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1. Abstract

Atmospheric Carbon Dioxide (Clevels continue to rise, increasing the rislsevere

impacts orthe Earth systepand on the ecosystem services that it providegicial

Ocean Alkalization (AOA) is capable of reducing atmospherie @Dcentrations and

surface warming and addressing ocean acidification. Here, we simulate global and
regional responses to alkalyifALK) addition (0.25 PmolALK/year) over the period
20202100 using the CSIRM™k3L-COAL Earth System Model, under high

(Representative Concentration Pathway 8.5; RCP8.5) and low (RCP2.6) emissions. While
regionally there are large changes in alkalinityoasated with locations of AOA, globally

we see only a very weak dependence on where and when AOA is applied. Globally, while
we see that under RCP2.6 the carbon uptake associated with AOA is only ~60% of the
total under RCP8.5, the relative changes inperature are larger, as are the changes in

pH (140%) and aragonite saturation state (170%). The simulations reveal AOA is more
effective under lower emissions, therefore the higher the emissions the more AOA is
required to achieve the same reduction irbglavarming and ocean acidification.

Finally, our simulated AOA for 2020100 in the RCP2.6 scenario is capable of offsetting
warming and ameliorating ocean acidification increases at the global scale, but with

highly variable regional responses.
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1. Introduction
Atmospheric carbon dioxide (CPlevels continu¢o riseas a result of humaarctivities.
Recent studies have suggested éwandeep cuts in emissiomsay not be sufficient to avoid
severe@mpacts orthe Earth systemand the ecosystem services th@irovides (Gasser et al.,
2015. Recentinternational negotiationdJNFCCC, 201%agreed tdimit global warmingto
well below2°C. The application o€arbon Dioxide Removal (CDR$ometimes referred to
asfiNegative Emissiornts appears tte required t@chieve this goahs emission reductions
aloneare likely to bansufficient(Rogelj et al., 201 In this coitext, theras an urgent need
to assess how CDR could help either mitigate climate change or even reverse it, and to

understand the potential risks and benefits of different options.

While warmingrepresentsn imminent global threawvhich is alreadysignificantly impacting
the natural environmeirfHughes et al., 20)7ocean acidificatioposesan additional and
equally significanthreatto the marine environmert present the oceans take up ab28%
of anthropogenic C@emitted annuallyLe Quére et al., 20)5As CO: is taken up by the
oceant changests chemical equilibriumreducingthe carbonate ion concentration and
decreasingH, collectively known as ocean acidificatidrurthermore, as the ocean
continues to take up carbon the buffering capacity or Revelle Factor (Revelle and Suess,

1957) of the seawater decreggbsreby acceleratgtherate of ocean acidification

Ocean acidificatioms theunavoidableconsequence of rising atmospheric€velsandwill
impact the entire marine ecosystérfrom plankton at the baskroughto highertrophic
species at the topotentialimpactsincludechangesn calcification,fecundity, organism
growth and physiology, species composition and distributions, foodstustiure and
nutrient availability(Doney et al., 203,Fabry et al., 2008glesiasRodriguez et al., 2008
Munday et al., 201;0Munday et al., 2009 Within this century,the impacts of ocea
acidification will increase irproportion to emissiongattuso et al., 20)5Furthermore
these changesill be long-lasting, persisting for centuries or longer even if emissanas
halted(Frolicher andJoos, 201

To date many different CDR techniquémve been propos€Royal Society, 2009National
ResearcltCouncil, 201%. Their primary purpose to reduce atmospheric G&vels and
thusmost CDR methods wililsoreducethe impacts of ocean atfication, althoughsome

proposed techniques such as ocean gipeglock and Rapley, 200 Andmicro-nutrient



71 addition(Keller & al., 2014 mayactuallylead toaregionalacceleration of ocean

72  acidfication in surface waters.

73

74 Artificial Ocean Alkalizatio{AOA), through altering the chemistry of seawatmth

75 enhances ocean carbon uptékerebyreducing atmospheric G while at the same time

76 reversingocean acidificatiomnd increasing the buffering capacity of the océd»A can be

77 thought of as massivecceleration ofhe natural processeasf chemical weatheringf

78 mineralsthathaveplayeda role inmodulatingthe climate ongeologicaltimescalegZeebe,

79 2012 Colbourn et al., 201,55igman and Boyle2000.

80

81 Specifically,asalkalinity enters the oceathe pH increases leading @nelevatedcarbonate

82 ion concentratiopareduction inthe hydrogen ion concentration aadlecrease in the

83 concentration odqueousCOz (or pCQ). This in turnenhances thdisequilibriumof CO;

84 between the ocean aatimospherg¢or DpCOz = pCQpocean- pCpAtMosPhery leading to

85 increasedceancarbonuptake andareduction intheatmospheri€€O; concentrationThese

86 increasesn pH and carbonate ion concentratibnsreverse the ocean acidification due to

87 uptake of anthropogenic GO

88

89 Kheshgi(1995 first proposed AOAasamethod of CDRRenforth and Hendersd8017)

90 review the early experimental, engineering armtlellingwork undertaken to investigate

91 AOA. From the obswationalperspectivewe draw particular attention to the experimental

92 work of Albright et al.(2019 which provided amn situ demonstratiorof locaised AOA to

93 offset the observed changes in ocean acidification on the Great Barrigh&ewdve

94  occurredsince the preindustrial period.

