)™! given by the consumption
of aqueous CO; in Equation (1), due to two processes: the
redistribution of inorganic dissolved carbon species toward a new
equilibrium of the carbonate system and dynamic exchanges with
the underlying water bodies further reducing the efficiency. They
are also lower than the estimate of 0.8 mol CO, (mol TA)™! in
Renforth et al. (2013), who however did not involve the latter
process and the estimate of 0.7 mol CO, (mol TA)™! in Keller
etal. (2014), but are consistent with the efficiency estimates given
recently by Kohler (2020) for the near future in a multimillenial
alkalinization experiment.

The transient alkalinization sensitivity (right), which describes
the mean pH response of the system under alkalinization

relative to the added alkalinity, is maximal at the beginning of
the alkalinization period at about 0.11 pH units per mol TA
m~2 y~! and gradually decreasing to values of approximately
0.0016 and 0.0009 for the scenarios CTS009 and CTS2000,
respectively. Hence, over the full alkalinization period, the
gradually increasing approach reveals a substantially higher
potential in counteracting ocean acidification than the constant
discharge scenario whose cumulative sensitivity at the end of
the period is about 44% lower. Note, that the sensitivities after
the first year of the simulations CTS200 and CTS009 are nearly
identical confirming that the sensitivity is independent of the
alkalinization levels as long as the environmental conditions are
not altered significantly, confirming the observation emerging
from the idealized 1D experiments.

The substantially higher potential in counteracting
acidification along with the avoidance of the abrupt changes in
surface pH suggests that the approach of gradually increasing
discharge following the acidification trend of the system without
alkalinization is favorable in ecological and economic terms
over the application of constant discharge rates, even if the
latter appears slightly more efficient in terms of CO, uptake.
It should be noted here that an actual implementation of
any of these approaches should be preceded by a complete
analysis of all costs and benefits taking into consideration the
full chain of processes involved, including the production and
transport of lime.

In conclusion, this study illustrates how technically feasible
amounts of alkalinization allow to counteract the threat of
ocean acidification and to remove CO, from the atmosphere,
through a substantial increase in CO, uptake across the
Mediterranean Sea. The preferred approach consists of gradually
increasing lime discharge levels using the existing network of
cargo and tanker ships, stabilizing the mean surface pH at
present day values using the existing network of cargo and
tanker ships. Ecological impacts and side-effects, particularly
in local areas of high alkalinization levels due to denser ship
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traffic and accumulation via ocean dynamics remain to be
carefully assessed.
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