95

96 Several mdelling studies have explored the impacts of AOA both on carbon sequestration

97 and ocean acidification. Using oceanly biogeochemical modelKohler et al. (2013)

98 explored AOAvia olivine addition.Olivine, in additionto increasing alkalinityglsoaddsiron

99 and silicic acidbothof which can enhancecean productivityJickells et al., 2005
100 Ragueneau et al., 200&ohler et al.(2013 estimated the response of atmospheriec CO
101 levels and pH to different levels of olivine addition over the period Z200@, andthis was
102 laterextendedo 2100by Hauck et al. 2016. These studieslemonstraga global impact that
103 appeardo scale with themountof olivine addedImportantly, Kohler et al.(2013 showed

104 thatthe global effect oélkalinity addedalongshippingroutes (as an analogue for practical
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implementation) was not significantly different from that of alkalinity addealhighly

idealiz2d uniform manner.

llyina et al. 013 explored the potential of AOA to mitigatsing atmospheric C@levels
and ocean acidification in oceamly biogeochemical simlations,andtheyshowedthat
AOA has the potential to ameliorate future changes due taG@lemissionsThey did not
limit the amount of AOAas their goal was to offset tpeojectedfuture changesand
showed that theamountof AOA required to do this would drivihie carboratesystem to
levelswell abovepreindustrialevels.llyina et al. 013 also conclude that local AOA could
potentially be used to offset the impmot ocean acidification, with enhanced €daptake
being only a sidéenefit This regional approach was explofadherby Feng et al(2016
who suggestethatlocal AOA in the tropical ocegnn areas of high coral calcification, has
thepotential to offset the impagof future rising atmospheriCOz levels under digh
emissions scenari®®RCP3.5). This studyalsoreveaédstrong regional sensitivities in the

response of ocean acidification related to the locations in which it was applied.

Severalotherstudieshave estimatetheresponse of thEarth systento AOA. Gonzalez and
llyina (2016 used an Earth System Model (ESM) to estimatedDA required taeduce
atmospheric concentratiofi®m a high emissionscenarid RCP3.5) to themedium
emissionscenaridRCP4.5). They estimatethatto mitigatethe associatel.5K warming
difference, via reducing atmospheric G@oncentrations by400 ppman addition of 114
Pmolof alkalinity (between 2012100 would be requiregandit would come at theost of

very large(unprecedented)hanges in ocean chemistry.

Keller et al. 014 usedan Earth System Modelf IntermediateComplexity (EMIC) to
explorethe impacs of AOA over the period 202@100arising froma globally uniform
addition of alkalinity (0.25 PmolALK/yr)an amounbased orthe estimated carrying
capacity of globashippingfollowing Kohler et al. 2013. Keller et al. 2014 showed that
AOA ledto areductionin atmospheric C®of 166 PgQlor ~78ppm), a netsurface air
temperatureooling of 0.26K and a global increaseorearnpH of 0.06in the period 2020
210Q

To date not all modelling studiebave beeemissiongdriven,and this is important as

potential climate and carbon cycle feedbatks/ not have beesccounted farCapturing



139 these feedbacks is critical as they have the potentsdtificantly increase atmospheric €0
140 concentrationgJones et al., 20)6Further, no studies have expdrthe impact of AOA

141 under lowemissionscenarios such &CP2.6. Thisis importantbecausecenarioghat limit
142 warming to2° C or lesscurrentlyassumeonsiderableandbased CDRvia afforestation

143 andor BiomassEnergy with Carbon Capture antb&ge(BECCS. Furthermorethe

144  feasibility ofthese approachésincreasingly questioned due in part to limited [&8chith et
145 al., 2016, whereas the potential CDR capacity af titeans is orders of magnitugteater
146 (Scott et al., 2015

147

148 In thiswork, we useafully coupledESM (CSIRO-Mk3L-COAL), which includeslimate

149 and carborfeedbacksto investigate the impact of AOA dhecarbon cycle, global surface
150 warming (2m surface air temperature), dimelocean acidification response to tjiebal and
151 regionalAOA experiments under the high (RCP8.5) and low (RCP2.6) emissions scenarios
152

153 2. Methods

154 2.1 ModelDescription

155 The modekimulations wer@erformed using the CSIRMIK3L-COAL (Carbon Ocean,

156 Atmosphere, LandESM which includes climatecarbon interactions and feedba¢ktatear
157 and Lenton, 2014Zhang et al., 2014aThe ocean component of tB&M has a resolution of
158 2.8° by 1.6° with 21 vertical levels. The ocean biogeochemistry is badeshton and

159 Matear(2007) andMatear and Hirs€2003 simulating thedistributionsof phosphate,

160 oxygen, dissolved inorganic carbon aikalinity in the oceanlhe model simulates

161 particulate inorganic carbon (PIC) productioradgnction of particulate organic carbon
162 (POC)production via the rain ratio (9%) followingamanaka and TajikEl996. This ocean
163 biogeochemical model was shown to simulate the observed distributions of total carbon and
164 alkalinity in the ocearfMatear and Lenton, 2014nd phosphat@uteil et al., 201p

165

166 The atmosphe resolution is5.6° x 3.2° with 18 vertical layersThe land surface scheme
167 uses CABLEBest et al., 2025coupled taCASA-CNP (Wang et al., 201;,0Mao et al., 2011
168 which simulatedbiogeochemical cycles of carbontrogen and phosphorus in plants and
169 soils. Theresponse of the land carbon cycle was shown to simulate the observed

170 biogeochemical fluxes and pools on the landace(Wang et al., 2010

171
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To quantifythe changes in ocean acidificatjove calculate pH changes on the total scale
following the recommendation &iebesell et al.2010. To calculate the cimges of

carbonate saturation statee use the equation dfucci (1983.

2.2 Model Experimental Design

Our ESM was spunp undera preindustrial atmospheric G@oncentration of 284.7 ppm,
until the simulated climate was stable (> 2000 ye@h)pps et al., 20)2From the spwup
initial climate state, the historical simulation (1858005) was performed using the
historical atmospheri€0Oz concentrations as prescribed by the CMIP5 simulation protocol
(Taylor et al., 201p

Following the historicatoncentration pathway fro@006onward two different future
projectionsto 2100were made using the atmosphéeZicz emissions corresponding tioe
Representativ€oncentratiorPathways of lonemissions RCP2.6) and high emissions
(RCPB. 5 or 0bus(raylerstal., 20K Alussnulatibnd includdahe forcing due
to nonCO2 greenhouse gas concentratighaylor et al., 201 WedefineRCP8.5 and

RCP2.6as our control casdor the corresponding experiments below

In the period 202210Q we undertook a number of AOA experimeungsnga fixedquantity
of 0.25 Pmol/yr oBlkalinity, a similaramount used bifeller et al.(2014. Consistent with
this studywe appliedAOA in the surface oceaall yearroundin ice-free regionsset to be
between 685 and 70N (note that this ignores the presence of seasonateaa some small
regions) For eaclof the two emissionscenarig, we consideredour differentregional
applications ofAOA, shown in Figure 1These are(i) AOA globaly (AOA_G) between
60°S and 70N; (ii) the higher latitudes comprising the subpalarthern hemisphere oceans
(40-70°N) and the (icdree) Southern Ocean (4D°S) (AOA_SP) (iii) the subtropical
oceans (1%10°N and 1540°S) (AOA_ST); and (iv)in the equatorial regions (18-15°S)
(AOA _T). In thisstudy,we only look at the response of tharth system to alkalinity
injection We do not consider tH@ogeochemicalesponse to other minesand elements
that can beassociated witthe souréng of alkalinity from the applicatiorof finely ground
ultra-mafic rockssuch as olivine and fsterite nordissolution processes required to increase

alkalinity (e.g.Montserratet al, 2017).

3. Resultsand Discussion



206 To aid in presenting our results ailaccompare theewith previaus studieswe first discuss
207 the carbon cycleglobal surface warming (2m surface air temperatarg},ocean
208 acidification response to thieur different AOA experimentsinder thenigh (RCP8.5) and
209 low (RCP2.6) emissionscenariosWe thenlook at the regionabehaviourof the simulations
210 in the diferent AOA experiments.
211
212 3.1Global Response
213 Foreachemissios scenariowe simulatedour different AOA experiments, which all had the
214 same @5 Pmol/yrof alkalinity added. In the case of the regional experiments the per surface
215 values were larger than the case of global addiAgranticipatedby 2100 AOA increass
216 the global mean surface ocean alkalinity relative to the corresponding scenariocasgrol
217 with themagnitude of the increase alkalinity being dependent on whetevas added
218 (Table 1).Subpolaraddition(AOA _SP) ledto the smalleshetincrease in surface alkalinity
219 while tropical additiofAOA_T) producel the greatest increasks expectedthe global
220 meanchanges in surface alkalinity betwesmissions scenari@e verysmall(less than 3
221 mmol/kg difference). The slightly greater increase in surface values in alkalinity under
222 RCP8.5 likely reflects enhanced ocean stratificaticsenmigler emissiongYool et al.,
223 2015.
AOA_G AOA_SP AOA_ST AOA_ T
(@) Relative increase in global mean ocean surface alkalimyal/kg)in 2100
RCP8.5 108.3 79.7 115.1 129.8
RCP2.6 105.1 74.4 112.9 127.1
(b) Total integrated additional carbon uptake (in PgC) in the period
Total 178.6 183.3 180.7 174.5
RCP8.5 | Ocean 184.4 188.1 185.1 177.2
Land -5.8 -4.8 -4.4 2.7
Total 121.1 122.1 122.0 116.0
RCP2.6 | Ocean 143.1 145.2 143.1 139.2
Land -22.1 -24.1 -21.2 -23.1
(c) Differences in global mean surface air temperature in the period-2@80 (2090)
and associated standard deviation ) (K; SAT; 2m)
Total -0.16°0.08 -0.130.10 -0.08°0.05 -0.140.06
RCP8.5 | Ocean -0.140.07 -0.11°0.07 -0.06+0.03 -0.120.05
Land -0.220.15 -0.18°0.20 -0.130.14 -0.190.11
RCP2.6 Total -0.25°0.08 -0.230.08 -0.20°0.09 -0.16°0.06
Ocean -0.190.05 -0.180.05 -0.15°0.06 -0.13°0.05




Land -0.390.22 -0.350.22 -0.30°0.20 -0.240.16

224

225 Table 1For the two RCP scenarip&) the relative increase iglobal mearocean surface
226 alkalinity (rnmol/kg) between each AOA experiment and control experiment in 2i0Dhe
227 total integrated additional carbon uptake (in PgC) in the period 2B200 in different
228 experiment and emissionesarios, positive denotes enhanced uptakgThe differences
229 in global mean surface air temperature in the period 20800 (2090) and associated
230 standard deviation (Is) (K; SAT; 2m) for théour different AOA experiments for each
231 emission scenario, lative to the same emission scenario with no AOA.

232

233 3.11 Carbon Cycle
234
235 Thelargeatmospheric C&concentratiorat 2100under RCP8.5 reflectbe largeprojected

236 increasean emissiongluring this centurywhile underRCP2.6 a similar atmospheric

237 concentration of C&is seenin 2100 asat the beginning of the simulation (20Z6)gure2a).

238 We note that atmospheric G@vels in our CSIREMK3L-COAL for the control cases are

239 greater tharffior their respectiveoncentration driveRCPs due to nutriefimitation in the

240 land, leading t@educel carbon uptakéZhang et al., 2014a

241

242  Under all emissions scenarios and experimeX@A leads to reduced atmospheric £0

243 levels (Figure d). Under RCP8.5, AOA reduces atmospheric concentration 186&$hm

244  representing &16% decrease in atmospheric concentration. In contr&CP8.5A0A

245 under RCP2.6 leads to a smaller reduction in atmospheric concentratio® gp&1). Figure

246 2ashows thatby theendof the centuryAOA compensates for the projected increase in

247 atmopheric CQ due to RCP2.6.

248

249  Over the 2022100 period, the reduction in atmospheric2@&vels associated with AOA is

250 primarily due to increased ocean carbon uptake, offset by small decreases in the land surface
251 carbon uptakeT@able ). In the ocean, RCP8l&ads tamuch greater net uptake than RCR2.6
252 about50% more due to the larger (and growing) disequilibrium betwienatmosphere and

253 ocean.

254

255 Inthe ocean, the relative increase in carbon uptake in response to AOA is primarily abiotic in

256 nature. Consistent witikieller et al. 2014 andHauck et al. 2016 the simulated changes in
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ocean export production were very small (~0.2 PgC) under R@R8diue tosmallchanges
in ocean statee.g.stratification Under RCP2.6it wasslightly largerat1.2 PgC, but still less
than 1% percent of the total ocagrtakeincrease simulated under ACGéddue to small
changes in ocean stdtea more stratified oceam contrastthe relative decreasén land
carbon uptake were biotic mature The simulated coolingrove both a reduced net primary
production leading to reduced carbon uptake, and an increase in cateotionassociated
with a reduction in heterotrophic respiratittowever overal, the net decrease in land
carbonuptakemeans thain theresponse to AOAlobally thereducednet primary
production dominateddn theland,in theRCP8.5 simulaon there was smaller reduction in
carbon uptake thain RCP2.6(Table 1), due to largedecreases isurface air temperature
(SAT) over land in RCP2.6 than RCP8.5 (~8e Section 3.1)2The land carbon cycle
responsevas also smallaunder high than low emissions due to nutrient limitation being
reacted, therebylimiting the effect of CQfertilization (Zhang et al, 2014a)

For both emissions scenarios, tbar AOA experiments all produced similar reductions in
atmospheric C@concentrations (Figure 2) with less thaB% difference in the total land

and ocean carbon uptakehe globalchanges in land and ocean carbon uptakenotvery
sensitive to where we add the alkalinity to the surface ocean. This is consisteRohléh et
al. 2013 who saw little difference in adding olivine along existing shipping tracks, versus
uniformly adding it to the surfaaecean. It is also consistent with regional addition stuadlies
llyina et al. 013, Feng et al.Z016 and Feng et al (201Whichdemonstrated a global

impact.

Our simulated total increased carbon uptake under AOA_G with RCPBP{C) is
comparable to the 166 PgC reportedkayjier et al.,(2014. Their cumulativencrease in
ocean carbon uptake by 2100 of 181 Rgid very good agreement with our valuel&4
PgC. However, they simulated a reduction in land uptake nearly twiet.81gC reduction
in our AOA_G simulation. These differences reflect bothldleer sensitivity of the

simulatedclimate feedbacks our ESM and differences in land surface models.

3.12 Surface AirTemperature
In the controkimulationsthe globalmeansurfaceair temperatureRAT; 2m) increase in
the period 2022100with RCP2.6 simulaing a net warmingf 0.4° 0.1K while RCP8.5
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warmedby 2.7°0.1K (2081:2100) AOA experimentsimulatel a reduction in globahean
SAT relative to their corresponding control simulation (Fig2iog Within each emissions
scenario thglobal mean SATeclineassociateavith AOA is always greatesind more
variableover theland than oceaflrable J. In the period 2082100we see larger mean
changes in SAT under RCP2.6 than RCRS8ifarily dueto differences in atmospheric GO
growth rateKrasting et al(2014)showed that the sloweate of emissionghe lower the
radiative forcingresponse. This occurs in response to the timesaasexiated with the
uptake of heat and carbof@onsequently, under RCP8He atmospheric C£growth rate is
much faster than RCP2.6, leading to a strong radiative forcing resgdrsexplains why
despite dargerreduction in atmospheric G@oncentration under RCP8.5, thiggest
reductionin global mearSAT occurunder RCP2.6These mean changes are also associated

with large interannual variability

Under RCP2.6all the AOA experimentkeepglobalwarminglevelsmuchclose to values

in 2020than RCP2.®y the end of this centu(210Q Figure2b). In contrastunderthe

RCP8.5 scenario, none of the AOA experiments have a significant impact on the projected
warming by the end of this century (less than 10%) reflecting the large waprojegted

under high emissions

Within each of the scenasgtherearesomedifferencesn the magnitude of the cooling
within thefour different AOA experimats, however, thesaresmaller tharthe interannual
variability over the lastwo decades of the simulationBhereforejt appears that thglobal
mean SATdecline with AOA is not very sensitive to where the alkalinity is addweter

either emission scenario

The global mean cooling associated with AOA_G urRieP8.5(-0.16° 0.08K; 2081-2100
is close to thanean surface air temperatwaoling of -0.26K reported byKeller et al.,
(2019 for similar levels of AOA. These differences may refléut simplified atmospheric
representation of the UVIC Intermediate Complexity Maad different climate

sensitivities.

3.1.30cean Acidification



323 Here we quantify changes ocearacidificationin terms ofpH and aragonite saturation state
324 changesWe considethesetwo diagnostichecause thegre associated with different

325 Dbiological impacts ad arenot necessarilyvell correlatedLenton et al., 206). In thefuture,

326 the global mean changes in pH and aragonite saturatiowslidte proportional to the

327 emissions trajectories followg Gattuso et al.2015, with the largesthangesssociated

328 with the highe emissions RCP8.5) (Figure Z-d). By 210Q despitethereturn to 2020 values
329 of atmospheric C&concentration unddRCP2.6 (Figure 2)neither pHnor aragonite

330 saturation state return to 2020 valussnsistent witiMathesius et al.2015.

331

332 Inthe 20262100 period, AOA under RCP2.6 led to much larger increases in surface pH and
333 aragonitesaturation state, more than 1.3 times, and more than 1.7 times that of RCP8.5
334 respectively Table 3. These changes reflect the differences in the mean state associated with
335 high and low emissions, specifically the difference between Alkalinity and Dessolv

336 Inorganic Carbon (ALKDIC), a proxy for ocean acidification (Lovenduski et al, 2055).

337 the values of DIC in the upper ocean are larger under RCP8.5 than RCP2.6, the difference
338 between ALK and DIC (ALKDIC) is smaller and the chemical buffering capaoit CO: or

339 Revelle Factor (Revelle and Suess, 19517¢ss.This means that, for a given addition of

340 ALK the increase in the upper ocean DIC will always be greater under RCP8.5 due to its
341 reduced buffering capacitZonsequently, the changes in AIXC with AOA are greater

342 under RCP2.6 than RCP8.5, which translates to greater increases in pH and aragonite
343 saturation state.

344

345 While there was a significant difference in pH and arag@ataratiorstate changes with

346 AOA betweerhigh and low emissions caseéle global mean changks differentAOA

347 experimers within eachscenaricarequite similar Table 3, the exception being the

348 AOA_SP experiment, whetbepH and aragonite saturation state changes are only ~75% of
349 the change in the other AOA experimenthis reduced change in the polar region is

350 consistent with the smaller changes in the surface ocean alkalinity values associated with
351 AOA_SP (Table 1 These differences at higher latitudefiect the enhanced subduction of
352 alkalinity away from the s@mce ocean into the ocean interior that occurs in the high latitude
353 oceangGroeskamp et al., 2016

354

355 AOA_G undemRRCP8.5 leads to a relative increase in pH of QWBich is consistent with

356 Keller etal. (2014, whiletherelative increase in aragonite saturation state (0.28¥@/ery
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close to their simulated value (0.31). To put these chantesantext the estimated
decreasén pH since the preindustriperiodis 0.1 unit§Raven et al., 2005and is

responsible for already detectable changes in the marine enviroritamlit et al, 2019.

Aragonite pH Aragonite pH
RCP8.5 RCP8.5 RCP2.6 RCP2.6

AOA_G 0.28 0.06 0.90 0.07
AOA_SP 0.20 0.05 0.39 0.07
AOA_ST 0.30 0.06 0.54 0.08
AOA_T 0.28 0.06 0.5 0.07

Table2 The differences in surface value of aragonite saturation state and pH between the
AOA experimentfor eachemission scenarios in 2108lative to the emissions scenario with
no AOA.

3.2Regional Responses

For bothRCPscenarios, there are large regional differences inetlaivesurface changes in
alkalinity, temperature, and ocean acidification associated with the different AOA
experimentsThe regional nature of teechanges is closely associated with where alkgli
addition is appliedandthe two different emissions scenarios considered here do not differ
significantly in theirbehaviour This implies that any differences in stratification and
overturning circulation between the two scenadosotsignificantlyalterthe response to
AOA.

3.21. Surface Alkalinity

For both scenarios, the greatest surface alkalinity changes occur where the alkalinity is added
(Figure 3).Spatially, under either emission scenatiloe relative differences in 2090 are very
similar; consequentlywe only show the changes und®cP2.6 (Figure 3). Thenly
significantdifferences occur in the Arctic, reflecting larger longgnm changes in alkalinity

projected under higher emissiopé&amamoto et al., 2032

Overall the greatest increases are seen in the tropical ocean (AGAgd¢stinghis is the
most efficient region in retaining the added alkalinity in the upper ocean. This rédfiects



385 fact that subduction processes in the tropical ocean are less efficiemt tther regions

386 such as the higher latitudéhe (icefree) subpolar oceans (AOA_SP) produced the smallest
387 relative increase ialkalinity, and this reflects the strong aefficient surface to interior

388 connectionghrough subductionccurring at higher latitudg&sroeskamget al., 201§ The

389 global mean relative increase associated with AOA in the subtropical gyres (AOA_ST) and
390 (globally (AOA_G) fall between the tropicBAOA_T) and higler latitude(AOA_SP)values.

391 Inthe case of AOA_SThis reflects the timescales asisbedwith thelonger residence time
392 of upper ocean waters the subtropicalgyres

393

394 The mosimodest relative increase atkalinity occus in theice-coveredregionswhere

395 alkalinity is not explicitly added. Interestinglgven when alkalinity is added in the very high
396 latitude Southern Oceait is carried northward by the Ekman currerttich explainghe

397 very modest increase in the region where AOA occurs between 50S tim @&®ns of the

398 total alkalinity added to theurfaceocean aboutonethird remainsin the upper 200rby

399 2100(Figure 4) Specifically,for AOA_G we se€e31% remainsin the upper oceamand for

400 AOA_T and AOA_ST34% remains in the upper oceamhile for AOA_SPthe figure is22-

401 24% which (as anticipated) iswer thanin other regions

402

403 Spatially AOA in the higher latitude regions (AOA_SP) leads to very large relative increases
404 in alkalinity (> 1000mmol/kg; 2090) occurring along the northern most boundary of the

405 Northern SubpolaGyres, particularly the North Pacific. Clegriy this region the rate of

406 AOA exceeds the rate of subduction allowing alkalinity to build up. Large relative increases
407 in alkalinity also occur in the Southern Ocean under AOA_SP, patrticularly along Western
408 Boundary Currents. However, in contrast to hernh high latitudes the values still remain

409 low suggesting that the rate of addition does not exceed the rate of subduction even under the
410 highest emission scenario.

411

412 AOA_ST shows a large relative increase of ~8@tbl/kg (20812100 in the sulropical

413 gyre regions. Overall, we find that these relative increases are quite homogenous across the
414  entire subtropical gyres, with strong mixing with tropical waters leading to significant

415 relative increases in tropical Atlantic, Western Pacific and Indian Gc#&dithin the tropical

416 ocean, under AOA_T the largest relative changes are fatrods the entire tropical Indian

417 Ocean (~400mol/kg) with large relative increases also seetine Indonesian seas (~280
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mmol/kg; 2081:2100. Away from the tropical India®@ceanwe find that relatively

homogenous increases occur in the Western Pacific and the Atlantic, with much more modest
relative increases in the Eastern Pacific reflecting the domnitest to West upper ocean
circulation.AOA _T leads to relative increas in surface alkalinity that are consistent with

the response to AOA_SiTin the region of~130mmol/kg (20812100).

In the case of AOA_(Garelatively uniformnet increase in alkalinitgccurs inall regions

with the exception of the upwelling regiosigsch as the tropical Pacifiwhich showeda

more modest relative increase. AOA_G there g little evidence of any of the very large
increases in alkalinity seen in the more regional AOA experiments. This spatial pattern of
relative increase is broadlpesistent with the pattern of global alkalinity increase simulated
by Ilyina et al. 2013 and Keller et al(2014)for AOA in the (icefree) global ocean.

3.22 Changes in the interior distribution of alkalinity in the gloloakean

As only about 30%of thetotal AOA remains in thepper 200mwe explore the fate of this
alkalinity in the interior oceaim the zonal sectionsf alkalinity (Figure 4) As the pattern is
very similarbetweerRCF2.6 andRCP8.5, we only showRCRP2.6, noting thatin the North
Atlantic the projected ocean stratification is stronger under higher emigamrghown)
leading to slightly decreased subsurface values.imbisased stratificatiois consistent with
other studiege.g.Yool et al., 2015

Unlike the surface plots of AOAbhe relative inceases isubsurfacealkalinity due to AOA
arevery similaracross all experiment$his heterogeneolspatialpattern of alkalinity

increasds associated with water entering the interior ocean along specific surface to interior
pathwaysAlkalinity alsomowvesinto the interior ocean along the poleward boundaries of the
subtropical gyres, associated with the formation and subduction of mode \aatins,

increase in the subtropical gyres associated with{acgie downwelling and deep mixing in
the North Atlantic. The changes in alkalinity anainly found in the upper ocean (<1000m)
which reflects the relatig shortperiodof alkalinity addition Given the short periqdhis is
analogous to presedhyobservedlistributiors of anthropogenic carbgfsabine et al.,

2004).
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As the changes in export productiarevery small the large changes in the interior alkalinity
concentrations primarily reflect the physita@nsport, rather than the sinking and
remineralizatiorof calcium carbonateClearly other biological processesotrepresenteth

our modelhave the potential teripact thesurface and interior values alkalinity (Matear

and Lenton, 2014 One such process is the reductioth@(rain) ratio of PIC:POC under
higher emissionéRiebesell et al., 2000However it has been shown that even a very large
reduction in PIC production (50%) would not significantly impact our regdiénze, 2004
Unfortunately,at present the magnitude and sign of many of these other feedbacks remain
poorly known(Matear and Lenton, 20)Aconsequentlyquantifying their impact on our

results is very difficult, and beyond the scope @ gtudy.

3.23 Ocean Carbon Cycle Response

The similarity in global ocean carbon uptake associated with all AOA experiments for a
given emission scenario hides the large spatial differences between simulations. Given that
the largest carbon cyctesponse occurs in the ocedialfle ), we focus on this response for
RCP8.5 and RCP2.6 (Figuresind6). As expectedocean carbon uptake is strongly
enhanced in the regions of AOA. Away from regions of A@#re is aeduction incarbon
uptake,associated with the weakening of the gradient in B&ween the atmosphere and
ocean due to AOA. Interestinglthe largest increase spatially occurs in the Southern Ocean
under AOA_SP for RCP2.6, while in contrast the largest changes under RCP8.5aheur i
tropical ocean under AOA. The very small changes in export production in RCR2&
located in the Arabian Sea (not showiely driven by enhanced mixing in this region.

While these changes are <1% of the total change in carbon uptake, thegveayelesbe

important regionally.

3.24 Temperature

The decrease iglobalmeanSAT associated with all AOA experiments for a given emission
scenaricagainhides the large spatial differendestweerthe simulations. The response of
surface temperature is spatially vémterogeneous (Figws& and8) and the regionadurface
temperature changes are very similar between the two emissions scaraiesception to
this is the Arctic which did not show amsistent response across the different AOA

experimentsreflecting the period over which the mean changes were calculated, and the



485 simulated large variability in SAT in this regiddnder both emission scenaritise largest
486 coolingassociated with AOAccurs ovelNorthernRussia and Canada, and Antarctica

487 (greater tham-1.5K cooling) with a largercoolingin these regionanderRCP2.6.

488

489 AOA in the RCP2.6 scenario brings about a net cooling of the surface ocean with the
490 exception othe North Atlantt, east of New Zealand, and off the southern coast of Alaska
491 which showa very modest warmingA similar pattern is evident iRCPB.5; however there
492 is a greater cooling in the high latitudesd less cooling in the lower latitudes than under
493 RCP2.6

494

495 3.2.50ceanAcidification Response
496

497 Globally, the response of pH and aragonite saturation state associated with AOA are similar
498 however large spatiaindregional differences are preséhtgures 914). To aid in the

499 interpretation of changes in aragonite saturation state, overlain on the aragonite saturation
500 state maparethe contous correspondindo the value of 3the approximate threshold for

501 suitable coral habitgHoeghGuldberg et al., 2007 On thesesurface mapandsubsequent

502 section plots we plot theaturation horizon.e. the contour correspondingtteetransition

503 from chemically stable to unstable (or kamive), i.e. aragonite saturation state is equal to 1
504 (Orr et al., 200p

505

506 The largest relati¥ changes in pH araragonitesaturation statesereassociated with regions
507 of AOA (Figures 912), reflectingincreases in thsurface values of alkalinitfFigure 3) All

508 simulations increase pH amgagonite saturation statethe Arcticdespite no diret addition

509 in this regionwith the largest changesereassociated with AOA_G and AOA_SP.

510 Interestingly all simulations show little to no increase in the high latitude Southern Qcean
511 consistent withmoreefficient transport of the added alkalinity irttte ocean interior

512

513 The changes in plssociatedvith AOA experiments undéRCPB.5, while spatiallyvery

514 differentparticularly when added in the subpolar ogesastill much less than the decreases
515 associatedvith RCP8.5with no AOA (Figure 9) In terms of aragonitesaturation state

516 (Figure 10)theconditions for coral growth in the tropical ocean remain wefavourable

517 Dby the end of centurfi.e. aragonite saturation state <@)der all regional and global



518 experimentswith the exception of AOA_T, where a very small region in the Central Pacific
519 Ocearexhibits suitableonditions.

520

521 Consistent witlFeng et al.Z016, we find thatthis level ofAOA underRCP8.5 is

522 insufficient toameliorateor significantlyalter thelargescale changes ocean acidification
523 More positively, at the higdr latitudes thesaturation horizois movedpolewardwith the
524 largest shift associated with AOA_SP, dhdsmallest shift at the high latitudes occurring
525 under AOA _T. Consistent with these changes see a deepening of thaturation horizon
526 everywhereand little difference spatially between AOA experimeatmsistent witlzonal
527 mean changes in alkalinifgr thefour AOA experimentgFigure 11).

528

529 The spatial pattern of changassociatedvith AOA underRCP2.6is broadly consistent with
530 thatseenunder higher emissionBowever the magnitude athe response is much larger
531 again due tothe larger differencebetween Alkalinity and DIC with AOA under RCP2.6
532 (Figures 12 and )3In terms of aragonitsaturationstate the area of tropical ocean

533 favourablefor coralsis considerablyexpanded. As anticipated the largest changes in the area
534 favourablefor tropicalcorak is associated with AOA_Tlosely folowed by AOA_ST. As
535 thesaturation horizodoes not reach the surface unB&rR2.6, we can only look at the
536 changes in the interior ocean. Hdteere is a deepening the saturation horizoof a very
537 similar magnitudan all experiments (Figurg4), with the exception of the Arctic. Heride
538 response of theaturation horizois moresensitive to the location of the AQ&arying

539 between ~100m under AOA_T and ~280m under AOA(Fdgure 14)

540

541 Spatially, thelarge changes iacean acidification in sponse t)AOA underRCF2.6 more
542 than compensate for the changes in ocean chemistry due to low emissf@period 2020
543 2100.Globally, the changes in the period 2e2000aresufficient toreverse ocompeasate
544  for the changes since the preindustpiatiod(1850).However spatiallyin someregions

545 such as equatorial upwellingn important area of global fisherighavez et al., 2003

546 AOA in factleads tchighe values ofaragonite saturation staed@d pH than the ocean

547 experienced ithe preindustrial periodFeely et al., 2009 We can only speculate ahe

548 potentialimpacton marine biotaf a reduction in aqueous G@ndelevated pH levslin

549 these regiond~or a recenteview of thepotential impacbf rising pH andaragonite

550 saturation staten marine organismsve direct the reader ®®enforth and Henders¢@017).
551
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3.2.6lmportance of Seasonality

In this paper while we have focused oyearroundAOA, as a sensitivity experiment we also
explored whether AOA added in summer or winter was more effici€atdo this we

focused on the higher latitudes regions wherdatgest seasonal changes in mixarg

found (de Boyer Montegut et al., 200#rull et al., 200). Here we tested whether AOA in
eithersummer or winter was more effective thaarroundaddition.To test thidfor

RCP8.5, we add alkalinity only during the summer at half of the annual caite
0.125PmolALKyeal in the AOA_SPregion

Our results showed thtte responste AOA in summemas very close to 50% of the
response of the yeaound addition associated with AOA_S# 0.25PmolALK/year). This
suggests it the response of AOA appeamsariantwith regardto when thelkalinity is
added.This also suggestspnsistent with published studigsg.Keller et al., 2014Feng et

al., 2016 Kohler et al., 2013 that the response of the ocean to different quantitfesOA is
scalable under the same emissions scenario. Whether this is true under very much large

additions of alkalinityas simulated bgonzalez and llyin§2016), is less clear

4. Summary and Concluding Remarks

Integrated Assessmeldtodelling for the Intergovernmental Panel on Climate Change shows
that CQ removal (CDR) may be required to achieve the goal of limiting warming to well
below 2°C (Fuss et al., 20)40f themany schemethathave been proposed to limit
warming, onlyArtificial Ocean Alkalization (AOA) is capable of both reducing the rate and
magnitude of global warmgithrough reducing atmospheric €8bncentrationsyhile
simultaneously directhaddressingcean acidificationOcean acidificationwhile often

reeeiving less attentioris likely to havevery long lastingand damagingmpacs onthe entire

marine ecosystenand the ecosystem servideprovides

Here, for the first timgwe investigate the response of a fudtyupledclimate ESM (i.e. one
that accounts for climatearbon feedbackso a fixedaddition of alkalinity
(0.25PmolALK/ea) under high (RCP8.5) and low (RCP2.6) emissions scendies
explore the effeadf globaland regionaapplication ofAOA focusing on thesubpolar gyres,

the subtropcal gyres andhetropical ocean. To asse8©A, we lodk at changes in surface
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air temperature, carbarycling and ocean acidification (aragonite saturation state andnpH)
the period 2022100.

Consistent withotherpublished studiesve see that AOAeadsto reduced atmospheric GO
concentrations, cooler global mean surface temperatures, and reduced levels of ocean
acidification. Globally for these metrics we obsevéhat they do not vary significantly
between the various AOA experiments unedachemissions scenario. This implidgtat

the globalscalethere is little sensitivity of the global responses to the region where AOA is
applied.We also investigate assansitivity experiment adding alkailiy in different seasons

and sedittle difference in respons® when AOA was undertaken.

We see under AOA that thiecreased carbon uptake is dominated by the o¢éaoher

RCR8.5, the changes due to AOA are only capable of reducing atmospheric concentrations by
16 %and as suchthe response of the climate system remains strongly dominated by
warming. This is consistent with published studies of the response of the climate system
under RCP8.5, and studies that have estimated the amount of AOA required to counteract a

high emissions trajectory.

In contrastAOA underRCP2.61 while only capable ofeducingatmosphericCO: levels by
58 ppmi is sufficient to reduce atmospheric €€&ncentrations and warming to cldse
2020levelsat the end of the centuryhis is significant as it suggests thatcombination
with arapid reduction in emission8OA could make anmportant contributiono the goal

of keepng the rise inglobal mean temperatures bel@¥ However, AOA undetheRCP2.6
emissions scenarithanges the radeplayed bythe ocean and land carbon uptakas
compared with the scenario RCP2.6 with no AOAresulting ina reduced uptake in the
terrestrial biospére and increasauptake in the oceai his highlights thatwhile the
atmospheric C@and warming maye reversiblethe response of individual components of
the Earthsystemto different CDRmay not bgLenton et al., 2017

Despite thempact of AOA on the atmospheric GEbncentration unddRCF2.6 being only
~60% of thempactunderRCP8.5, wesee much larger changes in ocean acidification
associated witlRCP2.6thanRCPB.51 more than B timesin pH andmore than I7 timesin
aragonite saturation stafehis reflecs thelarger reductioné the difference betweefLK

andDIC that occurs unddRCP2.6 We also see larger relative decreases in global



620 temperature associated with RCPZ.Bese results are veiypportant agthey demonstrate
621 thatAOA is more effectivan reducing ocean acidificaticand global warminginder lower
622 emissions

623

624  While there is little sensitivityn the global responses to the reginnhich AOA is applied,
625 spatially the largest changes in ocean acidification (and ocean carbon uptaksdeveire
626 the regions wher@OA was appliedDespite large changes regionatlyese cannot

627 compensate for the large changes associatedR@#8.5. Even targeted AOA in the tropical
628 ocean can presenanly a tiny area of the ocean conducive to healthy coral growth; and even
629 then the concomitant large warming is likely to be angten influence on coral growth than
630 ocean chemistrgyD'Olivo and McCulloch, 201)7

631

632 In contrastAOA underRCP2.6is more tharcapable ofmelioratingthe projectedocean

633 acidification changem the period 2022100.We see thain all casesthearea of the

634 tropical ocean suitable for healthy coral growth expawith the largest changes associated
635 with tropical addition (AOA_T)In some areasuch as the equatorial Pacifibe changes
636 that have occurresdince the preindustrigleriodarealsocompletelyreversedand in some
637 casesleadsto highervaluesof aragonite saturation state and fiidnwereexperienced ithe
638 preindustrial period

639

640 While the amount of alkalinity added in tiggudy is small in comparison to other published
641 studiesthe challeng®f achieving een this level of AOA should not be underesited.

642 Indeed, it is not clear whether such an effeven feasible given the castd theogistical,
643 political andengineering challenges of producing and distributing such large quantities of
644 alkaline materia{Renforth and Henderson, 201t the ase oRCR8.5, it is unlikely that
645 this level ofAOA could be justified given our result§.emissions can be reduced along an
646 RCRP2.6 type trajectorythis studysuggestthat AOAis muchmoreeffective andnay

647 provideamethodto remove atmospheric CG@o complenent mitigationalbeit with some

648 sideeffects andmay bean alternative to reliance on labdsed CDR

649

650 In this work, and other published studies to gatehave not accounted ftinerole of the

651 mesoscale in AOAINn thereal ocearfmesoscalg eddiesareubiquitousandassociateavith
652 strongconvergenand divergentlows, and mixingplays animportant role in ocean transport
653 (Zhang et b, 20140h). It is plausible that the mesoscale, and indeeddaade circulation in



654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

the coastal environmefg.g.Mongin et al., 2016aMongin et al., 2016}y maymodulate the

localresponse to AOA anithis thereforeneed to be considered in future studies

Furthermorethis isasingle modettudy, and the results of this work needédestedand
comparedn other models. The Carbon Dioxi@emoval Model Intercomparisondject
(CDR-MIP) wascreated to coordinate and advance the understanding of CDREatine
system(Lenton et al., 2017 CDR-MIP brings together Earttystem models of varying
complexity in a series of coordinated mutibdel experimenione of whichs aglobal

AOA experiment (C4)Keller et al., accept@dThis will allow the response of thearth
system toAOA to be further explored and quantified in a robust mmultidel framework, and
will examineimportantfurtherquestionsuch as including cessatieffectsof alkalinity
addition and thdong-termfate of additional alkalinity in the ocealm. parallel, more process
and observational studiés.g. mesocosm experimengeneeded to better understand the

implications of AOA
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939 Figure 2 The global mean changes in: Atmospheric CO2 concentration (a), Surface Air
940 Temperature (SAT; b), surface ocean pH (c) and Aragonite Saturation StateHidh
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946 Figure 3 The spatial map of the increase in surface alkalinity in 2090 (mean2 208)L

947 associated with global and regional AOA under RCP2.6 relative to RCP2.6 with no AOA.
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